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PREFACE 

The Proceedings o{ the International Conference on the Peaceful Uses 
of Atomic Energy are published in a series of 16 volumes, as follows: 

Vo/u,.e Susions 
Num&.r Tille Included 

1 The World's Requirements for Energy; The Role of Nuclear Power .......... 2, 3.2, 4 . 1, 4.2, 5, 24.2. 

2 Physics; Reseorch Reactors ........................................................................ 6A, 7 A, SA, 9A, 1 0A.1 . 

3 Power Reactors .......................................................................................... l 0A.2, 3.1, 11A, 12A, 
13A, 14A. 

4 Cross Sections Important to Reactor Design .......................................... 15A, 16A, 17A, 18A. 
5 Physics of Reactor Design ........................................................................ 19A, 20A, 21A,22A, 23A. 

6 Geology of Uranium and Thorium .......................................................... 68, 78. 
7 Nuclear Chemistry and the Effects of Irradiation .................................... 86, 98, 106, 116, 126, 

136. 
8 Production Technology of the Materials Used for Nuclear Energy ........ 148, 158, 168, 178. 
9 Reactor Technology and Chemical Processing ...................................... 7.3, 186, 196, 208, 218, 

228, 238. 
10 Radioactive Isotopes and Nuclear Radiations in Medicine ...................... 7.2 (Med.), SC, 9C, lOC. 

11 Biological Effeds of Radiation .. ................................................................ 6.1, 1 l C, 12C, 13C.1. 
12 Radioactive Isotopes and Ionizing Radiations in Agriculture , 

Physiology and Biochemistry .................................................................... 7.2 (Agric.), 13C.2, 14C, 
15C, 16C. 

13 Legal, Administra tive, Health and Safety Aspects of Large-Scole 
Use of Nucleor Energy ............................................................................ 4.3, 6.2, 17C, 18C. 

14 General Aspects of the Use of Radioactive Isotopes; Dosimetry .............. 7.1, 19C, 20C. 
15 Applications of Radioactive Isotopes and Fission Products 

in Research and Industry .......................................................................... 21C, 22C, 23C. 

16 Record o f the Conference ........................................................................ 1, 24.1, 24.3. 

T·hese volumes include all the papers submitted 
to the Geneva Conference, as edited by the Scien
tific Secretaries. The efforts of the Scientific Secre
taries have been directed primarily towards 
scientific accuracy. Editing for style has been 
minimal in the interests of early publication. This 
may be noted especially in the English transla
tions of certain papers submitted in French, Rus
sian and Spanish. In a few instances, the titles of 
papers have been edited to reflect more accu
rately the content of those papers. 

The editors principally .. responsible for the 
preparation of these volumes were: Robert A. 
Charpie, Donald J . Dewar, Andre Finkelstein, 
John Gaunt, Jacob A. Goedkoop, Elwyn O. 
Hughes, Leonard F. Lamerton, Aleksandar 
Milojevic, Clifford Mosbacher, Cesar A. Saslre, 
and Brian E. Urquhart. 

The verbatim records of the Conference are 
included in the pertinent volumes. These verba
tim records contain the author's corrections and, 
where necessary for scientific accuracy, the edit
ing changes of the Scientific Secretaries, who 
have also been responsible for inserting slides, 
diagrams and sketches at appropriate points. In 
the record of each session, slides are numbered 
in nume.rical order through au presentations. 
Where the slide duplicates an illustration in I.he 
submitted paper, appropriate reference is made 
and the illustration does not appe:ir in the record 
of the session. 

Volume 16, "The Record of the Conference," 
includes the complete programme of the Con
ference, a numerical index of papers and an 
author's index, the list of delegates, the records 
of the opening and closing sessions and the com
plete texts of the evening lectures. 
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Survey of Radiochemical Studies of 
the Fission Process 

By E. P. Ste inberg and l . E. Glenden in,* USA 

Radiochemical techniques led to the discovery of 
nuclear fission1 and have since played an important 
role in the detailed characterization of t.his phenom
enon. Through the measurement of fission yields 
(probabilities of formation for the various fission 
products), radiochemical research has resulted in a 
much more accurate picture of the distribution of 
mass and nuclear charge in fission than could be ou
tained by purely physical methods. In addition to the 
variety of theoretical problems to which these data 
are relevant, the yields of fission products are of 
practical importance to many problems in the design 
and operation of nuclear reactors and processing 
plants. In particular, the abundance of nuclides emit• 
ting delayed neutrons or having high neutron cap
ture cross sections (reactor "poisons") are of prime 
concern in re:ictor operation, and a knowledge of the 
distrilrntion of radioactivities is important for such 
problems as shielding requirements, decontamination, 
waste disposal, etc. 

Although many fission products were chemically 
identified and some fission decay chain relationships 
established during the early investigations of urani-

. um fission, yields were measured in only a few cases. 
Hahn and Strassmann2 observed that the fission yield 
of radioactive bromine is only about one-tenth t hat of 
radioactive iodine. Moussa and Goldstein3 found fis
sion yields of 0.85"0 for a 40-minute bromine activity 
and 0.5%, for a 2.3-hour bromine activity. Anders·on, 
Fermi, and Grosse4 determined the yields of len decay 
chains and observed values varying from about 0.1 
to lOo/o. In general, these early results are in reason• 
able agreement with later studies. Extensive investi• 
gations o[ fission yields in low-energy neutron-in
duced fission of U233, U235, U238, and Pu230 were made 
during the period 1942-1948 by many workers on 
the United States atomic energy project.5 Similar 
studies of U233 and U23G were made by Grummitl and 
Wilkinson6 on the Canadian project, Since 1948 yield· 
mass curves have also been reported for Th2' 2 fission7 

and l..1238 fission.8 In the last few years fission yield 
studies ( utilizing mass spectrometric and improved 
radiometric techniques) have been directed toward 
refinements in the measurements to establish absolute 
fission yields and to examine more detailed features 
of the mass distribution (yield-mass curves). 

"'Argonne National Laboratory. 

3 

A general survey of the field of nuclear fission has 
been given by Whitehouse9 covering the literature 
through 1951. Useful bibliographiest0 have been 
issued by the Information Office of the British Atomic 
Energy Research Establishment covering the period 
from January 1946 to September 1952. A survey of 
spontaneous and slow neutron fission properties of 
heavy nuclei has been given by Hujzcnga, Manning, 
and Seaborgll covering slow neulron fission thresh
olds, correlation of slow neutron fissionabillty with 
fission thresholds and neutron binding energies, and 
systematics o-f spontaneous fission half-lives as a £unc
tion of atomic and mass number. Radiochemical in
vestigations of the high-energy and low-energy fission 
processes have been reviewed by Spence and Ford12 

and by Glendenin and SteinbergU respectively. 
The present survey is limited to radiochemical in

vestigations of the low-energy, neutron-induced fis
sion process (reactor fission). The best fission yield 
data presently available for Th232, U 233, u23s, u2aa, 

and Pu230 are reviewed. Since U 233, U23G, and Pu239 

are fissionabie with thermal neutrons, the fission of 
these nuclidcs in a nuclear reactor is generally re
ferred to as slow neutron-induced. Fission of U238 

and Th282, on the other hand, requires neutrons of 
at least 1-Mev energy and is therefore usually de
scribed as fast neutron-induced. The features of the 
mass distributions, including fine-structure (i.e., per
turbations in fission yields presumably resulting from 
closed shell effects) and the distribution of nuclear 
charge in fi ssion, arc examined and correlated. 

MASS DISTRIBUTION 

A summary of fission yield data for Th232, U 238, 

Pum, and U 233 is given with references in Table I. 
The data for Th2S2, U 238, and Pu238 were determined 
using radiometric techniques (measurement of radi(r 
activity) and have an estimated accuracy of 10-20%,. 
In the case of U233, relative isotopic abundances of 
some fission-produced elements were determined mass 
spectrometrically and are normalized to the radiomet
ric yields. The accuracy of relative isotopic abundances 
for a given element is of the order of 2%. Expressed 
as absolute fission yields, however, these data are of 
no greater accuracy than the radiometric values. 
\Vhere more than one value is listed for a nuclide, 
the preferred one is given first. 

The fission yield values of Table I were used to 
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Table I. Summary of Fission Yields 

Fi,sion yitld (%) 

Fission Mass 
um 

product trnmber Th""' U'""' Pua 
R(ldfomctric 

Mass 
sputromctric 

49.0-hr Zn 72 3.3 X IO·<r•> 1.1 X 10-•,c> 
5.0-hr Ga 73 4.5 X 10-•r» 
12-hr Ge 77 9 X 10·><•> o.010r•> 
38-hr As 77 0.020'01 3.6 X I o••(b> 0.019Cd) 

4.3 X 10•0:ci 
2.4-hr Br 83 1,9<•> o.oso<c) 0]9(d) 
Stable Kr 83 1.14<•) 
Stable Kr 84 1.90<•> 
10.27-yr Kr 85 0.56,<•> 
Stable Kr 86 3.J.«> 
53-d Sr 89 6.7"'> 2.7<b) i.s<•> 6.5'41 

3_3<•> 
28-yr Sr 90 6.1'"' 
9.7-yr Sr 91 6.4<•> 2.3<•> 
61-d Y 91 2.s«> 
Stable Zr 91 6.5,'0 

Stable Zr 92 6.7o'0 
1.1 X 10'-yr Zr 93 7.lo<t> 
Stable Zr 94 6.8:,<0 
63-d Zr 95 4.7(b) 5.6'01 5.!)Ccl) 

7_3<c) 
Stable Mo 95 6Jo<O 
Stable Zr 96 5.6o't> 
17.0-hr Zr 97 5.4'01 5.3<•> 
Stable Mo 97 5.3.''1 

Stable Mo 98 s.1.10 
67-hr l\fo 99 2.9'"1 6_4(U) 6J «> s.1<•> 

$.!)<•> 
Stable Mo 100 4.4.<0 
Stable Ru 101 3.0.10 
Stable Ru 102 2.3,10 
39.8-dRu 103 0.20'"1 6.3(b) s.5<•> 1,6Cd) 

i_41C) 

Stahle Ru 104 0.96<0 
36.5-hr Rh 105 0.07<•> 3.7<•> 

1.0-yr Ru 106 0.05&<•1 2.9(b) 4.7<c) 0.28(") 
2.7<•> 

13.6-hr Pel 109 0.053'"' 1.0"' 0.040'4 1 

7.6-d Ag 111 0.052<•> 0.064(b) 0.27<•> o.02s<•> 
0.012<•> 

21-hr Pd 112 0.065<•> 0.1 o«> 0.016<•> 
43-<I Cd 115'" 3 X lO•"oi 2.5 X 10-0{b) 3 X 10·•<•> 1 X 10·•<•> 

6 X 10-•c.> 
53-hr Cd 115 0.072<•> 0.0J2<b) 0.045<•> 0.19(<1) 

0.057<•> 

Total Chain 115 0.075'" O.Q35<b> 0.0-18'0' 0.020<•1 

0.063<•> 
27.S-hr Sn 121 0.0➔ 1<•1 o.01s<•1 

9.4-cl Sn 125 0.068<•> o.oso<•> 
93-hr Sb 127 0.13(b> 0.37<•> 

0.12<•> 
8.1-d I 131 1.2<•> 3.6'01 2.7Cd) 
Stable Xe 131 3.4o<•l 
7:1.7-hr Te 132 2.4'"' 4.7<b) 4.9<•> 
Stable Xe 132 4.6.«) 
20.8-hr I 133 s.o<•> 

Stable Cs 133 5.6,I•> 
Stable Xe 134 5.9.<•> 
6.68-hr I 135 5.S"' 5.1"'1 

3.0 X 10'-yr Cs 135 >4.4.<•> 
86-sec I 136 l.9(g) l.7(g) 

Stable Xe . 136 • <8.0o<•> 
33-yr Cs 137 6.6'°1 7.1<•> 5.8°'> 6.5,'•l 
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Table I. Summary of Fi~ion Yields (continued) 

Fission ftfass 
Produtt numbl:r Th."" tJ203 

8S-minBa 139 
12.8-d Ba 140 6.zw 5.7(bl 

6.J(<) 

33.1-d Ce 14 1 9.0(al 
33-hr Ce 143 
282-dCe 144 7.1 <•) 4.90>> 
47-hr Sm 153 
15.4-d Eu 156 0.073"" 

0.063(C) 

<aJ Turkevich, A. and Niday, J.B., Radiochemi
cal Studies of I/re Fission of Th.,. w ith Pile 
NeuJro,i.s, Phys. Rev. 84: 52 (1951 ). 

(bl Keller, R. N., Steinberg, E. P. and Clenden
in, L. E., Yields of Fission Products from 
U"" Irradiated with Fission Spec/ru,n Neu
trons, Phys. Rev. 94: 969 (1954) . 

<<1 Coryell, C. D. and Sugarman, N., Eds., 
Radioclrc1>1ical Studies: The Fissio" Prod-
1icts, National Nuclear Energy Series, Div. 
IV, Vol. 9, McGraw-Hill Book Co., New 
York, ( 1951); Appendix B. 

<di Steinberg, E. P., Seiler, J. A., Goldstein, A., 
Dudley, A., Fission Yields in Uro11i1on-Z33, 
MDDC-1632 (1948); yields revised by 
Steinberg in 1954. 

<•1 Fleming, W., Tomlin.son, R. H. and Thode, 
H. G., T/1~ Fi.tsi011 Yields of tlie Stable and 

construct the corresponding yield-mass curves of Figs. 
1-4. These curves are essentially symmetrical about 
a mid-point which represents fission into two equal 
fragments and the emission of about two neutrons. 
The yield value given by the curves at any mass num
ber represents the total chain yield, and the summa-

. tion of yields is approximately 200%, as theoretically 
expected [or binary fission. 

Fission yields for U235 have been investigated in 
greater detail than have those for other fissile nu
clides. These data with appropriate references are 
compiled in Table II. RadiometricaUy determined 
yields are listed in column 3, and those mass spectro
metrically determined are given in column 4. In the 
mass spectrometric investigation of reference (g) of 
Table II, the isotope di lution technique was utilized 
to obtain the number of atoms of fission-produced 
isotopes of strontium, zirconium, molybdenum, ce
sium, barium, cerium, and neodymium present in a 
solution of neutron-irradiated U23:-;. For ruthenium, 
the number of atoms of 1.0-yr Ri.1106 was determined 
by absolute beta counting since a suitable isotopic 
tracer was not available for isotope dilution. The 
isotopic abundances of Ru101, Ru102, and Ru1~ were 
determined relative to Ru106 by mass spectrometry. 
Relative isotopic abundances of fission produced 
krypton. xenon, and cesium (references ( d), (e), and 
( r) of Table II) were normalized to the data of refer
ence (g). These mass· abundances were converted to 
•fission yields by imposing the criterion that the sum 

Fiuion ,;,u (%) 

um 
Pu•:io Mass 

Radio1r;q,rlc spectr-om~tric 

5.4cw 
5.3.'" 6.0Cd) • 

4.9'•> 
s.1«> 
3.7<01 4.J (di 

0,39«1 0.095(<1) 
0.12''' 

Lon.9-Lit't!d Isotopes of Xe11011, Cesium, and 
Krypto,~ ill Neutron Fissio11 of Cr", Can. 
J. PhJS. 32: 522 (1954) ; relative yield nor
malized lo radiometric data of reference(d). 

<n Steinberg,._ E. P.. Glendcnin, L. _E., Ingh
ram, M. \.J, and Hayden, R. J., Fme Stmc
t1Cre i11 U'" Fission. Phys. Rev. 95; 867 
(1954); relative yield normalized to radio
metric data of reference (d). 

C&? Stanley, C. W. and Katcoff, S., Tile Prop
erties of 86-second I"", J. 01cm Phys. 17: 
653 (1949) . 

th> Glcndcuin, L. E, Ft~rl/u:r S tudy of IJ.e 13-d 
Cs Activity, paper 159, in Coryell, C. D. and 
Sugarman, N., Rcuiiocl1t111ical S11,dies: Tire 
Fissio11 Prod11cts, National Nuclear Energy 
Seric._s, Div. IV, Vol. 9, McGrnw-Hill Book 
Co., .N c1v York (195 I). 

of all yields be 200%. Radiometric data for mass 
numbers not determined mass spectrometrically were 
used as an aid in the summation. In general, the U23:; 

fission yields of Table II based on radioactivity meas
urement are considered reliable to 10-20% · although 
the uncertainty in a few cases may be smaller. The 
values based on mass spectrometry are believed to be 
somewhat more accurate and a re considered reliable 
to about 5%. Recommended values for total chain 
yields are given in column 5 of Table II and plotted 
as a yield-mass curve in F ig. 5. . 

Fine structure is clearly indicated by the mass 
spectrometric data in the regions around mass 100 
and mass 134 in the fission of u~s and um (Figs. 
4 and S). This effect is ascribed to the influence of 
dosed neutron shells in fission and is discussed below. 
Certain characteristics of the mass distributions for 
the various fissile nuclides are apparent from Figs. 
1-5 and are summarized in Table III. It is seen that 
low-energy fission is predominantfy asymmetric, i.e., 
the mass distribution has two maxima (light and 
heavy group peaks) and a deep central minimum 
(trough) showing the low frequency of modes near 
symmetrical fission. With increasing mass of the 
fissioning nucleus the mass distributi<5n becomes 
wider, and the light group peak shifts toward higher 
mass while the position of the heavy group peak re
mains relatively fixed. The mass shift · of the light 
group is thus a useful indicator of the mass of the 
fissioning nucleus. For example, the yield of Ruioe 
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Tobie II. Summary of U2311 Fission Yields 

Fis.no~ yield ( %) 

Fissio,n Mo.ss M<>U R ream Hu-... -tUtl 
trtxlM<I .,unbtr RJ.dior.itlric sp,ctrt,. tot•l dtain 

mtlric ~ 6td 

49.0-hr Zn 72 1.5 X 10-- 1.5 X t0·5 

S.0-hr Ga 73 1.0 X 10~ 1.0 X 10·• 
12-hr Ge 71 3.7 X 10-•w 

2.3 X 10·•0>> 
38-hr As 77 9.1 X 10-•"" 7.9 X 10·• 

67 X 10-•"'> 

86-min Ge 78 O.Ot8(b) 
0.02()\al 

91-min As 78 0.020~> 0.020 
0.020<•) 

56.5-m inSe 81"' 8.0 X I o-•coi 
17-minSe 81 o.133<ai 0.133 
25-min Se 83 0 .21<•) 
2.4-hr Br 83 0.48(o) 

0.40'•) 
Stable Kr 83 0.60,<•l 0.60 

JO-min Br 84 0.65<•) 
Stable Kr 84 1J2(d) 1.1 
4.36-hrKr 85"' 1.2<•> 
10.27-yr Kr 85 0.24"') 0,32,<4) 1.5 
Stable Kr 86 2,}.Cd) 2.1 

S5.6-scc Br 87 3.1"' 
78-minKr 87 2.s1•, 2.7 
Stable Sr 88 3.6,(8) 3.6 
S3-d Sr 89 4.7.~> 4.8 

4.6 (a) 

28-yr Sr 90 5,8o.., S.8 
9.7-hr Sr 91 5.1~1 

s.o<•) 
61-d Y 91 5,9<•) 
Stable Zr 91 5.8,ca, 5.8 
2.7-hr Sr 92 5.0lal 
Stable Zr 92 6.0.<s> 6.0 
1.1 X 10•-yrZr 93 6.4.c,, 6.4 

'•1 Coryell, C. D. and Sugarman. N., Eds .• R11diot:l,e.niu.1l 
Studies: Tile Fistion ProductsJ. National Nuclear Energy 
Series, Div. IV., Vol. 9, Mcuraw-Hill Book Co., New 
York (1951); Appendix B. 

"'' Sugarman, N., Gt1utics of tht Ge'"-As.,. Fission Chain, 
Phys. Rev. 89: 570 ( 1953). 

,., Arnold, J. R. and Sugarman, N ., Short-Lived ls<nneric 
States of Se., and Ge"', J. Chem. Phys. 15: 703 (1947). 

141 T11ode, H. G., Mcus S pectrtnnctryandNuclear Che,nistry, 
Nudconics, (No. 3), 3: 14 (1948) ; relative yield normal
ized to mass spectrometric yields of reference g. 

C•> Koch, J., Kofoed-Hansen, 0 ., Kristensen, P. and Drost
Ilansen, ,v., Jl[ea.surnnents on Radioactive Krypio,i Isotopes 
from Fiss-iot• after Mass-Spectrograpliic Separation, Phys. 
Rev. 76: 279 (1!>49) ; relntive yield nonnalizcd to mass 
spectrometric yie-1ds of reference g. 

Cll Stehney, A. F. and Sugarman, N., Cliaractl!ri.stics of 
Br>', a Delayed N111tro1i Activity, Phys. Rev. 89: 194 (1953). 

relative to that of BaH0 is approximately ten-fold 
higher in the fission of U 238 and Pu239 than in the 
·fission of U235• Th.is marked difference may be used 
to determine the r elative number of fissions due lo 
u2s5 and U 23S or Pu28~ in fission mixtures such as 
nonnal uranium in fast-neutron reactors. 

Some evidence has also been obtained in compar-·· 
ing thermal neutron with fast reactor neutroo-in
d uced fission of Pu2110 for an increase in frequency 

Fission :,,i6Jd {%) 

Fusion M-,s M oss R,c-mnwled 
1,od .. ,t . """'b" ·t.~f;;"; t,tol chain 

R•dlometric )ie/d 

Stable Zr 94 6.4.wl 6.4 
63-d .Zr 95 6.00) 

Stable Mo 95 6.zr,, 6.3 
Stable Zr 96 6,3,Ctrl 6.3 
17.0-hr Zr 97 6JOI 

5.500 

Stable Mo 97 6.0.Csl 6.1 
Stable 1io 98 5.7,<¥> 5.8 
67-hr Mo 99 6.1,u• 6.1 

S.9,°'' 
6.2<" 

Stable Mo 100 6.Jo<&') 6.3 
14.6-min l\!o 101 5.4°" 
Stable Ru 101 5.0(¥) s.o 
12-minMo 102 4.100 
Stable Ru 102 4.1 (C) 4.1 

39.Sd-Ru 103 2.Si» 2.9 
3.7c.l 

Stable Ru 104 J.8<r! 1.8 
4.5-hrRu 105 0.8300 0.85 

0.9<-' 

1.0-yr Ru 106 0.38°) 0.38 
O.:J8<r! O.JS<&'> 
o.si<-> 

13.6-hr Pd 109 o.ozs<-> 0.028 
7.6-dAg 111 0.018'•) 0.018 

21-hr Pd 112 o.ouca> 0.011 
43-d Cd 11 5"' 7.1 X I0·•f,ru 

8.0 X IO·•<•> 
53-hrCd 115 9.8 X IQ·l(m) 0.011 

o.011c•> 

3.0-hrCd 117 o.01oc•• 0.010 
27.5-hr Sn 121 0.014"'1 0.014 
136-<ISn 123 1.2 X l0·IOO 

c.-. Glendcnin, L. E., Steinberg, E. P., Flynn, K F., Hay
den, R. J. :ind Inghram, M. G., to be published. 

Cbl Recd, G. W. and Turkevich, A ., Uranirm1,-Z35 Thermal 
N,111tro11 Fission Yields, Phys. Rev. 92; 1473 ( 1953). 

Ct> Coryell, C. 0 ., Sakakura, A. Y., and Ross, A. M., Fis
sion Yi,Jds of 65-day Zr' and 17-hr Zr"; Search for Otl11!r 
Zr and Nb Fission Cliai,rs, Phys. Rev. 77: 755 ( 1950). 

UI Terrell, J ., Scott, W. E., Gilmore, J. S. and Minkkinen, 
C.O .• Yield of Ma" fro,n Fistio11 of V'" a11d u••, Phy:,. 
Rev. 92: 1091 (1953). 

00 Wiles. D. R. and Coryell, C. D ., Fissiou Yield Fi,ie 
Slnu:hire i,i tlte MO$s Region 99 - 106, Phys. Rev. 96: 696 
(1954}. 

Ct>Hardwick, W. H., The Fission Yields of Rti'" and Rti111, 

Phys. R ev. 92 : 1072 (1953). 
<.,.Wahl, A. C. and Bonner N. A., Genetic Relatio114hips 

and Fission Yields of Members of lhe Mass-11S Decay 
Cliain, Phys . . Rev. 8.5: 570 (1952) . 

of symmetric fission modes ( trough yields) and very 
asymmetric modes ( wing yields) as the excitation 
energy of the fissioning nucleus is increased.0 Sub
sequent investigations showing the marked increase 
of trough yields and, to a lesser extent, wing yields 
with increasing excitation energy, have been reviewed 
by Spence and F o rd.12 The variations in peak-to
trough ratios observed for different fissile nuclides 
( column 5, Table III) are probably indicative of dif-
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Table II. Summary af U235 Fission Yields (continued) 

Fis.non vie/cl ("lo) 

Fission Moss !lo.s.1 Re('otnr»eHdcd 
product nutnber Radibmetric spectra• total chain 

m~,ric l'i-#/d 

39.5-min Sn 123 0.014 
9.4-d Sn 125 O.ot2t•> 

2.7-yr Sb 125 0.023<•> 0.023 
SO-min Sn 126 OJ'"-> 0.1 
93-hr Sb 127 025<•> 0.25 

0.094<•> 
90-d Te 127"' 0.056'01 

0.033'"' 
33-d Te 129"' 0.34Cn> 1.0 

0.19<•> 
30-hr Te 131"' 0.42'"' 

0.44'" 
8.1-d I 131 3.0.<•l 

3.2<Ml 
z.s<•> 

Stable Xe 131 2.8.1" 2.9 
77.7-hr Te 132 4_4.cn> 

3.4 <•> 

Stable Xe 132 4.z.<r) 4.3 
63-min Tc 133 4,5.<n> 
20.8-hr I 133 6,6,<n> 

4.6 <•> 
S.27-dXc 133 6.6,,'•) 6.4,.<•> 

Stable Cs 133 6,4a1•> 6.5 
44-minTc 134 7.o.<•> 

6.4.<•> 
52.5-min I 134 ~5.7<ol 
Stable Xe 134 7.5,1•> 7.5 
6.68-hr I 135 6.3,<•> 

S.6 <o> 
9.2-hrXe 135 5.9 w 
3.0 X 10"-yr Cs 135 6.2.1•1 6.3 
86-sec I 136 3JM 

Stable Xe 136 6J.<l'l 6.2 

• CU> Pappas, A. C., A Radiorliemical St<1dy of Fis$ion Yields 
in the Region of Shell Pertmbations and the Effect of Closed 
Shells iti FissiM, Laboratory for Nuclear Science, Massa
chusetts Institute of Technology Technical Report No. 63 
(September, 1953). 

<•> Value from reference a corrected according to refer
ence n. 

<P> Bartholomew, R. M., Brown, F., Hawkings, R. C., 
Merritt, W. F. and Yaffe, L., The Fission Yield of I"' in 
tl,e Tl,ermal Neutron Fission of U"', Can. J. Chem. 31 : 120 
(1953) . 

<v Yaffe, L., Thode, H. G., Merritt, W. F., Hawkings, R. 
C., Brown, F. and Bartholomew, R. M ., Deter.,tt,w,tion of 
the Absolute Fission Yield of Ba"' i11 Thermal Neutron 
Fi.ssio11 of U"', Can. J. Chem. 32: 1017 (1954). 

<r> VViles, D. R., Smith, B. W., Horsley, R. and Thode, H . 
G., Fission Yields of the Stable and Long-Lived Isotopes of 
Ccsiu111, Rubidfom, and Strontium and Nuclear Shell Str11-c-

ferences in the excitation energies of the fissioning 
nuclei. 

The high precision attainable in the determination 
of relative isotopic abundances by mass spectrometry 
may be utilized in studying large neutron-capture 
cross sections among fission products. Such deter
minations were made, for example, by Inghram, 
et al., a and large cross sections · were indicated for 
Sm10, Sm1111, and Gd157• The variation of the Xe188 

Fission yidd (%) 

Fi.ufrm Ma.r, MC1ss R~commended 
produrt nem,btr RadiOfflttric t/>ed~o- total ch•i" 

,nctnc :,ield 

33-yr Cs 137 5.9,<&') 5.9 
Stable Ba 138 5.7,(g) 5.7 
85-min Ba 139 6,4Cbl 6.2 

5.7.<n> 
6.1 (v) 

6.3<•> 

12.8-d Ba 140 6.3,(<ll 
6.3°'' 
6.1.<•> 

Stable Ce 140 6.s.cc) 6.4 
33.l-d Ce 141 5.7<>1 5.7 
Stable Ce 142 s.a.<c> 5.9 
33-hr Ce 143 5.4<•> 
Stable Nd 143 6J,(&'l 6.2 
282--<l Ce 144 5.8,<¥> 6.22"" 

5.3 (,a) 

Stable Nd 144 5.9.(&') 6.0 
Stable Nd 145 4.o,ca-> 4.0 
Stable Nd 146 3.2,"" J.2 
2.6-yr Pm 147 2.6<a) 2.6 
Stable Nd 148 1.7,(&') 1.8 
54-hr Pm 149 1,3<>> 1.3 
Stable Nd 150 0.7(>.<&'l 0.71 
47-hrSm 153 o.13<w) 0.14 

o.1s<•> 

23.5-min Sm 155 o.o31<al 0.031 
15.4-d Eu 156 0.0121

"' 0.013 
0.013<•> 

15.4-hr Eu 157 7.4 X 10·31•> 7.4 X 10·• 
60-minEu 158 2 X 10·•<•1 2 X W-• 
18.0-hr Gd 159 1.1, X 10-•"'> 1.1 X 10·• 

1.0. X 10""< .. > 
7.0-dTb 161 8.3 X ]0·00<> 7.8 X 10·• 

7.2. X 10•$1W) 

lure, Can. J. Phys. 31 : 419 (1953) ; relative yield normalized 
to mass spectrometric yields of reference g. 

<•> Katcoff, S. and Rubinson, W., Yield of Xe"' i11 the 
Tlicrmal Neulro» Fission of U"', Phys. Rev. 91: 1458 
(1953). 

<•> Yaffe, L., Day, A. E. and Greer, B. A~ The Fission 
Yield of Tc"', Can. J. Chem. 31: 48 (1953). 

<'ll Stanley, C. \V. and Katcoff, S., The Properties oj 86-
Seco11d J<"•>, ). Chem. Phys. 17; 653 (1949). 

<•> Grummitt, W. E., Gueron, J., Wilkinson, G. and Yaffe, 
L., The Fission Yields <Jf Ba"' a,od Ba'" i11 Nculro11 Fissicn . 
of U"' and U''", 'Can. J. Research, 25B : 364 ( 1947). 

<w> Petrow, H. G. and Rocco, G., Ffrsion Yield of Gd'" 
and Tb"', Phys. Rev. 96; 1614 (1954). 

<>() Freiling, E. C., Bwiney, L. R. and Ballou, N. E., 
ldentificatio,i of Gadolinium and Terbium Radioisotopes tts 
Fissioti Products of U'", Phys. Rev. 96: 102 (1954). 

abundance in fission-produced xenon as a fw1ction of 
neutron flux was correlated with the 3.5 X 106 barn 
cross section of Xe135 in the work of Thode and co
workers.15 A comparison of their ratio of Cs1sa to 
Cs137 at low flux with our results at higher flux ( un
published) also indicates a probable cross section of 
about 3000 barns for Xe133• This is as yet unverified 
by direct measurement on Xe133• 

Radiochemical studies have resulted in the identi-
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Table Ill. Comparison of Mass Distributions 

llvtrag~ 111a.ss ttHmbtr Murwidth Ratio of Fisril, ol holf•h nght 
n11clide at ped,to-trON(JA 

Uq/ll (Jroup Rea,.,y gr<1•J, half,h~•'oht yirldr 

Th= 92 139 14 115 
u- 94 138 14 390 um 95 139 15 6S0 
U""' 98 139 16 200 
Pu230 99 138 16 150 

ficatfon of radioactive isotopes of 36 elements (zinc 
to terbium ) covering the mass range 72 to 161 as 
products of binary fission. In addition, the possil,ility 
of fission into more than two (ragments has been 
investigatcd10 by searching for lighter products of 
uranium fission in the mass range 35 to 60. Positive 
identification of fission products in this mass range 
was not made, but upper limits of the order of 10"'7o 
fission yield were established. Fission into two heavy 
fragments and one lighc fragment in ihe mass region 
4 to 13 based on studies with cloud chambers, photo
graphic plates, and counters have been reponcd to 
occur with a frequency of about one per cent of binary 
fissions (reviewed by \Vhitehouse).0 A review of the 
data on such ternary fission was also given by de La
bottlaye, ct al.,11 who inves tigated the short-range 
particles (ternary products?) in a cloud chamber and 
interpreted them as probably knock-on atoms. The 
frequency of occurrence was estimated as only 1 ± 3 
per 1000 binary fissions. Only a few nuclides in this 
mass range are suitable for radiochemical investiga-
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Figure 2. Yield-mass curve for fast neutron-induced fission o f U"" 

tions. A radiochemical search for Be7 was made by 
Cook18 who set an upper limit of 10~% for the yield 
in uranium fission. Bendt and Scott10 have recently 
reported a delayed· neutron period with a half-life 
of 0.15 second and a fission yield of 0.05% for delayed 
neutron emission in u~3;; fission. They postulate the 
assignment of the period to O. l 7-sec Li9 formed as a 
light fragment in ternary fission. If this is so, the 
fission yield of 0.05% must be considered as a lower 
limit since the branching ratio for neutron emission 
in the decay of Li0 is unknown. \Ve have investi
gated20 the possibility of the fonnation of 2.5 X 108 

yr Be10 in ternary fission by radiochemical isolation 
of beryllium from an intense source of U 235 fission 
pro<lucts. An upper limit of 4 X 10-470 for the fis
sion yield was established. The radiochemical investi
gations indicate that ternary fission giving rise to 
fragments of mass greater than that of the alpha par
ticle is extremely rare if it occurs at all. It should be 
noted that the upper limit for the fission yield of De10 

is inconsistent• with the assignment of the 0.15-second 
delayed netttron period to Li0 • It appears more likely 
that this previously unresolved decay period should 
be ascribed to a normal product of binary fission. 

CHARGE DISTRIBUTION 

The problem of nuclear cbar~e distribution in low
energy fission may be considered to have two aspects : 
(I) the determination of the most probable mode of 
charge division for a given mass split, and (2) the 
distribution function for primary formation ( inde
pendent yield) about the most probable nuclear 
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Figure 3. Yield-ma,s curve for slow neutran-induced fiuion of Pu"'° 

charge (atomic number) among fission products of 
the same mass number. The data of quantitative value 
in this problem are independent fission yielcls along 
chains and fission yields of shielded nuclides. The 
latter data are particularly useful since shielded nu
cli<les are preceded by a stable nuclide in the fission 
chain and should therefore occur in fission only by 
direct formation as a primary fission product. Ex
perimentally it is difficult to obtain accurate inde
pendent yield data for members of a decay chain. 
Problems of rapid and complete chemical separa
tion of the nuclide of interest to prevent fonnation 
by beta decay of ancestors can introduce large un
certainties in some cases. 

It was shown by Glendenin et al.21 ,!2 that of the 
various suggestions for the most probable division 
of charge in fission, the available fission yield data 
were most consistent with an empirical hypothesis 
that the most provable mode is that which gives r ise 
to equal charge displacements from stability ( effective 
chain lengths) for complementary fission product 
chains. It was postulated that the distribution about 
the most probable charge is a symmetrical function 
applicable to all mass splits and all fissile nuclides. 

From the equal charge displacement hypothesis, 

(1) 

where z.._ an<l Z.a* are the most stable charges for 
the mass nu;nbers A and A * of the complementary 
fission product chains, and ZP and Zp* are the most 
probable charges of the primary fission products of 
mass numbers A and A*. The sum of the primary 

Table IV. Values of Z4 

Sl,cll gr-t>u/J A z. 1;z ,,/oA 

Z < 50, N < 50 { 70 31.2 
0.38, 90 38.9 

Z < 50, N > 50 { 87 38.6 0.391 120 51.7 

Z > 50, N < 82 { 116 49.0 0.35. 140 57.4 

Z < 64, N > 82 { 137 57.8 
0.35, 158 65.3 

Z > 64, N > 82 { 155 63.6 
0.370 165 67.3 

charges Zr and Zf>* must equal the charge of the 
fissioning nucleus, Zi,-. The complementary fission 
product masses A and A* are related by 

A + A* = AF - v (2) 

,vhere AF is the mass number of the fissioning nucleus 
and • is the average number of neutrons emitted per 
fission. The equation for the most probable charge of 
a fission product of mass A is then 

zp = zA -(1/2) (Z..1. + Z,1* - ZF) ·(3) 

Pappas23 presented a modification of the equal charge 
displacement hypothesis which attempts to account 
for the discontinuities in Z,1 at shell closures. In this 
treatment values of Z,l given by Cory~ll24 were used. 
These values for the mass region of interest in fission 
are tabulated in Table IV with values of oZA/ o A 
for convenience in interpolation. For mass numbers 
in the vicinity of shell closures there is an uncertainty 
in the 7.4 value to be used in Eq. (3). This is indi
cated in column 2 of Table IV by the occurrence of 
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mass numbers 87- 90, 116-120, 137-140, and 155-158 
in two shell groups. In these mass regions we use 
the average of the Z.t values from the two groups. 
For these calculations ·v was taken as 2.5 for Th232, 

U 233, and U 235 ; 2.9 for Pu239 ; and 3.0 for Cm242• 

A summary of the experimental data on inde
pendent fission yields is given in column 3 of Table V. 
It has been suggested that certain nuclides may be 
preferentially formed in fission giving rise to regions 
of fine structure in the yield-mass curve ( see below). 
For the purposes of an analysis of charge distribution, 
the "excess" yields of such nuclides are considered 
anomalous, and a "normal" chain yield ( column 4 
of Table V) is used to calculate the fraction of chain 
yield ( column 5) represented by the observed inde-

pendent fission yield. These "normal" chain yields 
represent the yields which would have occurred 
without the e.'Ctra contribution of a specific preferred 
member of the chain. The "normal" distributions in 
the regions of fine structure for U285, U 23S, and Cm242 

fission are indicated by dotted lines in Figs. 7, 8, and 
9. The uncertainties in the Z -Zp values indicated in 
column 6 reflect the corresponding uncertainties in 
ZA values near shell closures. The data of Table V 
were used to construct the charge distribution curve 
of Fig. 6. 

It has been shown2.; that the charge distribution 
curve for 14-Mev neutron-induced fission of U235 is 
parallel to that for low-energy fission of U23~ with the 
most probable charge for a given mass split shifted 

Table V. Summary of Independent Fission Yields 

Fis1ion 
product 

91-min As'8 

36-hr Br"' 

19.5-d Rb'" 

65-hr Y"" 
23-hr Nb,. 
210-d Rh"'' 
52.5-min IIU 
9.2-hr Xe'" 

13.7-d Cs,.. 

40-hr La"" 
3.7-hr La"' 
5.3-d Pm11

• 

Fiuile 
nuclid4 

u= 
U"'° 

u= 
Pu""' 

u= 
u= 
u ... 
lJ"l> u23S 

U"'" 

Pu""' 

U233 
Th= 
Cm'" 

U"" 
U""I 
um 

Independent 
fission yield 

(%) 

1.8 X 10-><•> 
3.5 X 10·•<1>> 
4.1 X 10.,,c•> 
3.1 X 10 ... (d) 
2.5 X 1o·•Cc) 
I.IX 10••c•> 

<2.8X 10-S(C) 

5.7 X 1o·•Cc) 
<5 X 10-•<•I 

l,Q(d) 
0.31<0 

0.16<1/) 
6.2 x 1 o-,cd> 
5.7 X 10·0<•> 
8.9 X IO· •<dl 
1.8 X l0· •C•> 
0.12()1> 

<1.7 X IQ""<ll 
0.80U> 

<0.211<) 

<2 X 10..,Cc> 

,., Sugarman, N., Genetics of the GE'" - As" 
Fission Chain, Phys. Rev. 89: 570 (19S3). 

<~> Feldman, M. H ., Glendenin, L. E. and 
Edwards, !{. ~-,, lde11tificatio11 and Yield of 
34-hr Br., m Fusso", paper 62 in C. D. Coryell 
and N. Sugarman, Radiochemical Studies: 
Tlte Fissio11 Prod1,cts, National Nuclear En
ergy Series, Div. IV, Vol. 9, McGraw-Hill 
Book Co., New York (1951). 

cc> Cook, G. B., personal communication. 
<d> Glendenin, L. E., The Distribution of N1,,_ 

clear Charge ;,. Fissio>i, Laboratory for Nu
clear Science. Massachusetts Institute of 
Technology, Technical Report No. 35 (De
cember, 1949) . 

<•> Swartout, J. A. and Sullivan, W. H., 
Abse11ce of Long-Lived Rhodittm fo Fissio,1. 
U. UpPer Limit to the Fission Yield of 210-d 
RJ,"', paper 118 in C. D . Coryell and N. 
Sugarman, Radiocltemical Stndies: The Fis
sion Prod11ctr, National Nuclear Energy Se- · 
ries, Div. IV, Vol. 9, McGraw-Hill Book Co., 
New York (1951). 

<t> Hoagland, E. J. and Sugarman, N., fo-

#(Normal" 
cha,·n 
yield Fract i'"" of Positfon in clrnin 
(%) chain yield (Z • Zp) 

0.020 0.09 1.9 ± 0.1 
0.25 1.5 X 10·• 2.6 

2.1 1.3 X 10·• 3.0 

0.7 1.6 X 10·• 2.7 

5.8 <4.8 X 10·• 3.4 ± 0.2 
6.3 9.0 X 10·• 2.5 ± 0.4 
Z.9 <I.7 X 10"' 4,0 
4.8 0.21 1.2 
5.3 0.044 1.8 

5.7 1.0 X t0·• 2.4 

5.9 0.015 2.1 
3.1 X 10·• 

5.9 0.020 2.0 
6.0 <2.8 X 10·• 2.8 
7.0 0.11 1.5 
6.4 <0.03 2.5 ± 0.4 

0.02{)) 1.8 
1.8 <1.1 X 10 ... 2.8 

depeudmt Fissio,i Yield of 9.2-ltr Xe"', ibid., 
paper 147. 

<2'> Brown, F. and Yaffe, L., Tlze l,ulepend
e11t Yield of Xe"' Produced i>i the Fission of 
Natural Ura11i1111i by Pile Neutrons, Can. J. 
Chem. 31: 242 (1953). 

()l> Glendenin, L. E., unpublished work. 
01 Turkevich, A. and Niday, J. B., Radio

chemical St1•dies of the Fissioii of Tlv" witli 
Pile Ne11tro11s, Phys. Rev. 84: 52 (1951). 

<J> Steinberg, E. P. and Glendenin, L. E., 
Mass Distrib11tio11 in the S1>011taneo11s Fissioti 
of Cm"', Phys. Rev. 95 : 431 (1954) . 

(kl Sugarman, N .• lnde(>eride11t Fission Y.ield 
of La"', paper 170 in C. D. Coryell and N. 
Sugarman, Radiochemical Studies: The Fis
sion Products, National Nuclear Energy Se
ries, Div. IV, Vol. 9, McGraw-Hill Book Co., 
New York (19S1). 

0 > Ford, G. P. and Stanley, C. W., The 
Fractio11 of tile kfa-ss 141 Chain Formed J11-
depe11dmtly as La"' in the Thermal Neutro,1 
Fissio,. of U"', AECD-3551 (·August 20, 
1953). 
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toward stability, i.e., a smaller neutron-to-proton ratio 
for the primary fragments. Thus, it appears that for 
all fissile nuclides thus far investigated a single charge 
distribution curve is applicable over a considerable 
range of. excitation energy (0 to 14 Mev) . (In very 
high-energy fission, e.g., 190-Mev deuteron fission 
of bismuth,26 the division of nuclear charge is appar
ently different, the most probable charge of the 
primary fragments being that which maintains the 
neutron-to-proton ratio of the fissioning nucleus. This 
may indicate that at very high energies the fission 
process takes place too rapidly to permit a rearrange
ment of charge.) 

It is interesting to note that in a few cases apparent 
independent yields were observed which were too 
high to be in accord with the charge distribution 
curve. In these cases it was suggested~1 ,22 that isomer
ism was responsible fo r the discrepancies. Subsequent 
identification of short-lived isomers in Ge77 and Se83 

by Arnold and Sugarman27 and in Tel 33 by Pappas23 

corroborated these predictions. 

CLOSED SHELL EFFECTS 

The early radiochemical investigations5 •6 of slow 
neutron-induced fission indicated that the yield-mass 
curves were rather smooth. I n fact, when particular 
determinations did not fit the smooth curve, errors 
arising from a failure to achieve interchange in the 
radiochemical analysis, the presence of an isomeric 
state, or difficulties in the measurement of the disin
tegration rate were suspected and generally iound. 
The concept of a smooth relationship between fission 
yield and mass number proved extremely useful in 
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establishing mass assignments and half-lives of long
lived fission products. Some pertu.rbations in the 
yield-mass curve are, of course, expected as a result 
of known delayed neutron emission, but these are 
of the order of 0.5% in fission yield or less.5 Marked 
deviations from a smooth curve were definitely estab
lished, however, by Thode and co-workers28 in mass 
spectrometric determinations of the relative abun
dances of krypton and x enon isotopes produced in U 235 

fission and by Stanley a,nd Katcoff29 in radiometric 
determinations of the yield of !136 in the fission of 
u23s, u2as, and Pu2ao . 

A proposal to explain this fine structure in the 
mass distribution was made by Glendenin22 on the 
basis of the stability of nuclear closed shells of 50 and 
82 neutrons. Nuclei which contain 51 or 83 neutrons, 
i.e., one neutron more than the closed shell, have ab
normally low binding energies for the odd neutron. 
It was postulated that a primary fission product ' 
{ which has already emitted the usual number of 
prompt neutrons) containing one neutron in excess 
of a closed shell may emit this neutron in preference 
to a beta particle or gamma ray. This process of ad
ditional prompt neutron emission would result in 
perturbations in fission yields near closed shells, since 
the loss in yield from a given chain would not always 
be exactly compensated by the gain in yield from the 
chain of one higher mass number. Calculations based 
on this mechanism and utilizing the primary yields 
along fission chains as given by the charge distribu-
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tion function indicated a fine structure pattern for 
the krypton and xenon isotopes and an abnormally 
low yield for P36 in qualitative agreement with the 
experimental observations. 

In an attempt to account mor e quantitatively for 
the fine structure observed in mass spectrometric 
investigations, Wiles30•15 suggested that fragments 
containing 82 neutrons are favored ( i.e., occur in 
abnormally high yield) in the fission process, in addi
tion to the postfission effect described above. If such 
a preference exists in fission in the 82-ncutron shell 
region (around mass 1J4), a reflection must appear 
in the complementary region around mass 100. This 
possibili ty was investigated by Glendenin, et al.31 in 
mass spectrometric studies of the yields of isotopes 
of zirconium and molybdenum in the fission of U 235 • 

It was indeed observed that the fission yield of Mo100 

is abnomially high. A further preference for a SO
proton configuration has been proposed by ,Viles and 
Coryell82 on the basis of radiometr ic studies of 15-
Mev deuteron-induced fission of u23r. and U~38, but 
this is not apparent in low-energy neutron-induced 
fission. 

It was shown by Pappas23 on the b:isis of neutron 
binding energy systemntics that the concept of addi
tional prompt neutron emission should be extended 
to include the third, fifth, and perhaps seventh neu
trons outside closed shells. The perturbations in fis
sion yield resulting from this effect in U~3~ fission 
were estimated and combined with known delayed 
neutron yields to give the fine stn1cturc pattern ex
pected for the mass region 130-150. These calcuJated 
yields were in reasonably good agreement with avaiJ
able yield data except in the mass region 134-136. 
T he discrepancy in this r egion was ascribed to the 
82-neutron preference effect, and thus a plausible 
interpr etation of the fine structure in the hca.vy group 
was evolved in tem1s of various closed shell effects. 

In order to investig::tte fine structure in fission in 
greater detail, mass spectrometric determinations of 
fission yields for U 28G, U~33, and Pu280 have been 
undertnken. Preliminary results for U 235 and U 23 3 

have been published, 31 •33 and the recently completed 
results for U 235 arc described above and given in 
Table IJ (reference g) . The data of Table IJ, column 
4, are presented in Fig. 7 with a few radiometric 
yields for mass numbers not detem1ined mass spectro
metrically. Corrections for the effects of delayed neu
tron emission .(see below) are indicated by arrows. 
Since there are no important shell closures which 
might give rise to yield perturbations in the region 
of the light group peak, the high yield at Mo100 is 
ascribed to preferential formation in fission. ( Al
though the neutron-capture cross section of i\fo90 is 
unknown, it is e>-1:remely unlikely that it is large 
enough to account for the high yield at Mo100. ) I t is 
significant that mass 100 is formed in U 235 fission 
as the complement of 82-neutron containing frag
ments in the mass region 133-134. Mass spectro
metric studies83 of slow neutron-;~nduced fission of 

U 233 (Fig. 8) and radiometric studics3' •35 of the 
spontaneous fission of Cm2t'.! (Fig. 9) and Cf~32 also 
indicate fine structure around mass numbers 99, 105, 
and 114, respectively, complementary in each case 
to the mass region of the 82-neutron shell. These 
results strongly suggest a nuclear structure prefer
ence effect in fission. The approxim:ite magnitude 
of this effect is indicated in Figs. 7, 8, and 9 by a 
solid line through the points designated by diamonds. 
T he latter are obtained by subtraction of a hypo
thetical "normal" curve ( dotted line) from the ob
ser ved data. Corroborative evidence for this p refer
ence effect in fission, based on fiss ion fragment veloc
ity distributions, was recently reported by Leachman 
amt Schmitt.3.: 

Other regions of fine structure arc also apparent 
in F ig. 7, particularly in the heavy group. The pro
nounced effect in the region of the 82-neutron shell 
(masses 133-135) and the pattern of y ields at hiiher 
masses (136-144) are consistent with expectations 
from nuclear structure preference and additional 
prompt neutron emission as discnssed previously. 
Similar effects in the region of the SO-neutron shell 
may be responsible for fine structure3 i in the mass 
region 83--86 and the dip in the light group curve at 
masses 91 and 92. Further mass spectrometric studies 
of U 233 and Pu~9 fission yields arc now in progress 
to provide additional data on closed shell effects in 
fission. 

An interpretation of delayed neutron emission 
among the fission products as a closed shell effect 
was given by Mayer's in tem1s of the abnormally 
tow binding energy of the first neutron outside the 
50- and 82-ncutron shells. This was extended by 
Pappas23 to include the third and fifth neutrons be
yond closed shells. This interpretation is consistent 
with the known assignmentsG of the 22-sec JJ37 and 
55-sec Br87 and the probable assignment of the 4.5-scc 
Br89• It is also the basis for postulating assignments 
of the 1.5-sec and 0.4-sec emitters to Sb13• and AsSS, 
respectively. Corrections for the effects of these de
layed neutron emitters are shown in Fig. 7. The argu-
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figMre 8. v;eld•mao c.uno ,howing nudoor 1tructure pror·•r•nco effect 

ir, um f.uion. Mon •pectromotric dato or• ir,d;cote!:d by circles, rodi1>
metric doto by squores. Arr-• indicate opproximote corree1ion for 

ntutron capture in Xe1» 

menls by Pappas based on neut ron binding energy 
systematics near closed shells indicate that there 
should be more delayed neutron emitters (fission 
products containing closed shell plus 2, 4, antl 6 neu
trons) than the six periods which have been re
solved from decay curves. Fission products that fall 
in this category are as follows: Ga63, As87, Br0 1, Rd03, 

In188, Sb137, 2.6-sec !130, pn, Cs1t1, and Cs143• Esti
mations of fission yields and branching ratios for neu
tron emission indicate that most of these short-lived 
nuclides are contr ibuting to some extent to _the ob
served delayed neutron emission in U23:l fission. T he 
effect of the longer average dec.1.y chain lengths in 
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Figun, 9. Man distribution In 1he light group showing nud•or slruc• 
ture profarence e ffect i" iponf'ancous fit,lon o f C ml!tt 

lr-38 and Th232 fission is to incr ease the yields of many 
of these nuclides, resulting in an estimated total de
layed neutron emission SO to l0Oo/c greater than in 
lr-35 fission . Recent experimental dataao indicate a 
ratio of 2.9 for delayed neutron emission in u2as 
relative to u~as. 

SUMMARY 
A considerable body of empirical data has been 

accumulated on th·e low-energy fission process, and 
theoretical treatments of the problem have not yet 
been successful in interpreting the detailed features 
of the mass and charge distributions observed. How
ever, a p lausible phenomenological picture may be 
given in terms of " normal" asymmetric splitting into 
two main groups of products on which is superim
posed the preferential formation of fragments con
taining closed shells of 50 and 82 neutrons. Further 
perturbations in the mass distribution of the products 
result from the emission of additional prompt and 
delayed neutrons from particular products near closed 
shells. The most probable nuclear charges for com
plementary fission fragmcnt.s are apparently those 
which resul t in an equal displacement of the products 
from the most stable charges for the mass numbers 
involved. An emvirical cun-e for the distribution of 
charge around the most probable one appears gener
al ly applicable for all fissile nuclides over a consider
able range of excitation energies. 
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Spo~taneous Fission Correlations 

By A. Ghiorso,* USA 

Spontaneous fission was first observed by Flerov 
and Petrzhak1 in 1940 following a suggestion by Bohr 
and Wheeler.2 By dint of great effort these pioneer
ing experimenters were able to show that U 288 fis
sioned spontaneously with a half-life of the order of 
1016 years, about a factor of 106 times faster than 
predicted. In the next ten years the half-lives of other 
nuclides for thi:s process were determined by various 
groups but not enough information was accumulated 
to indicate any specific type of correlation as being 
correct. 

Measurements of spontaneous fission half-lives in 
the transuranium region have in the last few yean 
increased in number so markedly that several sorts 
of systematization have become possible. Seaborg3 
and Whitehouse and Galbraith• made the initial steps 
in this direction when they pointed out that in the 
case of even-even nuclides the half-life for spontane
ous fission seemed to decrease with an exponential 
dependence on the value of 2 2 / A while nuclides with 
an odd number of nucleons decayed by this process 
at a much slower rate. With the limited amount of 
data available at this time a plot of the logarithm of 
the partial spontaneous fission half-life against Z 2 / A 
resulted in a fairly straight line. It was also noted3 

that thls line when extrapolated to the region of in
stantaneous rate (that is, half-life of the order of 10-2 0 

se~) gives a value of about 47 for Z 2/A, which cor
responds with the predicted limiting value of Z2 / A. 
In a later paper Ghiorso et al.5 pointed out that cer
tain even-even nuclides (Um, U232, and possibly 
Th230) exhibited substantial deviations in the direc
tion of rates slower than predicted by the z:i / A line. 

Following these communications Kramish6 pub
lished a correlation of the ratio of spontaneous fission 
to alpha half-lives versus Z2 / A. This plot was based 
on the thesis that spontaneous fission and alpha decay 
could be regarded as closely related but competitive 
decay processes for heavy nuclei. The nature of this 
competition was demonstrated by connecting con
secutive alpha decay products familywisc and it was 
thus shown that the spontaneous fission mode of 
decay becomes more prominent as Z2 / A increases. 

As more data were accumulated on the spontaneous 
fission rates of other heavy nuclides it became evident 
that, although the parameter Z2JA accounted broadly 
in this manner for the variation in half-life over the 

• Radiation Laboratory, University of California, Berke
ley, California. 
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range of Z values, ·tor a given value of Z this param
eter did not account for the variation of half-life with 
A. In 1954 Huizenga7 pointed out that for a given 
value of Z the half-life goes through a maximum as 
A varies and on the basis of the data for isotopes of 
uranium it was postulated that tl,e maximum in the 
spontaneous fission half-lives of even-even nuclides 
was analogous to the corresponding variation in beta 
stability. It was further suggested that the shorter 
spontaneous fission half-lives beyond the maximum 
are possibly a result of the greater deformation of 
the larger A nuclides; an ellipsoidal deformation 
presumably might increase the decay rate due to the 
improvement in penetration through the thinner bar
rier .8 Later in the same year Studier and Huizenga9 

revived the Kramish plot of the ratio of the half-lives 
for spontaneous fission and alpha decay versus Z 2/ A 
except that instead of connecting consecutive alpha 
decay products they were able to show a more con
sistent relationship by correlating nuclides differing 
by two Z units and six A units. 

It is the purpose of this paper to call attention to a 
new parameter which possibly has a very pronounced 
influence on the variation of spontaneous fission half
lives with change in A . The effect obseryed is that 
the spontaneous fission half-lives for those even-neu
tron isotopes of elements 98 and 100 which have 
more than 152 neutrons are found to progressively 
decrease at a rate much faster than observed before. 
It has been shown that there is very good evidence 
from alpha decay data for a subshell at 152 neu
trons.10 At the time this paper was written the evi
dence for such a subshell was based entirely on the 
variation of alpha energies for the even-neutron iso
topes of californium. Recently the nuclides Fm25O 

(fermium, element 100) and Fm252 have been pro
duced in this Iaboratory11 and their alpha energies 
when compared with that for Fm2M show similar 
variations. The basis for a subshell at 152 neutrons 
is thus seen to be rather firm. This possible correla
tion of the abrupt change in spontaneous fission half
lives with this subshell shows promise as an empirical 
method of predicting the spontaneous fission prop
erties of unknown isotopes. 

The principal new data that lead one to postulate 
this type of correlation consist of the r ecent measure
ment of the spontaneous fission half-lives of Cf25t 

and Fm2G8• The isotope Cf25« has been isolated12 by 
means of the electron-capture branching of the 1.5-
day beta emitter, E 25tm (einsteinium, element 99). A 
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californium isotope was detected which decayed by 
spontaneous fission with a half-life of 85 ± 15 days; 
no a lpha particle branching was observed, but this is 
not s urprising since one would expect an alpha half
life for this nuclide of 102 years. The isotope Fm2~0 

has been manufactured in two ways: ( I ) as the elec
tron-capture daughter of :\1v2:IO (mendelevium, ele
ment 101 )13 and (2) from neutron bombardments14 

of £!155 via a shor t-lived E!!ijc beta emitter. In both 
types of experiments a 3 to 4 hour spontaneous fission 
emitter was isolated as an isotope of element 100. 
Again no alpha branching was observed since the 
predicted alpha half-life of Fm256 is about 10 days. 

Other very recent measurements tend to support 
the postulation of a subshcU inHuencc on the spon
taneous fission rates. The half-lire for spontaneous 
fission of Pu244 has been found to be 2.5 ± 0.7 X 1010 

years,15 a value which is only three times shorter than 
that for Pu242• T hus over the entire region of beta 
stability the half-lives for spontaneous fission of the 
plutonium isotope vary by a factor of a few hundred; 
the variation for californium isotopes on the other 
hand is about 105 without including the value for 
the unknown heaviest beta stable member, C£236• 

Cm246 has bee11 shown16 to have a spontaneous fis
sion half-life of 3 X I 07 years, a value consistent with 
the above observations. 

Clearly we have not yet proved our hypothesis of 
the 152 neutron correlation. Much more proof will be 
at hand, however , if the spontaueous fission rates for 
Fm2~2 and Fm:1:;o can be measured and shown to have 
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the predicted values. It does seem obvious that some 
more powerful effect is influencing the spontaneous 
fission half-lives than has been proposed so far. Fig
ure 1 is a plot of the spontaneous fission half-lives 
versus neutron number and contains in a simple form 
all the data known at this time. T he predicted lines 
for the unknown heavier even-Z elements arc, of 
course, drawn with the 152 neutron prejudice clearly 
delineated. Included on this plot will be found the 
spontaneous fission half-lives for six odd nucleon 
nuclides. The value for U235 is very questionable but 
the others, Pu:39, Bk249, Cf2•0, E 233, E 2~4, and Fm2G~ 

are felt to be reasonably accurate. The "hindrance fac
tors" for these nuclides when compared to their maxi
mum rates as determined by the even-even lines and 
their hypothetical odd-2 intermediates vary between 
103 and 106 • T he most highly hindered isotope is the 
recently discovered long-lived isomer of E25◄ which 
has both an odd number of protons and an odd num
ber of neutrons.12 We have not yet observed any clear 
systematic variation in the degree of hindrance which 
can be correlated with l 52 neutrons. but this might 
well be due to insufficient data. 

On Fig. l we have also indicated the manner in 
which the alpha half-lives vary in this region. Exam
ination of the trends indicates that spontaneous fis
sion will probably not become competitive with alpha 
decay even at a few atomic number units above 100 
except for those isotopes beyond the subshell at 1·52 
neutrons. This is the case because the a lpha decay 
rates increase as fast as the spontaneous fission rates 
at the higher Z valµes. However, beyond 152 neutrons 
spontaneous fission seems to increase so markedly 
that at 156 neutrons it becomes the chief mode of 
decay. This has been observed to date in californium 
and fermium. 

en 
a:: 
~ 
w 
)-

~ 

w ... 
:::; 

I ... 
..J 
~ 
:c 
z 
0 
in 
"' ii: 
en 
:::, 
0 w 
z 
~ 
z 
0 
n. 
(/) 

1018 

1d 6 

1o'' 

,o'2 
1010 

108 

10
6 

104 

102 

l00 

102 

Fm256 

35 36 37 38 39 
2 2/A 

figur" 2. Spontonoous li;,ion holf-lifo vorsu, z•/ A 



SPONTANEOUS FISSION CORRELATIONS 17 

Tobie I. Spontaneous 

Isotope T,1,(SF)(~•) R,f. 

Th•'° ;::: 1.5 X 101 18 
Th"" 1.4 X 10'0 18 

U''" 8± ~-
5 

X 10" 32 

U"'' 1.6 X 10" 5 
U"" 1.8 X 1011

( ?) 18 
U""' 2 X 10,. 19 
U'-13 8.0 X 101

" 18 
Pu"" 3.5 X 10" 5 
Pu"" 4.9 X 10'0 20 
Pu"° 5.5 X 10"' 18 
Pu''° 1.2 X !Ou 21 
Pu'" 7.25 ± 0.3 X 10'0 16. 17 
Pu"' 2.5 ± 0.7 X 1010 15 
Cm"0 1.9 X 10° 5 
Cm''' 7.2 X 10° 22,23 

For the sake of completeness we have included 
the two other well-known plots. Figure 2, spontane
ous fission half-life versus Z2 / A, demonstrates very 
well that one line cannot encompass all the data ade
quately. On the other hand, if one connects nuclides 
differing by two Z units and six A units, there is 
apparent a closer correlation with the notable excep
tions of Th232, Cf254, and Fm258• Figure 3 is the 
Kramish-Studier, Huizenga-type of plot. Here, again, 
one sees notable exceptions (Th232, Cf?48, Cf254, and 
Fm256 ) whose spontaneous fission half-lives do not 
correspond with the "jump of six" lines. Perhaps the 
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Figure 3. The ratio of spontaneous foss'ion half-life to alpha half-life 
versus Z2/ A 

Fission Half-Lives 

Isotope T,.t.(SF)(:,,,) Ref. 

cm21, 2.1 X 103 5 
Cm"• 7 X 10' 16 

Bk"'' 1.5 X JO• 31 

Cf'" 1.5 X 10' 24 
Cf"'" 66 25 
Cf••• 0.2 31 
Cf"" 3 X-105 28, 29, 30 
Cf.,. 1.5 x 10• 28,29 
Cf'°' 0.5 16, 12 
E"' 20 26, 31 
E,,. 3 X 10-• 31 
Fm"" 26,27 
Fm"" 6 X 108 31 
Fm"' 1.4 X 10' 13, 14 

3 X 101 

limited success of this type of correlation is merely 
reflecting the fact that one is dividing the slope of one 
straight line by that of another ( see F ig. 1, dotted 
lines showing approximate alpha half-life variation) 
and that where it fails it does so because the spon
taneous fission half-life probably changes for a rea
son that has little to do with a change in alpha half
life. 

Table I includes the data and references on spon
taneous fission half-lives. Those isotopes which have 
so far been measured only as a rather low limit are 
not included. 
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The -Distribution of Nuclear Charge in Low Energy Fission* 

By Alexis C. Pappas, t Norway 

ABSTRACT 

The nature of the problem of the distribution of 
primary nuclear charge in fission is formu lated and 
the associated experimental difficulties discussed. Of 
the previous suggested postulates and Lheories, only 
the postulate of Glcndenin, Coryell, and Edwards and 
the theory by P resent had any experimental support, 
but new data have now raised doubts about their 
validity. 

It is shown that both of these theories are accept
able, but only after considerable modification. A modi
fied postulate is proposed which takes into account 
closed shell effects in the nuclear stability curve, the 
fact that the neutrons are emitted from the fission 
fragments, and recent developments in our knowl
edge of the properties and structure of nuclear matter 
and of the fission process. The new postulate is in 
full agreement with all available experimental data. 
It is shown lhat the theory by Present, after modifica
tions, can only be expected to give the general trend 
and therefore smoothcs out all details. 

INTRODUCTION 

When a nucleus undergoes fission both its mass 
.and its charge can be divided in a number of ways 
provided the following two requir ements ar e fulfilled: 
(1) the sum of the masses (before neutron emis
sion) of complementary fragments is equal to the 
mass of the fissioning nuclide, and (2) the sum o[ 
the charges of complementary fragments is equal to 
the charge of the fissioning nuclide. Thus for a given 
mass division there are many possibilities of charge 
division and vice versa. A ll the primary fi ssion frag
ments with a given mass will (after the emission of 
the prompt neutrons) form a fi ssion product p -decay 
chain ending in the stable end-product of that mass.; 
The fission yield of this end product represents the 
total chain yield and is accordingly equal to the sum 
of all the independent yields of the primary frag
ments with the same mass. The variation of the total 

* Part of this work was carried out at the Laboratory for 
Nuclear Science, Massachusttl5 Institute of Technology 
Cambyidge. The work h_as. been supPorted by United State; 
Ato1IUc Energy Comm1ss10n and The Royal Norwegian 
Council for Scientific and lndustri.i,l Research, 
~ University of _qsto, Blindern, Norway and The Theo

retical Study D1v1s1on of· the European Organization for 
Nuclear Research, CERN • 

:j: Except . fo_r U1c very small effects caused by delayed 
neutron em1ss1on. 
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chain yield with mass gives the well known mass 
distribution curves. These have been studied by a 
number of nuclear chemists and reference is given 
to the original papers fo r further information 1,2 • 

The variation of yields of primary fission fragments 
along a fission product decay chain ( with given 
mass) gives the charge distribution in fission and a 
study of this is the aim of the present paper. 

The problem has two aspects : 
l. The determination of the most probable mode 

of charge division, i.e., (Zp) the most probable prim
ary charge as a function of (A) the mass number. 

2. T he fission probability with different mo<les 
of charge division, i.e. the variation of independent 
fission yields (Yi) along a fission product decay chain 
(Z-Z,,) for a given mass A. This gives the charge 
distribution curve around Zv, 

If we assume that the distribution of charge funda
mentally follows simple probability laws, then we 
,~ould expect the highest independent yield in a fis
sion product decay chain to be found at about the 
middle of the chain and the independent yields to 
decrease on either side according to some smooth 
symmetrical probability curve. The point of the high
est ind~endent yield would represent the ·most prob
able pn mary charge, z, (non-integral) for the given 
mass. 

F rom an experimental point of view the study of 
the charge distribution is a difficult problem. The 
primary fission fragments are not completely stripped 
of electrons and possess an ionic charge of about 20e 
and 22e respectively for the light and heavy frag
~ents.3 These charges decrease rapidly as the veloc
ity of the fragments is reduced by their passage 
through mat~er. Thus no physical methods, such as 
those depending on the curvature in a magnetic field 
are available, which give results directly related t~ 
the atomic number of the fragment, making possible 
a determination of the nuclear charge. ' 

Therefore, the · charge distribution can only be 
studied by using a chemical approach. This is diffi
cult because it involves the determination of a large 
number of independent yields or a study of the varia
ti~n in yield ~rom one member to the next in as many 
different fi ssion product decay chains as possible. 

In thermal and low energy fi ssion this object is im
possible to achieve by radiochemical methods as the 
first members of a chain have very short half-lives. 
The only way to tackle the problem in these cases is 
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to accumulate as many independent yields as possible 
for various masses, and evaluate semi-empirically the 
charge distribution curve on the usual assumption 
that it is a smooth symmetrical probability curve and 
essentially the same for the whole mass region. This 
assumption has its support in the theoretical work 
by Fong4 who showed that the charge distribution 
curve is roughly independent of mass, and in the 
observed close parallelism5 in the yields of isotopes of 
krypton (89-97) and xenon (139- 145) found in gas 
sweeping experiments. 

The primary fragments in high energy fission are 
frequently formed on both sides of stability. This 
should make independent yield determinations some
what easier if it was not for the many unknown decay 
schemes of neutron deficient nuclides and the high 
primary yield of stable fragments. 

POSTULATES FOR THE DIVISION OF NUCLEAR CHARGE 

From an experimental point of view the study of 
the charge distribution for fission induced by capture 
of thermal neutrons was first undertaken by Glen
denin, Coryell, and Edwards• and further investi
gated by Glendenin8 ai-id by Pappas.7 The following 
postulates and theories have previously been proposed 
and may be compared with the experimental re
sults.§ 

1. From an energetic point of view one expects 
that prior to fission the charges rearrange them
selves in the distorted nucleus in such a way as to 
make the potential energy a minimrnn. This assump
tion was put forward by Wigner and Ways and it can 
be shown by a mathematical treatment that this pos
tulate predicts smaller charge displacement ( chain 
length) in the light than in the heavy region. 

2. From a kinetic point of view the charge divi
sion should depend on the distribution of protons 
and neutrons in the fissioning nucleus. Sugarman and 
Turkevich9 postulated that the protons and neutrons 
are uniformly distributed in the fissioning nucleus 
and that the nuclear charge should therefore divide 
in the same ratio as the masses. This postulate g ives 
greater charge displacement in the light than in the 
heavy region because nuclides with the high neutron 
to proton ratio corresponding to the fissioning nu
cleus are further away from stability in the light than 
in the heavy mass region. Both the above postulates 
were shown by Clendenin, Coryell, and Edwards5 to 
be inconsistent with observed fission y ields. 

3. From the best available experime.ntal data 
Glendenin, Coryell, and Edwards5 put forward the 
postulate of equal charge displacement. This postu
late gives charge displacements intermediate between 
those predicted from the two earlier postulates and 
the effective chain lengths (ZA-Z11 ) are assumed to 
be the same for both fragments. 

§ In the following the most probable primary charge will 
be designated by z,., and the most stable charge for mass A 
by Z4. 

4. Approximately the same results for the most 
probable mode of fission are given by the theory of 
Present 10 Present uses a general nuclear model in 
which proton and neutron densities are not unifonu. 
According to this theory the roost probable mass 
division should result in equal charge displacements 
( chain lengths) while a very asymmetric division 
would give shorter chain lengths in the light than in 
the heavy fragment. Because of lack of data Glen
denin was not able to make a final choice between 
Present's theory and the postulate of equal charge 
displacement as they were both consistent with ex
perimental data available at that time. The charge 
distribution curve given by Present's theory is some
what narrower than the one based on the hypothesis 
of equal charge displacement. 

5. Fong-l in a statistical theory of the fission 
process has theoretically computed mass distribution 
curves that are in good agreement with the CJcperi
mental ones. H e finds the shapes of the charge dis
tribution curves to be approximately independent of 
the mass of the chain, but a comparison of Fong's 
predicted charge distribution curYes with the ob
served independent yields immediately discloses se
vere disagreement in both their width, and first of 
all, in their position i.e., in the 2 11 values. Fong as
cribes these deviations to the fom1ation of high-spin 
isomers in high yield decaying only by {3-decay to 
other isomers and thus by-passing stable nuclides 
through highlying states. This, however, seems un
likely from our present knowledge of fission product 
decay chains. It h!1S furthermore been shown by 
Sharp11 that high-spin states may not easily be formed 
in fission. 

6. Brunton1.2 made a very interesting attempt to 
interpret the spread in kinetic energy of the fission 
fragments of a g iven mass raito as arising mainly 
from variations in charge distribution. These calcu
lations imply that one of the fragments leads to a 
long decay chain, the other fragment being either 
stable or only one unit from stability, in disagree
ment with the observed facts. 

The charge distributions proposed by Fong and 
Brunton will not be considered further in light of their 
poor agreement with the experimental data. 

"\iVith more data on independent fission yields 
large deviations have been found both from Glen
denin's and Present's charge distribution curves thus 
casting doubt on the validity of these theories.13 The 
whole problem of the distribution of primary nuclear 
charge in fission was therefore . reinvestigated by the 
present author, 14 who showed that all previous the
ories and postulates should be rejected on experi
mental grounds except that of equal charge displace
ment and the latter accepted only with considerable 
modification. Furthermore it will be suggested in this 
paper that the theoretical treatment of Present might 
be more successful if it were changed to take into 
account recent developments in our knowledge of the 
properties and structure of ·nuclear. matter. 
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A MODIFIED POSTULATE OF EQUAL 
CHARGE DISPLACEMENT 

Recent studies of the effects of closed nuclear shellsf 
on neutron and proton binding energies15- 17 have re
vealed ~scontinuities of about 2 Mev on crossing a 
nuclear shell edge resulting in an increased stability 
for nuclei with these preferred configurations. These 
will of course also influence the nuclear energy sur
face and the location of the valley of maximum sta
bili ty. From studies of the influence of shells on 
p-decay energetics an improved stability curve-the 
ZA function-has been developed by Brightsen, Cor
yell, and Pappas.l8- 20 The function is linear with A 
but shows marked discontinuities at shell edges. The 
lines are tangent to the old empirical stability curve21 

but displaced upwards on the completion of a neutron 
shell and downwards on the completion of a proton 
shell as shown in Fig. l. 
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Figure 1. The effect of closed shells on the nuclear stability curve 

In connection with our present problem it should 
be realized that these discontinuities are reflections of 
the discontinuities in nuclear binding energies. There
fore one might well expect shell effects to influence 
the Zp function for thermal fission when any postu
late with a nuclear model is used. 

A systematic study of the deviations from Glen
denin's charge distribution curve discloses that these 
are probably due to secondary effects of closed shells. 

fi The most prominent of these occur at neutron or proton 
numbers 20, 28, 50, 82, and 126 with subshells in between. 

It was therefore thought fruitful to keep this in mind 
and in a semi-empirical way again approach the 
charge distribution problem.1 

Let us first re-formulate the postulate of equal 
charge displacement in accordance with the recent 
developments in nuclear structure and our knowledge 
of the fission process. 

Because tl1e charge division is decided at the mom
ent of fission we must consider the primary fission 
fragments just after their separation and not after 
the emission of the prompt neutrons as has been done 
in the earlier work of this type. Only then is a com
parison with a purely theoretical treatment such as 
Present's possible. 

The emission of all the prompt neutrons takes 
place from the excited primary fission fragments22 

but are not evenly d istributed.23 Afterwards the fis
sion fragments decay by /3· and 7-emission. The total 
number of /3-deca.ys that will take place depends only 
on the difference (Z...,-Z) between the charge (Z) of 
the initial primary fragment ( Z, A) , and the Z A-value 
that will be reached, and is independent of shell 
crossings during the decay down to stability. 

In accordance with this we will generally define 
( ZrZ) as the real effective chain length for the 
primary fission fragment (Z, A). 

Retaining the basic ideas of the postulate of Glen
denin, Coryell, and Edwards5 but beginning with the 
fission fragments before prompt neutron emission 
and including the effects of nuclear shells on final 
stability values, the following one is now proposed. 

The most probable charge division leads to equal 
charge displacements for the initial fission fragments 
from the final stability characteristic for their mass 
number. 

In other words 

(2a-Zr,)uohl = (ZA-Zr,)hea•11 

where Aright + Ahea,'11 is the mass of the fissioning 
nuclide. 

The most probable primary charge for a given 
mass A (before neutron emission) in fission of U235 

with thermal neutrons is computed from the formula 

Z 
_ 

2 
zA + z<236-.t> - 92 

p - J,- 2 

where Z4 and Z 12aG- Al in this equation is taken from 
the lines of maximum stability given by Brightsen, • 
Coryell, and Pappas (see 20). These Zt1. values are 
considered to mark the theoretical end point of the 
fission product decay chain. The shell discontim.1ities 
in the Z,1 function occur at mass numbers where lLnes 
representing the closed shells of neutrons and pro
tons intersect the ZA versus A function (Fig. 2 upper 
curve). Thus the value of Z, is uniquely defined for 
each mass. 

It has been shown in the author's study of the dis
tribution of fission neutrons23 that the average num
ber emitted from the fragments, after subtracting 
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Figure 2. Most proboble primory charge z, of fission fragments of u,.. 

those neutrons emitted in closed shell regions and 
thus causing fine structure in the mass distribution16, 

is for thermal fission of U 235 2.0, Pu239 2.5, and U 233 

about 2. These numbers must be used in charge dis
tribution studies. These neutrons can be assumed to 
be evenly distributed among the fission fragments 
within the uncertainty of the results of the postulate. 

T he computed values of Zp for u23s thermal neu
tron fission is given in appendix I for the observed 
mass numbers, i.e. after the emission of on the average 
one neutron from each fragment. The values given 
for Zp are probably good to ± 0.1 charge units out
side shell regions. The uncertainty at the shell cross
ings of Z,1. is probably + 0.2 mass units and is re
flected in the corresponding values of ZP which are 
probably good to 0.5-0.6 charge units either up or 
down ( one half of the discontinuity in the Z.t func
tion). Fine variation due to subshell effects has not 
been accounted for in this treatment, mainly because 
of the uncertainty to their exact location and their 
magnitude, the latter, however, being rather small 
( about 0.3 charge units, the effect on ZP ,-.J 0.1). 

The new function for the most probable primary 
charge versus fission fragment mass number ( after 
neutron emission) is given in Fig. 2 (lower curve) 
for fission of U 235 with thermal neutrons. 

The most probable theoretical chain lengths are 
from 3.2 to 4.1 charge units depending on the fission 
asymmetry. The observed chain lenJths will be some-

what shorter due to the occurrence of stable even A 
nuclides below the ,a-stability line. · 

The new z,, function follows roughly the Z A func
tion but shows both shell and mirror shell effects** 
in accordance with the fundamentals of this hypothe
sis of equal charge displacement. The Z,, function 
given by Glendenin, Coryell, and Edwards5 was a 
smooth function fluctuating between the lines of the 
new z,,-function. One also finds experimental devia
tions from Glendenin's charge distribution curve not 
only in regions affected by nuclear shells but also at 
masses complementary to shells ( mirror shell effects) . 

Before proceeding to the second part of the prob
lem, the comparison with experimental data and the 
evaluation of the charge distribution curve, it is of 
interest to point out that in the recent qualitative 
treatment of the fission process by Hill and Wheel
er,2* using a collective nuclear model, it appears that 
the expected fluctuations in the length of a given 
fission product decay chain is in accordance with a 

postulate of equal charge displacement. 
In Tables I and II are given all radiochemically 

measured independent fission yields in per cent, taken 
from the author's earlier compilation14 extended with 
recent data. The yields are also given as fractional 
yields, i.e. independent yield divided by total chain 
yield for the mass in question. For a discussion and 
review of the measured values reference is given to u. 

If the most probable mode of charge division· is 
governed as proposed in the present postulate then 
one would expect that a plot of logarithm of the ex
perimentally det<':nnined fractional chain yield versus 
distance (Z-Z9 ) from the most probable primary 
charge as computed above should give a reasonably 
smooth charge distribution curve. In Fig. 3 are pre
sented the results e..xpccted from earlier postulates 
and theories where the experimental points show a 
large scattering.tt 

It is therefore encouraging that all points in Fig. 4 
are on a smooth curve, within the experimental errors 
in the measured yields and the uncertainties in z,,. 
In this connection it is of interest to point out that 
the effect of closed shells in the Zp function is very 
clear in the cases of As78 and Nb98. These two and 
also some other nuclides will, if shell effects are not 
considered, be found far away from the charge dis
tribution curve. As78 is moved on the curve due to the 
reflected influence of the 64 proton subshell, while 
the position of Nb90 is governed by the 82 neutron 
mirror shell, and so on. 

The charge distribution is drawn through the points 
to give a total probability of unity. The shape of the· 
resulting curve is essentially identical with that of 
Glendenin,6 but the location of the ma.ximum and 

** Mirror shell: neutron (proton) number complementary 
to shell. 
tt It has to be remembered that the charge distribution 

curve has to be drawn to give a total probability of unity. 
The deviations between the measured and the theoretical 
values are given by the vertical distance. The horizontal 
di stance gives the deviation in the (Z-Z p) values. 
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Table I. Independent Fission Yields in u2s:. 

Nuclidt 
lnde/wideni 

:vit ld % 
Cliain 

31ield % 
Fraclit>n of 
cJutin yield Afensurtd bl' 

ooAs18 1.8 X 10..a 0.02 9 X JO·• Sugarman, 1952 

B., { (3.5 ± 1) X 10·• } 0.25 { ( 1.4 ± 0.4) X IO·• Glendenin, 1949 .,. r 
4.1 X 10·• 1.6 X 10-• Cook, 1951 

.,Rb .. { 3.1 X 10-• } 1.90 { 1.6 X 10"'" Glendenin, 1949 
2.05 X 10·• 1.3 X 10·• Cook, 1951 

.J,yoo <2.8 X 10-• 5.35 <5 X 10·• Cook, 1951 

.. Nb04 5.7 X 10·• 6.40 8.9 X IO·• Coolc; 1951 
&tTe'31 0.46 ± 0.2 3.00 0.15 ±0.07 Pappas, 1955 
02Te= 1.5 ± 0.8 4.20 0.36 :!: 0.17 Pappas, 1953 
.. 113< 0.94 ::!:: 0. 13 5.80 0.18 :!: 0-02 Pappas, 1953 
&.aXe13.1 5 X 10-• 5.2 1 X 10·• Katcoff and Rubinson, 1953 

:uXe1M { 0.31 ± 0.04 } 6.12 { (5.1 ± 0.7) X 10-2 Pappas, 1953 
0.17 ± 0.06 (2.8 ± 1.0) X 10-• Brown and Yaffe, 1953 

.,Cs'"' { (6.2 :!: 0.8) X 10""} 6.30 { (9.8 :!: 1.3) X 10·• Glendenin, 19~9 
5.7 X 10-• 9.0 X IO·• Cook, 1951 

La"" GT <0.2 6.34 <3 X 10·• Sugarman, 1951 
.,Lam ~0.12 6.28 ~2 X 10·• Ford and Stanley, 1953 
01Pmus <I.3 X 10·• 1.90 <6.8 X 10...., Cook, 1951 

plotted experimental points has changed due to the 
modified postulate and method of computation. 

Furthermore, the new charge distribution curve 
is also consistent with the few available data for slow 
neutron induced fission of Pu230 and U233• 

The charge distribution curve given in Fig. 4 has a 
half-width of about two charge units and in the region 
I Z-Zp I ~ 1.9 is a probability curve with the Gaussian 
approximation: 

1 CZ-Z,)1 

P(Z) = \)c,;;. e--c-

where c is an empirical constant,_, 1.5. For I Z-Zp I 
> 1.9 the deviation from the Gaussian distribution 
increases with increasing Z-Z11, the charge distribu
tion being steeper than the Gaussian.:j::j: In closing 
this part of the investigation we can conclude that 
the available experimental evidence supports the 
postulate of equal charge displacement in its new 
form. This postulate requires the necessity of a small 
redistribution of nuclear charge in the deformed 
nucleus undergoing fission. 

Ample time is available for a rearrangement of the 
proton density in thennal and low energy fission as 

:j::j: In Appendix II the fractional yield values as read off 
from the curve in Fig. 4 are given for values of (Z-Z,) 
<liffering by 01. 

these processes are very slow (,..._, 10-u sec) com
pared to the time necessary for a redistribution of 
charge (,._, 10-20 sec). 

In high energy fission, however, this postulate does 
not hold, probably in view of the much faster division 
of the fissioning nuclide. 

PRESENT'S THEORY OF CHARGE DIVISION 

Of the purely theoretical work on the charge divi
sion in fission only that of Present10 seems to have 
experimental support.§§ In its present form the 
Present theory predicts about a 30 per cent narrower 
charge distribution than does the postulate of equal 
charge ilisplacement considered here, and the devia
tions of the e."<perimental points from the curve are 
quite large.H According to earlier interpretations 
this theory p redicted shorter chain lengths in the 
light than in the heavy region. 

In the development of his theory Present uses a 
general nuclear model, the Wigner model, and as
sumes a non-uniform proton density throughout the 
nucleus, and a uniform total particle density, i.e. in
compressibility of nuclear matter. He performs the 
calculations on the deformed nucleus just before 
fission, as approximated by two spheres in contact. 

§§ Hill and Wheeler's treatment 24 is only a Qualitative 
one and does not allow a further comparison with experi
mental results. 

Table fl.· - Independent Fission Yields in Pu239 a nd U233 

N1,did~ 
I ndepende11I 

~ield % 
Chain 

,,,cld % 
Fractfou of 
diaiu y,~cld J.[ ca.s:,.rcd b:l' 

Pu~ 

.,Rb60 1.2 X 10·' 0.72 1.6 X 10"' Cook, 1951 

.. Cs130 1.9 X IQ-• 0.61 3.1 X 10·• Cook, 1951 
u ... (preliminary values) 

.. Nb .. ( 1.2-4.5) X 10-• 5.7 (2-8) X 10-• Glendenin, 1952 
-,Cs''" 8.5 X 10· 2 5.7 1.5 X 10-• Glcndenin, 1952 
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On these cases he computes the quantity ( usual nota
tion ) 

Z1 I Ai ..,-
- Z1 + Z2 A1 + Az 

Here A1 and Az are the masses before neutron emis
sion, y can be taken as a measure for the charge re
distribution in the fissioning nucleus. According to 
Present's calculations y exceeds one, in other words 
there is a tendency for the protons to concentrate 
in "the smaller fragment. This is reasonable from an 
electrostatic viewpoint alone. The computed (-y - 1) 
values are 0.0158, 0.0290, and 0.0493 respectively 
for 2 :3, 1 :2, and 1 :3 mass division and have been 
used in the previous intcrpretalions and comparisons 
with experimental data. \Ve know, however, that 
these values must be upper limits because of ( 1) 
Swiatecki~ has indicated that nuclear compressibility 
plays an important role in fission, which would lower 
the value given by P resent: and (2) the Wigner 
mass formu la, containing both quad ratic ancl linear 
forms in (N-Z), gives essentially a theoretical justi
fication of the semi-empirical mass formulas without 
attempting any detailed predictions of individual nu
clei. This formula ought therefore to be replaced by 
the Wcisziicker formula, containing only a quad
ratic term in ( N -Z) , as the formula has been shown 
to be valid in detail outside of closed shell regions.10,20 

Correction tenns for closed shells can be appliea.2e 
Cancelling or even diminishing lhe influence of the 
(N-Z) linear term will also reduce lhe (y-1) values 
given by Present. 

A conservative estimate of these effects should re
sult in about a 30o/o reduction in (-y-l) ,1TIT giving the 
new values 0.010(2 :3), 0.020(1 :2) a nd 0.034( 1 :3_) . 

~1T According to Present his values may be too large by as 
much as 50%. The rough estimate of the effect of compress
ibility only gives 15 to 30%. 
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Furthermore it ought to be kept in mind that peri
odicities and discontinuities in nuclear binding energies 
are not reflected in the ..,,-calculations. Present's z,, 
function can therefore only give the general trend of 
the results. 
. The measured independent yields from Table I 
have been replotted in Fig. 5 using the Zp values 
computed from the new y-values. The results are 
good in that the points lie on a reasonably smooth 
curve. The scattering is rather large, but no system
atic deviations are found . The width of the Present 
charge distribution curve will be increased when 
lower ( y-1 ) values are used. It will thus be in ac
cordance with observed results. A nother improve
ment is that the difference in chain lengths between 
the heavy and light fragment expected in accordance 
with the lower ( y-1) values is less than one half of 
the previous values for very asymmetric fission when 
the difference is most pronounced. 

Furthermore it is of interest to point out that in a 
plot of Z,, versus A for both the new postulate of 
equal charge displacement and for Present's modified 
theory, the Present Z,, line gives good agreement 
with the curve developed in this paper with the 
exception that displacements due to shell effects do 
not appear (Fig. 6). 

These facts and the apparent success of the new 
postulate of equal charge displacement indicate that 
it may be fruitful to introduce compressibility, an 
improved mass formula, and shell effects into future 

APPENDIX I. Z,, Values for U285 Thermal Neutron 
Fission 

Final mass Mose probabl t Final t11ass Most probable 
,t cltorge z, A charge z, 
69 27.8 119 46.2 
79 31.5 (31.3) 137 52.9 
80 Jl.6 LJ8 53.9 
87 34.2 (34.7) 146 56.9 
88 35.1 147 57.8 (57.3) 
96 38.1. 154 60.4 
97 39.1 155 60.5 (60.7) 

115 45.8 165 64.2 
116 45.9 
118 46.l 

In each group the z, function is linear. The discontinuity 
from one line to another tak.!s place at the numbers marked. 
In cases where shell crossing influences the z, value both 
possible values are given for 2,. 

APPENDIX II . Fractional Yield Values of Chorge Dis
tribution Curve for Thermal Fission 

Distance from F ract1'qn <>f Distance from F rncti(J,r. of 
most probable total c/rain most probable total chafo 

,llarge ~itfd cha-rge l'ield 
(Z-Z,) f (Z-Z,J f 

0 4.65 X 10"' 1.6 8.3 X IO·• 
0.1 4.62 l.7 6.7 
0.2 4.59 1.8 5.1 
0.3 4.40 1.9 4.1 
0.4 4.25 2.0 2.0 
0.5 4.00 2.1 1.0 
0.6 3.70 2.2 5.0 X JO·• 
0.7 3.JS 2.3 2.6 
0.8 3.05 2.4 1.2 
0.9 2.70 2.5 6.0 X JO·• 
1.0 2.40 2.6 3.0 
1.1 2.05 2.7 1.6 
1.2 1.iS 2.8 -8.0 X 10·• 
1.3 1.50 2.9 4.0 
1.4 1.23 3.0 2.2 
1.5 1.03 3.1 1.3 

theoretical treatments of charge distribution in fis
sion, and that the postulate itself, although based on 
purely empirical evidence, may have real theoretical 
significance. 
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Determination of Pile Constants by Chemical Methods 

By C. E. Crouthamel* and E. Turk, t USA 

The identification and quantitative evaluation of 
the events occurring in a functioning reactor is a very 
complex problem. In the Experimental Breeder Re
actor (EBR), chemical analysis of the enriched ura
nium fuel and the natural uranium blanket after the 
reactor achieved a reasonable burnup of fuel, have 
proved extremely useful in supplementing and check
ing the physical methods of evaluation of breeding 
gain. The emphasis of this paper has been placed on 
the selection of methods, calibration, monitoring, and 
application of precise analytical techniques in various 
parts of the program of evaluating the EBR. The 
actual analyses have been performed by a rather large 
group of skilled technicians, and the results have been 
very gratifying. It is not the purpose of this report 
to g ive detailed procedures for chemical analysis and 
calculation. Por the most part, the individual analyses 
are relatively standard. 

GENERAL CONSIDERATIONS AND SCOPE OF 
THE PROGRAM 

A considerable effort was devoted to selecting the 
various procedures applicable to this program. T he 
criteria used in the selection of certain procedures 

· and some of the reactor characteristics an<l working 
definitions employed are summarized below. 

One of the major problems was the determination 
of the ratio of plutonium-239 production (total pro
duction minus fission) to uranium-235 consumption 
( fission plus capture) in the reactor as a whole after 
a given period of operation. This ratio will be re
ferred to as the conversion ratio. Its determination 
required extensive sampling of the enriched uranium 
core and the natural uranium blankets around the 
core. Horizontal sections through the reactor were 
symmetrical, while vertical sections were not. The 
plutonium-239 production patterns in the blankets 
and core were plotted against the two varialJle di
mensions and integrated over the_ whole to obtain 
the total plutonium produced. The fuel consumed 
by fission and capture was determined and treated 
in a similar manner to obtain the total fuel consumed 
in the reactor. Fuel was considered as consumed by 
neutron capture when the nuclide formed was not 
fissionable. 

In the enriched uranium core, a loss of fissionable 
fuel occurs when uranium-235 captures a neutron to 
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form uraniurn-236. In the blanket material the cap
ture of a neutron by uranium-238 to form plutonium-
239 breeds new fissionable fuel. Also, fission of ura
nium-238 in the fast flux in the blanket will produce 
more neutrons, which may then be captured by ura
nium-238 to produce plutonium-239. 

The chemical analysis of the reactor required a 
considerable effort from a large group. The deter
mination of the fission patterns was a substantial 
problem. The burnup at the time of sampling was too 
small to be detected by direct uranium analysis. 
Therefore, fission product analysis had to be utilized. 
A calibration experiment was performed to relate the 
amount of cesium-137 activity produced with the 
number of fissions in enriched uranium. In the en
riched core essentially all fission was due to uranium-
235 and it was so attributed. 

In the natural uranium blankets, between SO and 
SO% of the total fissions originated with a uranium-
238 nuclide. The ratio uranium-238 to uranium-235 
fissions was determined by a double fission product 
analysis. The fission yield curve is sensitive to the 
mass of the fissioning nuclide, large changes occurring 
in the light element peak and in the valley. Ruthe
nium-106 was selected as an isotope whose yield was 
very mass-sensitive. Highly enriched uranium-235 
and depleted uranium-238 foils were irradiated in a 
fast neutron flux, and the ratios of ruthen.ium-106 to 
ccsium-137 activities were determined for the two 
nuclides. Since the yield of cesium is essentially con
stant, the magnitude of the ratio of ruthenium-106 to 
cesium-137 is a measure of the fraction of uranium 
fissions due to uranium-235. 

The plutonium production and quality was also an 
essential part of the program. The information de
sired from this part of the program was ( 1) a knowl
edge of the total amount of plutonium produced for 
breeding gain calculations, (2) a knowledge of the 
distribution pattern of the plutonium formed by cap
ture in the blanket material to aid in establishing the 
best geometry for the blanket, and (3) a knowledge 
of the plutonium quality (ratio plutonium 238/240/ 
239) to determine the blanket cycle time. This re
quired samples from all parts of the reactor for plu
tonium assays. At the time of analysis, the plutonium 
content of the reactor was too low to be isolated and 
determined accurately by direct chemical assay. 
Therefore, the plutonium content was determined en
tirely by an alpha assay. 
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ANALYTICAL PROCEDURES 

Determination of Total Fissions 

USA 

Many of the fission products arc not acceptable for 
calibrating in the determination of total fission events. 
A comparison of the yield-mass curves1 for u ra
nium-235, uranium-238, and plutonium-239 shows 
marked variations in yield for elements in the trough 
and along the heavy slope of the light group. This 
effect has been utilized in the calibration of the ratio 
rulhenium-106/cesium-137 to gfre relative fissions 
due to uranium-238 and uranium-235. 

For the deter111ination of total fissions, however, 
it is desirable to utilize a fission product whose cali
bration factor is essen tially independent of the fission
ing nuclide and independent of small changes in the 
neutron spectrum. The eiements at the peaks of the 
yield-mass curve approach these requirements. Addi
tional considerations in moderately long and nn:,teady 
reactor operatio11 were the decay rate of the fission 
product and the possibility of counting only the nu
clide of interest. Cesium-137 with a 33-ycar half-life 
meets all the necessary requirements. However, cesi
um-136 with a 13-day half-life must be allowed to 
decay out. A minimum of 60 days was allowed. 

The cesium-137 activity has been connected di
rectly to the total fissions occurring by the techniques 
employed in abc:olute fission yield experiments.3 The 
total fissions from a thin sample of the fissionable 
material were counted in a pulse ionization chamber, 
and the analysis for cesium-137 made from a heavy 
sample of the same fissionable material irradiated 
simultaneously in the same neutron flux to give a 
proportionate number of fissions. In the absolute
fission yield experiment, it would also be necessary 
to determine the number of cesium-137 atoms formed. 
This, however, was not necessary for the purpose 
of the determination of the total number fission events 
occurring. The observed counting rate of the isolated 
cesium-137 in a standard detector was corrected by a 
yield determination to the cquivale11t rate for 100% 
yield. This counting rate was associated with the total 
fission events in the heavy sample, as calculated from 
the observed fission in the light sample and the 
weight ratio. 

The calibration factor obtai ned for a halogen-fi_lled 
Geiger counter was 93.3 :!: 1.8 counts per minute of 
cesium-137 per 1012 fissions. The mass of a typical 
heavy sample was 3.7893 grams; total fissions in the 
heavy sample were 22.15 X l012, :md counts per 
minute cesium-137 observed at 100% yield of cesium 
were 2078. 

The two most important characteristics of the cesi
um-137 detector were high reproducibility and long 
life. Reproducibility desired was ± 0.270. This was 
achieved by careful monitoring with radium D, E, 
and F standards and cesium-137 standards. Also, 
considerable care was taken with the stability and 
reproducibility of the high voltage circuit. The high 
voltage was reset and checked with a p.ortable potcnti-
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ometer and standard resistor in the high voltage cir
cuit. Proportional counters and long-lived, halogen
fiJled Geiger tubes are suitable for detectors for cesi
um-137. Several halogen-filled Geiger tubes have been 
in use over four years and have maintained their 
counting efficiency. The gas How proportional coun
ters are also highly reproducible and maintain coun
ting efficiency indefinitely, and might be used if the 
work were r epeated. They require more skill, how
ever, both in operation and in maintenance. 

The isolation of the cesium-137 activity was made 
by the procedure of Glendenin and Nelson.• The 
cesium-137 was weighed as the perchlorate on a glass 
fiber filter mat. The area and uniformity of the sample 
spread was controlled by slurrying the cesium per
chlorate in a glass chimney placed over the filter mat. 
The glass fiber filter disc was placed over a medium 
porosity sintered glass disc sealed into a round glass 
base. The surfaces of the glass chimney and sintered 
glass disc were ground flat and the glass fiber mat 
centered between the two flats and spring-loadeJ to 
make a Jjquid tight seal. T he base of the assembly 
was placed into a suction flask for filtering. The ac
curacy of the yield determination and reproducibility 
of the sample mount are relatively important. The 
glass fiber mat was far superior to paper filter discs 
in drying and weighing the cesium perchlorate. The 
cesium samples were counted over a period of time 
sufficient to check for the presence of short-lived ac~ 
tivities. Also, a scintillation spectrometer has been 
useful in examining the samples for the presence of 
foreign radiochemical nuclides. 

Another method for the determination of total fis- · 
sions for short irradiations not used in this program 
is the isolation and counting of 67-hour molytxlenum-
99. Neptunium-239 is used to determine the ralio 
of fission to capture events.2 

Plutonium Assay 

Jn an evaluation of a reactor such as the EBR, 
it is necessary to analyze accurately for p lutonium 
over an extremely wide concentration r ange. Some 
irradiatio11 levels are so low that the plutonium-239 
activity of the samples is not sufficient to make an 
accurate alpha assay. When this occurs, it has been 
found possible2 to isolate and count tl~e beta radia
tion associated with the short-li,·ecl ncptunium-239 
parent of plutonium-239. 

At intermediate irradiation levels, however, it is 
more conve~ieot to isolate the plutonium and deter
mine the absolute alpha disintegration rate. The inter
mediate levels may he defined arbitrarily as 0.05 to 
500 micrograms of plutonium per gram of urnnium. 
In this region, the low concentrations of plutonium 
have been CJUantitatively isolated from uranium(VI) 
by extraction of plutonium(IV) from one molar 
nitric acid solution with thenoyltriAuoroacetonc 
(TTA). Hyd& has recently summar ized many of the 
applications of TT A extraction to the actinide elc-
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ments. Also, in the intermediate region with plu
tonium concentrations of 20 micrograms or more per 
gram of uranium, a direct mount technique has been 
employed successfully. The uranyl nitrate solution 
containing the plutonium and fission products was 
mou1ited directly on a mirror-finished stainless steel 
plate. A very uniform spread of the sample must be 
obtained over a defined circular area. By means of a 
fine air jet, an aqueous nitrate sample was mixed 
into glycerine which had been placed previously on 
the plate, and the glycerine was slowly fumed away. 
,vith carefully calibrated and monitored counters, 
assays were made to an accuracy of approximately 
± l o/'o. 

For the alpha assay, low, intermediate, and 507'0 
geometry alpha proportional counters have been par
ticularly useful at the various plutonium concentra
tions. The calibration of the SOo/o geometry counter 
was the most difficult and exacting. The difficulty 
of this calibration was caused by the radiation at low 
angles to the sample plate which includes the back
scattered particles and those most sensitive to seli
absorption effects. A compensating factor with the 
50% geometry counter was the larger sample areas 
which could be counted with only small corrections 
to the equivalent point source. Jaffey6 has recently 
given a detailed discussion ot the techniques of alpha 
measurements. 

The plutonium assay requires the determination of 
absolute disintegration rates, a knowledg~ of the 
isotopic content of the plutonium for the calculation 
of specific activity, and either separation from or cor
rection for other alpha-emitting isotopes. 

Three general methods have been found particu
larly useful in the isotopic determinations. They are 
spontaneous fission counting, alpha pulse analysis, 
and mass spectrographic analysis. Other reports 
will give a more detailed discussion of these 
methods. 

Uranium Analysis 

The phttonium production and the number of fis
sion events must be determined relative to a unit 
mass of uranium fuel or blanket material. This re
quired the analysis of the uranium content of solu
tions to the same accuracy as the other analyses. 
There are many procedures in the literature which 
will be applicable and which will meet the require
ments of the accuracy of I o/o, or better. 

In order to maintain a good check on the uranium 
:.!nalysis, the solutions were analyzed by two inde
pendent methods, each capable of an accuracy of better 
than 1 %i- One method chosen was a standard poten
tiometric titration of uranium(IV) with a standard 
iron(III) solution.7 The second method8 was a dif
ierential spectrophotometr ic procedure applied to the 
uranium(VI) thiocyanate complex. The results ·of 
the two procedures varied by less than 1 %, and an 
average value "·as used in the calculations. 

Determination of Fission to Capture Ratios and the Ratio 
of Uranium-235/Uranium-238 Fissions 

The determination of the total fissions in a given 
material has been discussed above. It is now possible 
to determine the fission to capture ratios on such ma
terial by an isotopic analysis for the nuclide formed by 
the capture process. An example of this determination 
in the Experi'mental Breeder Reactor has been the 
determination of. fission to capture ratios ( uranium-
235 fissions/uranium-236) at various points in the 
enriched uranium core. The uranium-236 was deter
mined by mass spectrographic analysis. Also it was 
possible to calculate the ratio uranium-238/plutoni
um-239 fissions in the blanket surrounding the core. 
The blanket material was the natural isotopic mix
ture of fissionable uranium-238 and uranium-235. 
Therefore, the total number of fission events found 
had only to be corrected to uranium-238 fission. This 
correction was possible by chemical analysis. How
ever, a more direct fission-to-capture ratio may be 
obtained by using very highly depleted uranium-238 
or highly enriched uranium-235. . 

The basis for the determination of the ratio ura
nium-235 fission/uranium-238 fission has been dis
cussed previously. 

The ruthenium-106 yield varies by a factor of al
most six for uranium-235 and uranium-238 fission 
and is higher for the uranium-238 fission. The cesium-
137 yield is essentially constant for both nuclides. 
The method must be calibrated using uranium-235 
and uranium-238 foils in a neutron flux of approxi
mate! y the same energy as the irradiated samples. 
The cesium analysis was obtained by the method pre
viously described. The ruthenium analysis was done 
by a distillation method.9 The ruthenium samples 
contain two fission nuclides, mthenium-106 with a 
one-year half-life, and ruthenium-103 with a 40-day 
half-life. To get a count representative of only the 
ruthenium-106 content of the sample, counts were 
taken with a halogen-filled Geiger tube through 164 
mg/cm2 and 2050 mg/cm2 aluminum absorbers. The 
difference between these two counting rates was pro
portio'nal to the ruthenium-106 content of the sam
ple. The observed variation in the ruthcnium-106/ 
cesium-137 ratio for uranium-235 was 1.6 for a 
thermal flux to 2.4 for a fast flux. The same ratio ob
tained with uranium-238 in a fast flux was 9.0. This 
emphasizes the need for fair reproducibili ty in the 
neutron energy spectrum. 

SUMMARY 

The radiochemical analysis of the Experimental 
Breeder Reactor indicated that 1.00 ± 0.04 atom of 
plutonium was produced for each atom of uranium-235 
consumed. For each 100 atoms of uranium-235 con
sumed in the core (fission pins capture) , 110 net 
atoms of plutonium (total produced minus amount 
fissioned) were produced. However, in the same 
period, 10 atoms of uranium-235 were consumed in 



30 VOL VII P/721 USA 

the natural uranium blanket for a net conversion 
ratio of 1.00. The conversion ratio determined by 
physical measurements 011 the same experiment was 
calculated to be between 0.99 and 1.02. 
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The CHAIRMAN : Ladies and gentlemen, before our 
discussion today on fission processes I would like 
to say how extraordinarily pleased and honoured I 
am to be able to act as Chairman here, although I 
have not worked on radioactivity or on fission for the 
last ten years. It is, therefore, a most exciting am! 
interesting adventure to hear these lectures on what 
has happened since 1939-or rather December 1938 
- when Dr. Strassman, whom I have the pleasure to 
see here with us, discovered the presence of barium 
in neutron-bombarded uranium. \Ve, of course, were 
not so fortunate as present-day workers in having 
strong sources, but we were quite content because 
we could easily work with our preparations of l or 
1 ¾ grammes of radium mixed with beryllium, and 
therefore there was no danger at all in carrying out 
separations and no need for the protection now re
quired by those working on hot chemistry. \Ve had 
the advantage o[ investigating these processes and I 
remember that Dr. Strassman and myself made our 
preparation with iodine and had it in the counter 
about 1.8 minutes after it had been irradiated and 
separated from the other materials. Now we can see 
what has become of all these things begun ten or 
fifteen years ago, and l am very happy to have the 
opportunity, and the honour, of being your Chair
man this afternoon. 

l\fr. E. P. STEINBERG (USA) th~n presented paper 
P /614 as follows: · 

The complexity of the phenomenon of nuclear fis
sion is illustrated by the fact that some 300 nuclear 
species of thirty-six different elements are formed in 
the reaction. Radiochemical studies of this process 
consist mainly in the determinations of the proba
bilities of formation or fission yields of these species. 
The radiochemical technique is particularly well suited 
to the determination of these yields, which may vary 
over a factor of 10c. In such studies, as was briefly 
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indicated by Mr. Hahn, an element produced in• fis
sion is chemically isolated and the number of atoms 
of one or more of its isotopes is determined by count
ing the radioactivity or by mass spectrometry. From 
this number and a knowledge of the irradiation con
ditions, the number of atoms actually formed during 
irradiation can be calculated. The ratio, then, of the 
number of a.toms formed to the number of fissions 
which took place gives the fission yield of the par
ticular nuclide. Such data are of importance to prac
tical problems of reactor design and operation and 
to an understanding of the nature of the fission proc
ess itself. For convenience, we will discuss the results 
of these measurements under three main topics : first, 
the distribution of mass in fission; second, the divi
sion of nuclear charge in fission; and third, informa
tion regarding nuclear closed shell effects in fission
that is, the influence of the so-called "magic number" 
structures. The work to be covered is the result of 
the effons of many individuals and groups and al
though in the interests of time, no specific references 
to the original workers will be made in this talk, the 
source material is fully referenced in the copy of the 
paper to be published in the Proceedings of this Con
ference. 

The mass distributions in low-energy neutron-in; 
duced fission all exhibit the familiar twin-peaked 
curve representing asymmetric fission. The first five 
slides will illustrate the extent of our present knowl
edge of these fission yields in various fissile nuclides. 

Slide 1 (Fig. 1 of P /614) shows the fission yield
mass distribution curve for Th232 with so-called fast 
neutrons, since thorium is not fissionable with ther
mal neutrons but has a threshold at about l Mev, and 
this fission is referred to as fast neutron induced 
fission. 

Slide 2 ( Fig. 2 of P /614) shows a similar curve 
for the fast neutron induced fission of U 238• 
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Slide 3 (Fig. 3 of P/614) shows the slow neutron 
or thermal neutron induced fission of Pu230• The 
scale is semi-logarithmic so that the extent of the 
data on fission yield can be put easily on one slide. 

Slide 4 (Fig. 4 of P /614) shows the mass distribu
tion in U!?33. 

Slide 5 (Fig. 5 of P /614) shows the vast amount 
of work that has gone into the determination of 
fission yields in U23;;_ 

It is obvious that all these curves appear quite 
similar, but there are some significant differences 
which are readily apparent on closer examination. 

I1;1 SI_ide 6 (Table III of P/614) some of the gen
eraltzat10ns that can be drawn from a comparison 
of these mass distributions are illustrated. It will be 
noted from the second column that a shift in the 
position of the light group that is indicated with in
creasing mass of fissile nuclide, while the position 
of the heavy group remains relatively fixed. In the 
second place a slight tendency towards a broadening 
of the fission yield-mass distribution with increase 
in mass of fissile nuclide is observed. Thirdly, varia
tions are noted in the ratio of t!"ie peak, or the maxi
mum fission yield, to the central minimum repre
senting symmetric fission. It should be pointed out 
here that this is probably associated with differences 
in the excitation energy of fission in these various 
nuclides, and it is interesting to note that evidence 
has been obtained for an increase in the probability 
of symmetrical fission with increasing energy of ex
citation. In fact, at very high energies a single-hump 
curve is obtained with the highest probability for 
symmetrical fission. 

In addition to the distribution in mass in the fission 
process, a distribution in nuclear charge for a given 
mass split is observed. There is a most probable 
charge division for each mass split and a distribution 
about this most probable charge. Data of quantita
tive value in the study of the problem of charge 
division and distribution in fission are fission yields 
along the decay chains and the yields of shielded 
nuclides. The latter are of particular significance since 
they are preceded by stable nuclides in the decay 
chain and should, therefore, occur in fission only as 
a result of direct fonnation as a primary fission 
product. 

The available fission yield data are most con
sistent with the hypothesis that the most probable 
mode of charge division is that which gives rise to 
equal displacement of charge from stability, that is, 
to equal effective chain lengths for the complementary 
masses. Furthermore, the distribution auout the most 
probable charge appears to be a symmetrical function 
which is applicable to all mass splits and to all fissile 
nuclides. 

The fundamental equations of the equal charge dis
placement hypothesis are: 

(1) 

SESSION 8B.1 

2 11 + Zp* = ZF (2) 

A +A* = Ai-- - v (3) 

Zp = Z,1 - .½(Z.t + Z,1,* - ZF) (4) 

where ZA. and z,._ * are the most stable charges for 
the complementary mass A and A*. Z1> and Zv* are 
the corresponding ·most probable charges. Of course, 
the sum of the two most probable charges must equal 
the charge of the fissioning nucleus ZF. The relation 
between the complementary masses A and A* is given 
i? Equations 3. From Equations 1, 2 and 3, the equa
tion for Z 11 may be derived, and it is given as Equa
tfon 4. 

The available data on primary yields are sum
marized in Slide 7 (Fig. 6 of P /614) with z" 
calculated on the basis of the equal charge displace
ment hypothesis. 

The data are seen to fit well on a smooth charue 
distribution curve with very few exceptions. The 
points with arrows represent upper limit values. ln 
these cases only upper limits were established and the 
actual independent yield was not positively estab
lished. In addition there are some horizontal bars on 
a few of the experimental data which are indicative 
of the uncertainty in the z,._ value to be used in calcu
lating ZP when one crosses one of the closed shells. 
In the cases here the point represents the average 
value and tbe bar represents the extent of the un- · 
certainly at the closed shell crossing. It has been 
observed that the charge distribution curve for 14-
Mev neutron induced fission of U~3G is parallel to 
that of low-energy neutron induced fission with the 
most probable charge for a given mass split shifted 
t~wa:d s_tability. It _thus appears that a single charge 
d1stnbut1011 curve rs applicable over a considerable 
range of excitation energy in fission. 

However, in very high energy fission, the division 
of nuclear charge is apparently different, the most 
probable charge being that which maintains the neu
tron-~o-~roton ratio of fissi~ning nucleus. This prob
ably md1cates that at very high energies, fission takes 
place too rapid[)'. to permit a rearrangement of charge. 

Refinements m the measurement of fission yields 
and, _in parti7ular, the introduction of mass spectro
metnc techmques, have revealed considerable fine 
stntcture in the mass distributions in low-energy 
fission. 

The observed data for reactor neutron fission of 
U235 are presented in Slide 8. The co-ordinates here 
are linear. The circles represent mass spectrometric 
data and the squares represent radiochemicallv deter
mined data. A ppreciable structure is oh5erved in the 
mass regions of the peaks of both light and heavy 
groups. 

In Slide 9 the same data are presented with the 
l~eavy group reflected over t_he light group (heavier 
!me), such that the sum of masses is 234. This as
sumes 2 neutrons emitted per. fission. 

An interpretation of these results may be given 
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in terms of the effects of closed shells of 50 and 82 
neutrons. The large peak in the heavy group occurs 
at mass number 134 which is just the region of nu
elides containing 82 neutrons. It is significant that 
a peak is also observed in the light group at mass 
number 100-a region in which there are no impor
tant shell closures. However, it is the region com
plementary to mass number 134 and may thus repre
sent the preferential formation o[ the 82 neutron 
structure in fission. The fact that the yields in the 
heavy group are higher than those in the light group 
in the mass region 133-136 and lower in the region 
136-142 is interpreted as the result o{ additional neu
tron evaporntion (both prompt and delayed) from 
fission fragments containing 83, 85 and 87 n·eutrons. 
Such structures have abnormally low binding ener
gies for the odd neutrons just outside the clo~ed 
shell of 82. The result of such neutron e\'aporatton 
\\'Ould he an increase in yield for mass numbers near 

. the closed sltcll at lhc e.xpense or those of higher mass 
number, as observed. l\rlorcovcr, s ince the loss in 
vield from a chain of given mass number in this 
~egion would not always be compensated by the gain 
from the chain of one higher mass number, a rather 
complex paltem of yields in this region might be 
expected, probably accounting for the zigzag as ob
sen ·ed. 

Similar considerations would apply to the region 
of the 50 neutron shell, hut since this shell occurs 
in the region of very steeply rising yielcl, it is not as 
easilv discerned. 

Sl.icle 10 (Fig. 7 or P /614), illus trates the interpre
tation of these data. An attempt hos been made here to 
correct the observed clatn for del:iyed neutron emis
sion as indicnted hy the arrows. The points from 
\\'h i::h the arrows start are the oliserved experimental 
data. These have hcen corrected for the yield of the 
delayed neutron emissio!1 in the chai~ a~ in?icated. 
In addition, a hy1)othet1ca1 nonm1l d1stn hntion ~1as 
been indicated in the light group hy the dotted lme. 
A suhtraction of this clotted line from the ohscrvetl 
data gives one some indication of th~ pn.:~erential 
formation of the 82 neutron structure m fission. Al
though the data for U 233 are not as extensive as for 

ui~, somewhat similar results have been obtained. 
Slide 11 (Fig. 8 of P /614) illustrates the nuclear 

structure preference effect in U 238• In this case, a 
shoulder rather than a peak is observed in the light 
group, with a normal d istribution indicated by the 
<lotted line and the 82 neutron structure preference 
effect obtained by sul.itraction. The presence of a 
shoulder rathct than a peak may be uccounted for uy 
the known shift. of the light group towards lower 
mass numbers which has the tendency of sliding the 
peak down lhe s ide of the curve. ft should be noted 
that there is a sparsity of data in the heavy group in 
U 233, and at this point it mi~ht be indicated that some 
very recent work in Canada and some work reported 
at the recent July 1[oscow conference contain infor
mation on mass spectrometric yields in li-33 for the 
rare eanhs. In general these are in fair agreement 
with such a curve in relative value. However, the 
recent USSR data appear to be somewhat lower. 

Fine structure has also been obser ved in the spon
taneous fission of Cm242, and is indicated in Slide 12 
(Fig. 9 of P /614). These data are radiochemically 
determined data and do not have the accuracy of' the 
mass spectrometric data indicated previously. The 
errors are given by the bars on each experimental 
point. Again a hypothetical norn1al dist ribution is 
indicated by a dotted line with n nuclear structure 
preference effect at the 82 neutron structure, or in 
this case the reflection of the 82 neutron structure in 
the light group indicated by the dia111ontls. 

For the spontaneous fission of C[2J~ shown in Slide 

8----------------, 
I\ 

7 I \ 
I \ 
I \ 

6 ' \ 
~5 ' \ 0 

' ..J 
~ 
► 4 
z 
0 
u; 
lQ 
"'-

2 

0 '-----''------'---'---...... --------' 
82 86 90 94 98 102 106 
152 148 144 140 136 132 128 ------------------· 

MASS NUMBER 
Slide 9. Compathon of light ond heavy group yield, in U"" fission 



34 VOL. V II 

13, the data are still rather preliminary. This work 
was clone on a very small amount of Cf2G2• Again, 
there is an indication of a shoulder in the region 
where fine strncture might be expected at the 82 
neutron shell. 

Ta ble I. Positions of Fine Structure Peaks 

Fissile 1111clide 
-;; Mas, 1111mbcr of 82 

..., ne1th'(m co-m1lement 

2.5 
2.5 
3.0 
4.0 

98 
100 
104 
114 

Al ass numbrr of observed 
light groitp fine struct1<re 

99 
101 
10S 
114 

Table I on this page summarizes the mass positions 
of the fine structure peaks observed in the light group 
mass d istributions and illustrates the consistency of 
the observations with the expected positions of the 
82 neutron complements, in each case within one 
mass number. Further confirmation of the existence 
of a nuclear structure preference effect in fission has 
been obtained in fission fragment velocity studies at 
Los Alamos. 

In conclusion, then, it may be said that as a result 
of these radiochemical investigations of nuclear fis
sion, a plausible interpretation . of the process has 
developed in terms of a "normal" asymmetric split
ting into two main groups of products; a superposi
tion on this distribution of the p referential formation 
of fragments containing 50 and 82 neutrons; and 
finally, perturbations in the fission yields resulting 
from additional prompt and delayed neutron emis
sion from particular products near closed shells. More 
detailed investigations of U 233 and Pu239 fission are 
now in progress to provide additional information 
on these closed shell effects. 
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Slide 13. Yield-mass curve for spontaneous fission of Cf''" 

Mr. GmoRso (USA) then introduced paper P/718 
as follows: 

Since the field of the heaviest elements has been 
limited until recently to a relatively few laboratodes 
in the world it might be helpful to those not familiar 
with this region of. the periodic system if they had 
in view an isotope chart with the more significant 
data presented (Slide 14). . 

This is a conventional Seaborg Chart of the nu
elides with the Z values increasing vertically and 
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Slide 14. The heavy elements 
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isobars plotted diagonally. The shaded squares indi
cate known or predicted beta-stable isotopes. Mass 
numbers are shown for those nuclides which have 
been identified to date. 

On t}'1e right are shown the chemical symbols along 
with the atomic numbers, and it will be noted that 
there are two new symbols that will now join the 
family of elements along with the recently discovered 
clement 101, mendelevium, named in honor of the 
great Russian chemist, Mendeleev. 

The discovery work involving elements 99 and 100 
is appearing in the 1 August issue of Physical Re
view. The finding of these elements in the atomic 
debris from the large-scale thermonuclear explosion 
conducted by the United States in 1952 is described 
in a letter to the editor authored jointly by groups 
in our laboratory at Berkeley, the Argonne National 
Laboratory, and the Los Alamos Scientific Labora
tory. As indicated in this publication, as many as 17 
neutrons were captured by uranium to form the fleet
ing super-heavy isotope U2;)~ and thus subsequently 
isotopes of elements 99 and 100 by successive beta
decays. Since this first experiment however, the more 
prosaic methods of manufacture of the heavy ele
ments have prevailed and it has been found by Ber
keley and the Argonne National Laboratory that 
relatively large quantities can be made by long in
tense slow neutron irradiations of plutonium. vVe have 
suggested as names for elements 99 and 100 ein
steinium (symbol E) and fermium (symbol Fm), 
respectively. · 

\,Vith this preface Mr. Ghiorso went on to the 
presentation of this paper as it appears in the Pro
ceedings of this Conference. 

DISCUSSION O F PAPERS P/614 AND P/718 

The CHAIRMAN: Mr. A. P. Vinogradov (USSR) 
wishes to ask Mr. Steinberg: What is the shortest 
half-life of a radioisotope which can be detected by 
mass spectrometry ? 

Mr. STEINBERG (USA): The question of the de
tectability of isotopes by mass spectrometry will de-

pend considerably on the element involved since 
elements differ greatly in the efficiency of ion-emission 
from the sources. In general, one should probably 
phrase the question in terms of the number of atoms 
present, and the number of atoms that would be 
present, of course, is related to the half-life in terms 
of activity. In general, our own work has been lim
ited to half-lives in the range of approximately a year. 
However, the technique has been applied to rare-gas 
isotopes with halfslives as short as a few hours and in 
special cases could probably be extended to even 
shorter half-lives. 

The CHAIRl\lAN: Mr. Adyassevich wishes to make 
a few remarks on the measurement of the life-time 
of the spontaneous fission of thorium-232 made in 
the USSR. 

Mr. B. P . ADYASSEVICH (USSR): The results of 
measurements of the period of the spontaneous fission 
of thorium obtained by Segre which gave T1 = 1.4 X 
108 years have not been confirmed in the USSR. 
According to measurements which were carried out 
in the USSR under conditions excluding cosmic ray 
effects T = 1020 years. · 

The question is whether Segre has revised the 
results previously obtained by him ? 

Mr. Gu10nso (USA): As I understand the re
marks, this value is considerably longer than 108 

years. If it is, this is not unreasonable. On the other 
hand, one must reconcile it with the fact that, sup
posedly, the spontaneous fission half-life of thorium-
232 has also been measured by determining the num
ber of neutrons given off by a source. This value gives 
a half-life which corresponds with the Segre value 
if one assumes something like two neutrons per fis
sion. Therdore, if the half-life in reality is longer than 
this value, the number of neutrons per fission would 
go up accordingly to something like 10 or more neu
trons per fission-which is a point which is both sur
prising and interesting and one worth pursuing. 

Mr. A. C. PAPPAS (Norway) then presented paper 
P /881 on which there was no discussion. 
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An Atomic Energy Radiochemical Laboratory
Design and Operating Experience 

By R. Spence,* UK 

The radiochemical laboratory at Harwell was de
signed at a time when lhere was very little experience, 
amongst British chemists, of the handling of radio
active materials. In order to fulfil the production pro
gramme, as conceived in 1946, it was nevertheless 
essential to create facilities for a large number of scien
tists to carry out researches of a more or less unspeci
fied nature on irradiated uranium, fission products, 
plutonium and all the other radioactive materials likely 
to he of interest. A Ministry oi \l\'orks design team 
was sent out to Canada early in 1946 to draw up a 
design on the basis of a general specification which 
had been prepared by chemists of the U.K. Group 
then working in Chalk River. Rapid progress was 
made and the team was able to return to England 
after less than six weeks in Canada. Site work began 
at once and we were able to move into the laboratory 
in June 1949. 

The building was probably the first large atomic 
energy radiochemical laboratory of pemianent con
struction to be buill in the world, as at that time most 
of the great United States laboratories were still 
housed in temporary quarters. 

The basic principle of design was to achieve as much 
isolation of different laboratories as possible whilst 
retaining ease of accessibility and good communica
tions. Each laboratory with its associated office and 
vestibule was designed as a self-contained suite (Fig. 
I). The vestibule serves as a buffer area between lab
oratory and the main building corridor. It contains 
an emergency shower, ventilation control which al
lows the laboratory to be sealed off from the main 
ventilation system in case of accident, fire and radio
activity alarm buttons, hand " ·ashing equipment and 
personal monitoring equipment. It has been found 
useful to have an air hood and respirator receptacle 
in the vestibule and also to provide a box for rubber 
gloves and french chalk. Air flow is from the corridor, 
through the vestibule and into the lal;>?ratory. 

The laboratories themselves are fitted with eight 
fume hoods and a ventilated cupboard. The main input 
air enters through a diffuser in the ceiling and is aug
mented by the flow from the corridor. The fume cup
boards are of stainless steel painted with strippable 
lacquer and the windows and movable partitions 
are of armoured glass. Shielding between office and 

* Atomic Energy Research Establishment, Harwell, Didcot, 
Berks. 
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laboratory consists of a total of 14 ,¼ inches of brick, 
a 2 ft 6 in. service space behind tht~ fume cupbrords, 
and 1 inch of lead at the back of the fume cupboards. 
Laboratory floors are designed to take a loading of 2 
tons per square foot and reinforced concrete bases 
permit the use of plenty of lead shielding in the fume 
cuphoards. Practically all services are provided from 
the service floor above. 

The laboratory suites are arranged in two wings, 
one for a work and one for p and y work, together 
with counting rooms, balance rooms and so on. The 
wings are joined at one end (Fig. 2) by an administra
tive block containing some offices, library, conference 
room, stores, workshop, changing rooms, and lahora
tories {or health physics, electronics maintenance and 
glassblowing services. At the opposite ends of the 
wings are special purpose laboratories. Those on the 
{3y side are of concrete with facilities for small plants 
handling material containing high fission product ac
tivities etc. 

At the end of the a-wing, there is a special labora
tory for work with large amounts of plutonium and 
other a-emitters such as U23:. This consists of a double 
row of sealed boxes, each about 11 ft high, 15 ft long 
aml 5 ft deep, with a service corridor between. The 
boxes have perspex fronts pierced with ports for rub
ber gloves and removable panels facing on to the 
service corridor at lhe back. \l\fhcn the boxes are clean, 
the perspex panels can be removed and access for 
the erection of apparatus is from the front. Once the 
equipment has become contaminated, the boxes can 
be entered only from the service corridor by men 
wearing pressurised suits which are supplied with 
fresh air through a hose line (Fig. 3). Each box is 
connected to the air extraction system via a separate 

Flgure 1. Self-contained standard suit comprising vutilwle, off',ce 
ond loborotory 
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flguro 3. Pre»urixed suit worn in the active corridor between two 
row, of forge olov~ boxes. Tho suit is protect.cl by o di1po1oble 

pla,tic ove,a II 

filter and the pressure ins ide is always less than that 
in the operating area. 

Recently, a new wing has been added which is in
tended for work "·ith a-active materials using equip
ment of more permanent nature. i\'1ore than half of it 
is occupied by the Metallurgy Division and the re
mainder by Chemistry Division. The decontamination 
area, which is operated by men in pressurised suits, 
is a l on:: end of a large open hall and movable glove 
boxes a rc connected to services in the ceiling ( Fig. 
4) . These boxes are accessible from all sides, which 
is a considerable advantage. Each is fitted with an 
individual filter and a reduced air pressure is main
tained in the box by means of a simple locally designed 
compressed air ejector unit. These units have been so 
successful that practically all the free standing glove 
boxes in the building have been .fitted with them in 
place of the usual electric motor and fan. The exhaust 
from the box is, of course, connected by hose line to 
the exhaust trunking in the service floor above. When 
apparatus in a box is to be dismantle<l or mocli~cd, 
it is bolted to a panel on the wall of the decontamma
tion room and the perspex side is removed so that 
the inter ior is accessible to the decont:nmination staff 
without being exposed to the main labo~tory (Fig. 5). 

All these precautions seem to be rather elaborate 
but when it is remembered that the permitted lifetime 
body burden of plutonium is less than one microgram, 
they are brought into better perspective. Moreover, 
as there a re at least as many industrial workers em 
ployed as scientific stalT, industrial conditions of op
eration have frequently to be introduced. The air in 
the laboratory working areas is continuously sampled 
and tested for a-activity and urine analyses are car
ried out regularly on the staff working in a-active areas. 

Even if it were possible to carry out all operations 
involving radioact ive materials in totally enclosed 
boxes a substantial ventilation system would be re
quired merely to provide the standard of ventilation 
normally found in an ordinary chemical laboratory. 
The highly toxic nature of most radioactive materials 
necessitates that they be handled in fume cupboards 
or in glove boxes. The laboratory was designed be
fore the use of gloye boxes had become as general ~s 
it is now and it was afterwards thought that the appli
cation of glove box techniques might lead to a large 
reduction in the ventilation requirement. This has not 
been found to be !:O iu practice. Fume cupboards are 
still used for the less hazardous operations because 
of lhe saving in time. On the other hand, special 
laboratories intended for glove box work only, such 
as the new wing which has been described, require 
very much less ventilation l11an the other lal.Joratories. 

T he building is supplied with ai r through two main 
inpul systems and there are four separate e..xhaus t 
systems. Both intake and exhaust air is passed through 
precipitrons. The total capacity of the system is about 
360,000 cubic feet per minute. Owing to the large size 
or the ducting there is very little noise and once ad
justed it works extremely well. It is somewhat in
flexible, however, since adjustments to the air B.ow 
in one laboratory cause changes in several others. 
The large ducts can be entered for deco111tamination 
and cleaning purposes but lit tle trouble has been ex
perienced from activity build up. The ducting was 
originally protected by bituminous paint but chlor
inated mbber paint has been found to be much better 
as regards both protection and decontamination. 

H ealth Physics Division has set the following limits 
on radioactivity in the discharge from the exhaust 
stack: 

a-activity, 75 microcuries/24 hours 
,8-activity, 75 millicuries/24 hours 

Normally the amounts detected correspond to much 
less than one-tenth of these quantities, hut on one or 
two occasions they have l>een exceeded by a factor 
of two or three, usually on account of some identi
fiable operation. 

All drainage from s inks is passed into stainless 
steel tanks in the courtyards of the building ; samples 
arc fitken and the effluent is pumped to the effiuent 
farm only if the level of activity is acceptable. If it 
is too high, a special tanker removes that particular 
batch separately. Effluent which should normally be 
uncontaminated ana which is produced in large 
amounts, e.g., cooling waler, is collected in 20,000 
gallon tanks and this is also tested before pumping 
to the main effluent farm. 

T otal actiYe effluent from the building is about 
5000 gal per day and process water (inactive) amounts 
to about 21,500 gal per day. The usage of water per 
man has decreased from about 400 gal/man/day two 
years ago to about 115 gal/ man at present. T his i:, 
prohablr due to the abolition of straight-through proc
ess water in the new wing and the substitution of 
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figure 4. View of the new plutonium wing. The decontamination room is behind the camera 

portable water circulating units incorporating a fan 
operated cooler. Solid waste arising in the laboratories 
is divided into "low level-undefined" and "high level" 
and placed in separate containers to which a certifi
cate is attached by the scientist. 

Engineering operation and maintenance of the 
building is under the control of the building engineer 
who is on the staff of the Establishment E ngineering 
Services Division. He is in charge of workshop staff, 
maintenance staff and decontamination and general 
engineering services staff. His responsibilities include 
decontamination after radioactive spills, decontamina
tion of laboratories and dry boxes including pressur
ised stut operations and provision of assistance in 
emergencies of all kinds. 

One of the most serious questions in a laboratory 
of this type is that of fire. A general conflagration 
involving quantities of plutonium of the order of 1000 
gm or more might dangerously contaminate the rest 
of the site. Special care has been taken, therefore, to 
prevent the spread of fire, especially in the plutonium 
laboratories. Fires have actually originated in dry 
boxes containing plutonium on a few occasions but in 
each case they were dealt with before much damage 
could be done. A special stock of non-inAammahle per
spex is held for use in boxes where large amounts of 
plutonium are being handled and where there is the 
possibility of a fire risk. Installations for flooding lab
oratories or dry boxes with inert gas ( CO2, N2 or 
argon) are also employed. Steel bench and office furni
ture has been introduced in the .plutonium labora-

tories and the whole building is of course regularly 
patrolled at night. 

There is only. one general alarm for the whole 
building and when this is sounded, either for an inci
dent inside the building or for a site incident, ?taff 
vacate the laboratories and collect in the administra
tive area. There is also a local alarm in the two large 
plutonium laboratories which is sounded when there 
has been a serious spill or an outbreak of fire . Incidents 
throughout the building are signalled on boards in 
the offices of the health physics officer, control en
gineer, watchkeeper and Division Head . 

Good ventilation and a high standard of maintenance 
have prevented any spread of contamination. Back
grounds recorded in the counting rooms are still in
distinguishable from those recorded elsewhere. For 
health physics control purposes, the laboratory has 
been divided into three areas, namely white (inac
tive area), blue (buffer area) and red (active area). 
Laboratory shoes and clothing must be worn by those 
working in the red areas but these must not be taken 
into white areas. V isitors to red areas are provided 
with laboratory coats and "shoe· bags" of cotton or 
cotton with canvas sole and elastic tops. These, which 
are all big enough to cover the largest size of shoe, 
have been found to be infinitely more convenient for 
visitors than shoes or overshoes. Wherever there is 
a special risk of contamination, as for instance in a 
polonium laboratory, a local barrier is set up in the 
vestibule where shoe bags, or shoes can be changed on 
leaving the laboratory. This system has worked ex-
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Figure 5 . Glove box attached ta one of the panels of the decon-
tamination room showing worker in pressurb:ed suit 

tremely well; there have been several instances of 
very heavy contamination in the laboratory, neces
sitating the use of air hoods, without there being any 
spread of contamination into the main corridor. Smok
ing is allowed in buffer areas, which now include 
corridors and offices attached to laboratory suites, but 
dining is restricted to the administrative area. 

The return of equipment which has been used in 
the laboratories, to the main stores or workshop in 
the administrative wing, is prohibited. Local stores 
and workshops for dealing with contaminated or pos
sibly contaminated apparatus and equipment are lo
cated in the active laboratory wings. In this way a 
reliable supply of uncontaminated apparatus is always 
available. 

There have been few accidents of any kind and 
none involving radiation damage to an individual. 
The main incidents have been four minor fires, chiefly 
in plutonium glove boxes, three spills due to breakage 
of X-ray capillaries, a few cases of bursting of con
tainers due to decomposition by internal radiation and 
several " fume offs" occurring in active residue storage 
vessels such as the standard active waste carboy, into 
which solutions containing nitric acid and organic 
solvents had been introduced. All such vessels are 
now maintained neutral by addition of alkali and have 
given no further trouble. Safety measures through
out the laboratory are discussed by a Safety Com
mittee. Representatives of Medical, Health Physics 
nnd Engineering Services Divisions sit on this Com
mittee together with members of the scientific staff. 
The latter serve for periods of six months so as to 

give as many as possible a personal interest in safety 
procedures. The chairman is a senior scientist who 
serves for a number of years. 

General operating experience of the laboratories 
has been satisfactory. The system of partially isolated 
suites has worked well and it is doubtful whether a 
less permanent, more flexible structure would have 
any advantage. As it is, they are exceptionally well 
insulated from outsjde noise and are easy to decon
taminate. The plutonium laboratory facilities have also 
been most useful. Trouble was experienced in the 
pressurised suit area of the original plutonium wing 
when air tolerances were exceeded due to spread of 
contamination during showering, and removal of the 
suit. These difficulties were overcome by providing 
better arrangements and higher grade supervision. 

'The concrete shielded area of the f3y wing has 
proved to be the least satisfactory. It \\'as very useful 
for pilot plant work but this has now been removed to 
the Chemical Engineering building and the current re
quirement is for easily operated cells with good vision. 
It would probably be best to do away with the internal 
\\'alls and to have a large open laboratory for this work. 
Temporary or semi-permanent shielding and cells 
could then be erected as required without the space 
restr ictions imposed by internal walls. 

On the whole, linoleum flooring has proved to be 
satisfactory and cheaper than other alternatives which 
have been tr:ied. Regular wax polishing and de-waxing 
removes surface contamination quite well but creates 
a slight risk due to slipperiness. The floors themselves 
have borne extremely heavy loads but covered floor 
ducts have sometimes failed. It is important therefore 
to make these strong. 

Strippable paint was used originally on ·rather a 
generous scale but experience has shown that a good 
hard gloss enamel is quite adequate for laboratory 
walls, etc., and that strippable coatings need only be 
used in the immediate vicinity of activity, e.g., fume 
cupboards and dry boxes. Recent practice has been to 
lay down a strippable coating first and then to cover 
this with a coating of a chlorinated mbber paint which 
has better decontamination properties. 

The ventilation plant is, of course, expensive to 
operate but has been most valuable from the users 
point of view. Local filtration of exhau5t air is be
coming more general and it may be that the main 
exhaust precipitron could ultimately be eliminated. In 
order to economise on operating costs, Hie input air 
temperature is reduced by 10°F and the air flow is 
also reduced after normal working hours. 

In conclusion, it can be said that whilst many de
signs are possible for a large radiochemical laboratory, 
the experience of this particular design has been 
reasonably satisfactory and provides a useful basis for 
discussion of future developments. 
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Hot Laboratory Facilities for a Wide Variety 
of Radiochemical Problems 

By P. R. Fields and C. H. Youngquist,* USA 

Many different types of chemical problems varying 
from intense irradiations of plutonium to produce the 
heavier elements such as 99 and 1001 to the processing 
of different cyclotron target materials have been suc
cessfully handled in the shielde<l caves at Argonne 
National Laboratory. The caves are divided into three 
categories: (a) the large caves capable of shielding 
10,000 curies of gamma activity; ( b) the intermediate 
caves which can shield up to 100 curies of gamma 
activity; and ( c) the junior caves which can shield 
about 1 curie of gamma activity. 

Figure 1 shows a large cave used primarily for 
rnetallurgical studies. The cave is designed to handle 
safely 10,000 curies of a 1-:Mev gamma emitter.2 The 
inside of the cave is 10 ft wide, 6 ft deep, and 12.5 ft 
high. Observation of operations inside the cave is 
made through two 36 by 30 in. zinc bromide solution 
windows at the front and 30 by 20 in. windows at 
either side. Access to the interior is proYided in the 
rear of the cave, through two 14-in. thick steel over
hung doors. The cave is equipped with a pair of large 
master-slave rnanipulators.3 

Figure 2 illustrates one of the several types of in
termediate level caves. These facilities are new and 
have not been used as yet for radio-chemical studies. 
The cave is divided into three cells. The walls consist 
of two feet of high density concrete designed to shield 

* Argonne National Laboratory. 

figure 1. High level metallurgy c~ye for 10,000 curies 
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100 curies of 1-Mev gamma radiation. The interior 
of each cell is 7 ft wide, 6 ft deep, and 12.5 ft high. 
The upper portion of the 8-in. thick steel partitions 
between cells are movable to allow passage of manipu
lators from cell to cell. Each cell has a zinc bromide 
solution front window, SO by 30 in., and each end 
cell has a side window, 34 by 24 in. Access to the 
cells is through rear doors similar to the large caves. 
Master-slave manipulators are used in these caves. 

Another type of intermediate level cave used ex
clusively for chemical problems is illustrated in Figs. 
3 and 4. The walls consist of 6 inches of steel designed 
to contain sources up to 100 curies of 1-Mev gamma 
radiation.4 The interior of the cell is 18.5 ft long, 3 
ft wide, and 7.5 ft high. There are four 23 by 35-in. 
laminated plate glass windows. Access doors are at 
each end of the cave, and fou r more are located in the 
back of the cave. Inside, running the full length of the 
cave is a rectilinear manipulator operated electrically 
from a control box connected to the face of the cave. 

Figures S, 6 ;nd 7 show several different types of 
junior caves. In general, these caves have three-inch 
thick steel walls.5 The interior is about 5 ft wide, 3 
ft deep, and about 4 ft high. The windows are high 
density lead glass. In general, the face of the cave is 
movable and provides access to the interior, as shown 
in Figs. 5 and 7. Some of the caves have master-slave 
manipulators which enter through the top, and some 

Figu,e 2. Three cell inte,mediote level metollurgy cave for 100 curies 
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Figure 3. Diagram of intermediate level chcmhtry cave 

hav~ tong manipulators mounted in the face o{ the cave 
in ball joints (Fig. 7). The latter type has proven to 
be less convenient and versatile than the slaves, but 
is much more economical to construct and maintain. 
• The caves are all ventilated by a steady stream of 
air that enters at all cracks and joints as well as the 
regular air intakes. T his air is passed through a pre
filter in or adjacent to the cave before being drawn 
through high efficiency filters and finally discharged to 
atmosphere. Where chemical operations normally take 
place, air is drawn into the cave so that the velocity 
at an ac<:ess door is about 135 feet per minute. 

For work with high level alpha activity, glove boxes 
of the type shown in Fig. 8 are used. From 15 to 25 
cubic feet per minute of air enters each of these boxes, 
through the ends, and is exhausted in the center 
through the prcfilter chamber above the glove box. 
These chambers are constructed so that a con tarn i na ted 
prefilter can be covered before being pulled out into 
the room. Also, during this process, the air flow is into 
the chamber, thereby minimizing the scattering of 
active particulate matter. 

Active material is brought into the box through 
the end transfer chamber and removed, when neces
sary, in closed paper cartons through the same cham
ber. When the outer transfer chamber door is opened, 
air flow is into the box at a higher than nonnal velocity. 
The glove boxes frequently have equipment built into 
them such as centrifuges and devices for preparing 
samples of radioactive solutions. 

The following e.xamples illustrate the types of prob
lems encountered in working with high levels of radio
activity. 

The Chemistry Division at Argonne National Lab
oratory has recently been engaged in a series of plu
tonium irradiations in the Materials Testing Reactor 
to produce the heavier transplutonium elements. The 
chemical processing of the samples was carried out 
in the intermediate level chemistry cave. 

W hen the samples were returned to Argonne from 
the Materials Testing R eactor, they contained about 
one curie of alpha activity and about 3 X 105 r/hr 
( roentgens per hour) of beta and gamma activities. 

Figure 4. Operator's side of intermedia te level chemistry cave 
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Flgure 5 . Looding sample in one curie iunior cave Figure 6. Operating manipulators of o junior cove 

figure 7. Shielded hood with b'oll joint manipulators Figure 8. Glove box for work with cfpha activity 
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The samples were inspected for physical changes by 
the metallurgists in their large caves and then trans
ferred to the intermediate cave, where they were intro
ducecl through a port hole from a horizontal cask 
which \\:as rolled up against the opening so there was 
no hazanl to personnel during the transfer. 

For heat transfer purposes, the plutonium was ac
tually irradiated as a plutonium-aluminum alloy. In 
order to remove the aluminum from the plutonium, 
the samples were dissolved in concentrated sodium 
hydroxide solution, and the insoluble fusion products 
and heavy elements were concentrated by centrifusa
tion. The centrifuged material was dissolved in con
centrated hydrochloric ac:id and passed through an 
anion column. The decomposition of the hydrochloric 
acid by the intense radioactivity, was fairly rapid. [n 
o rder to reduce the complications due to the gas 
bubble formation in the resin column, wide columns 
having a diameter of two inches were used. The plu
tonium was adsorbed on the anion resin aml was thus 
separated from the cfllucnt, which contamed most of 
the fission products and the transplutonium elements. 
The effiuent was evaporated, dissolved in dilute hydro
chloric acid and adsorbed on a cation resin column . 
The transplutonium fraction was separated from al
most all the fi ssion product activities by eluting the 
resin with concentr;1ted hydrochloric acid. Again, the 
best procedure was to use a fairly wide column, a 
coarse res in, and rapid flow rate to defe:it the de
c.omposition of the aqueous solution. As a result of 
the two column separations, the fission product ac
tivity in the transplutonium fraction was reduced from 
the initial 300,000 r/hr to approximately I r/hr. 

All the operations were carried out by the recti 
linear manipulator, which was controlled from a small 
l?Ortable box outside of the cave ( se\! Figs. 4 and 10). 
The manipulator is versatile and easy to use with a 
minimum of previous c.-cpericnce. 

All the fractfons from the column separations were 
analyzed outside the large cave. This was accom
plished by passing a small, self-filling pipet, fitted 
with a cork collar, into the radiation lock at one end 
of the cave. The manipulator then picked up the pipet 
by gripping around the collar, removed a sample from 
a fraction, and then returned the pipet to its holder 
in the radiation lock. The pipet wac; then remo\•cd 
from the lock and the sample was analyzed in another 
hood designed for work with alpha activity. 

When additional separation from fission products 
was necessary, the chemical operations were generally 
carried out in a "junior" cave. The jµnior caves are 
mnch more convenient to use and are equipped with 
master-slave manipulators. 

After the transplutonium fraction was concentrated, 
the gas evolution from aqueous solutions became even 
more intense. In cases where the transcurium ele
ments were being sought, it was found best to carry out 
additional ion exchange separations using ammonium 
glycolate o r similar complexing solutions as the elut
ing agent. 

When doing ion cxd1ange separations with high 

Figure 9. Placing counting plate under hori.zontGI resin column In 
glove box 

levels of alpha activity, it was found l>est to use hori
zontal columns. The gas bubbles generated during 
the separations rose to the top along the length 0£ the 
column and did not disturb the adsorption bands (see 
Fig. 9). 

Another example of a hot laboratory operation 
was the isolation of milligram amounts of actinium 
irom 30 grams of irradiated radium. The ir1itial proc
ess was designed to separate the radium from the 
actinium using a cation resin column. However, the 
intense alpha and gamma activity from the radium, 
actinium, and daughter activities decomposed the resin 
( sulfonated hydrocarbon) and caused the formation 
of sulfate ions, which in turn caused the precipitation 
of radium sulfate on the resin bed. The procedure 
had to be abandoned and a chelate extraction method 
substituted. 

A very serious ha~ard associated with the actinium 
work was the radon gas evolution. To solve this 
problem, most of the operations were confined in Lu
cite boxes and ai r was swept through the boxes. The 
radon was removed from the air by adsorption on 
cold, acth·atcd charcoal, where it was held until it 

figure 10. O poroting electric manipulator in chemistry cove from 
control box 
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Figure 11. Transferring solution by means of o transfer plpet in 
chemistry cove 

decayed sufficiently. The air was expelled into a 100-
foot tall exit stack to effect dilution in case of acci
dental release of activity. Air dilution was sufficient to 
prevent ;my serious amount of activity from settling 
out. Additional precautions were taken by perform
ing certain operations when wind direction and ve
locity were satisfactory. 

The bulk of the work with radioactive material, 
such as cyclotron bombardments and the usual reactor 
irradiations, falls in the range of 1 to 2 curies or less. 
This type of work is most conveniently carried out 
in the junior caves. It is a relatively simple matter to 
carry out almost any chemical operation in these fa
cilities because of the versatili ty of the master-slave 
manipulators. 

In planning a hot laboratory operation, the move
ments, size and weight of the equipment are frequently 
determined by the limits of the manipulator. ·what is 
equally important, but more often overlooked, is that 
the clean-up operations after the chemical processing 
should also be within the capabilities of the manipu
lator. With these facts in mind, resin columns are 
clamped in a manner that permits ready dismantling 
for disposal with the manipulator. Transfer pipets 
of the type shown in Fig. 11 are used for the safe trans-

fer .of solutions. When shielding material is to be 
handled remotely, miniature lead bricks weighing a 
little over three pounds are used. 

With both high levels and intermediate levels of 
activity, the possibilities o( accidents are anticipated 
and provisions made for containing the active material 
in the event of a spill, and thereby permitting recov
ery if necessary. Hence, much of the work is done 
in or over small enamel trays which would contain 
spilled liquids. 

The insides of the caves used for chemical opera
tions are covered with vinyl paints and wide industrial 
tape, which is again painted with the vinyl coating. 
By doing this, the contaminated spots which do not 
clean up by wiping can be removed by peeling off 
the contaminated section of the tape. Much of the 
contaminated equipment removed from the cave is 
sprayed with a plastic coating or covered with molten 
wax or a quick drying paint to fix the contaminant 
before removing the equipment. 

In spite of such hazardous operations as dissolu
tion of active metals, centrifugation, evaporation and 
frequent sampling, as well as the ever present prob
lem of radiation-induced water decomposition, only 
trivial amounts of contamination have occurred an<l 
there has been no hazard to laboratory personnel. 
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Met~I-Research "Hot Laboratory" 

By N. F. Pravdjuk, USSR 

Changes in the structure and in the physical and 
mechanical properties of various structural and fis
sion.ible materials irradiated in reactors are studied 
in the metal-research " hot labonttory." 

Highly-radioactive substances arc investigated in 
several ;'hot" cells separated from the observer by a 
sufficie11tly thick shielding layer of cast iron and con
crete. The cells arc in a chain formation and are con
nected with a transporter that conveys the objects 
under investigation from the distr ibution cell, which 
is linked up with the storage cell, into the research 
cells. The layout of the cells of the metal-research 
"hot laboratory" is given in Fig. l. 

The chain begins \,;th the "hot machine shop .. 
where there is a special remote-controlled metal-cut
ting machine used to produce samples for various 
mcmllographic, physical and mechanical tests. 

Figure 2 gives an inside view of the "hot machine 
shop" cell. The bed of a special milling-machine ( 1) 
and a moving table (2) are mounted on a - frame 
rigidly bolted to a concrete foundation on the cave 
floor. The milling-machine support ( 3), which moves 
at an angle of 45 degrees to the bed, is fixed on the 
bed carriage. A cutting hend with a cutler is at
~ached to the support. Remote-replacing of the cutter is 
envisaged. 

The spindle of the cutting head is revolved by a 
rigid shaft ( 4 ) connected by a universal joint witll 
the tr.111smission o{ a 4.2 kilowatt electric motor. The 
electric transmission circuit (Leonardo system) is 
geared to achieve a smooth change from O to 300 rpm. 

Trans,·ersc and longitudinal displiicement is auto
matically controlled by means of the universal joint 
transm ission and a gearbox from the operator's room. 

The machine does both transverse and longitudinal 
cutting of irradiated material. The support is encased 
in a Plexiglas jacket (5) to protect the milling-ma
chine mechanism from radioactive dust. Cutting of an 
acti,·e sample is performed in distilled water or some 
other liquid, which is then forced into._a special drain
age system through the receiving tank. The plug (6) 
of the cutting bath has been withdrawn and may be 
seen on the moving table in the background oi the 
picture. The moving table carries a trolley with a tool 
manipulator and a1.1xiliary equipment, and also serves 
for keeping the plug in a closed position when the re
ceiving tank is pressurised to force the liquid into the 
drainage system. The levc-1 gauge in the operator's 

Original language: Russian. 
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room i11dicates the level of the liquid in the tank. 
The walls and floor o{ the "hot machine shop" are 

lined with polished stainless steel. The cell and the 
machine arc washed by means of a stream 0£ water, 
ni tric acid or other chemicals at a pre~sure o[ 1.S-2 
atm from a manipulator-controlled hose. 

A special mirror-system (7 ), located in a niche of 
the front wall of the cell, has been designed in order 
to observe the cell (rom the operator's room. The 
mechanical master-slave manipulators (8) are inserted 
through sleeves in the front wall of the cell. 

There is a double-system 0£ lighting in the cell con
sisting of seven 300-watt lamps behind the glass ceil
ing, and two with three 500-watt lamps on each of 
two soffits. The back wall of the cell ( not seen in 
the photograph) has an exhaust ventilation filter which 
can be replaced by remote-control. 

The vertically-moving gale on the r ight-hand wall 
closes off the direct channel from the distribution cell. 
Transportation of material to nnd from the distribution 
and cutting cells is performed by means of a trolley 
on rails which may be seen at the upper part of the 
gate. 

The automatic container conveying the r.adioactive 
materials to the "hot" laboratory can also be unloaded 
in the ''hot machine shor." The container is operated 
from the control desk in the operator's room. 

A m:issive door on roller bearings which opens by 
an electric motor leads into the cell. 

There is a sloping channel into the cell wall for in
troducing small tools into the cell. The channel can 
be closed from the operator's room by means oi a 
cast iron shutter. 

A dosimeter, fixed to the side wall of the cell, and 
a portable counter are used to ascertain the degree of 
contamination in the cell . The readings from these 
counters are transmitted to the operator 's room. 

Figure 3 gives a general view of the operator's room 
o f the "bot machine shop" and the mechanisms and 
devices used for the remote control of a ll the opera
tions in the cell. 

The cell of the "hot machine shop" is connected 
with the distribution cell. The distribution cell is in
tended for the stornge of r::idioactivc materials and 
their supply to the different technological cells. The 
cell of the "hot machine shop" and the distribution 
cell are designed for use with materials having an 
activity of up to 50,000 curies. 

The djsldbution cell is connected to the other cells 
by n trolley-trnnsporter which is controlled from the 
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Fig ure 1. Layout of cells of me!al-research "hot laboralory"; (I) 
cell of "hot" machine shop, (11) distribu!ion cell on::I s!orage, (111) 
rnetallogrophic cell, (IV),(V) physical meosuremenls cell, (VI) 
mechanical !esls cell, (VII ) !ronspor!alian corridor, {VIII) "semi-hot" 

laboratories 

operator's room of the distribution cell ; light signals 
show the exact position of the trolley carrying the 
active material in front of the research cell. 

All the research cells of the metal-research "hot 
laboratory" arc intended for use with activities up to 
20,000 curies. Each cell has manipulators and viewing 
windows of lead-glass. 

METALLOGRAPHIC EXAMINATION CELL 

Specimens and replicas for electron microscopy 
examination are produced in the metallographic cell ; 
the examination of specimens and their photographing 
by means of a remote-controlled metallographic micro-

Figure 2. Inside view of "ho! machine shop" cell 

USSR N. F. PRAVDJUK 

scope are also performed in ihe same cell. 
The cell contains the following equipment: ( l) a 

device for pouring the active sample with the fusible 
material into a casing for subsequent preparation of a 
specimen; (2) a grinding-machine with six grinding 
and polishing wheels ; (3) a device for electrolytic 
etching and electropolishing; and ( 4) a metallographic 
microscope. 

The microscope in the cell is protected from the 
.grinding-machine by a wall of lead bricks. 

The photographic camera and remote-control desk 
operating the microscope (replacement of lenses, light 
filters and so on) are shown in Fig. 4. The inicrostruc
ture of the active metal is clearly visible on the frosted 
glass of the microscope. 

Figure 5 gives an inside view of the metallographic 
cell from the viewing window. The g rinding-machine 
with its six grinding and polishing wheels (1 ) is seen 
in the foreground. The support holding the casing vvith 
a specimen perpendicular to the grinding wheel plane 
(2) is seen in front of the machine. The abrasive 
paper of the grinding wheels can be changed by a 
remote-control device ( 3) attached to a moyable lead 
plate on the left ( 4). 

Figure 3. General view of operolor', roam of "hot m0chine shop" 
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\i\'hen personnel need to work in the cell, the grind
ing machine is first lowered and then closed off by 
means of a movable plale to reduce the hazard of 
irradiation. The rod with the trolley for the manipu
lator t?_ols ( S) is seen in the background. 

PHYSICAL MEASUREMENTS CELLS 

Physical measurements cells are used for the study 
of physical properties of irradiated materials. When 
needed, devices for physical measurements ( electrical 
.lad thennal conductivity, thermoelectric force, thermal 
analysis. <lilatametric measurements, etc.) arc intro
duced into the cell and fixed in special places. There 
are t\vo balances installed in the cell (remote con
t.oiled from the operator's room) for measuring the 
specific weight of powders, wires, etc. 

Figure 6 shows a photograph of the cell tnken 
through !he viewing window from the operator's room. 
The manipulators ( 1) and the trolley \\'i th the change
able tools (2) for the manipulators may be seen in 
the foreground. A remote controlled microanalytical 
balance (3) for the measurement of the specific weight 
of small specimens is located behind the trolley. The 
door ( 4) through which the technological cell is sup
plied with the active material, is seen on the right i11 
the background. 

F igure 7 shows part of the operator's room with 
the potentiometer unit ( 1) for measuring the elec
trical conductivity, thermoelectric force, etc. T he in-

figure -4. Photocomero and desk for remote control of tho mctollo-
9rophfc microscope 

-------------------

Flour• 5. louide •iew of metol!ogrophic cell. Grinding machine in 
foreg,ound 

struments (2) for recording- the radioactive level in 
the cell and in the operator's room are seen on the 
wall nbove the potentiometer unit. 

A vacuum elec tric furnace fo r remote heat treat
ment of active materials is located in another physical 
measurements cell. So. too, is the equipment for the 
vibration-method of determination of the modulus of 
elasticity and internal friction and also an X-ray in
stall:ltion. An automatic storage designed for speci
mens with an acth·ity up to 100 curies is a ttached to 
the back wall of the cell. 

The cell is equipped with a viewing window and 
recti linear manipulators ( I tem 1, Fig. 8), controlled 
from the operator 's room. A televis ion transmitter 
\\'ith changeable lenses (2) for more detailed obser
vation and photographing of Yarious acti,·e specimens 
is attached to a side wall. The television receiver aud 
its control desk are located in the operntor 's room. 

MECHANICAL TEST CELL 

The mechanical test ct:11 is intended for the study 
of the mechanical properties o{ irradiated materia ls; 
"mould-casts" from active samples a re made in the 
same cell. T he cell is equipped with a viewing win
dow and master-slave manipulators. A cast iron door 
(2.4 X 1.4 m) in the left wall of the cell provides an 
en trance for mounting equipment. 

figure 6~ Gonerol view' of physical meos\lr•e-me-nh cell 
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Figure 7. Operotor's room of physical measurements d ivision 

The active materjals arc conveyed to the cell by 
means of the trolley-transporter, which runs directly 
into the cell. 

The test machines and instruments are located on a 
revolving stand and on the two movable trolleys in 
the cell. 

Figure 9 gives a general view of the mechanical 
test cell from the entry door. 

All the operator's rooms of the metal-research "hot 
laboratory" are connected with the corresponding 
" semi-hot" laboratories used for work with low-ac
tivity samples, preparation work and for the develop
ment and testing of new methods and devices. 

DESCRIPTION OF CERTAIN APPLICABLE RESEARCH 
METHODS 

A. X-ray Study of Rodioaclive Materials 

To understand the nature of the changes in the 
properties of irradiated materials a study of the struc
tural changes resulting from irradiation is essential. 
The methods of X-ray study of highly radioactive ma
terials are outlined below. 

The existing methods of X-ray study of materials, 
which are based on photographic or ionization meas
urements of the diffraction maxima, are of little use 
for the investigation of radioactive materials having 

figure 8. Recttlineor monipvraror (1) and television transmitter (2) 
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intensive (3 and y radiation, due to the interference of 
the strong radioactive "background." As the pene
trating power of this radiation is, as a rule, higher 
than that used for X-ray study, the use of filters does 
not give positive results. 

A method for the X -ray study of materials having 
a considerable radioactivity was developed. The de
sign is based in the "Norelco" type y-ray spec
trometer. 

The method consists of measuring the diffraction 
maxima of a specimen after "reflection" in a crystal
monochromator. This makes it possible to place the 
detector ( e.g., the end-window counter) out of the 
path of the diffracted ray and to protect it from the 
radiation from the sample by placing a shield between 
them. 

Figure 10 is a diagram of an operating installation. 
The diverging X-ray beam from the focal spot of a 
roentgen tube (A) is incident on a 11:i.t specimen ( B) ; 
the radiation scattered by the specimen is focused onto 
the entrance slit ( C), is " reflected" by the curved 
crystal monochromator (K) and is registered by the 
counter ( D). A kinematic device enables the diffraction 
pattern to be automatically recorded on potentiometer 
paper within range 15-45 degrees \,Vuif-Bragg, or 
the diffraction lines counted by a mechanical counter. 
The lead screens (31, 3~. 33 ) protect the counter from 

Figure 9. General view of mechanical test cell: (1) stainless steel 
working platform; (2) revolving stand with equipment on it; (3) com
bined testing machine (up to 5 tons); (4) 10 kg pendulum impact 
testing machine; (5) "Rockwell" hardness-tester; (6-7) one of the 
lateral trolleys with a fatigue machine; (8) trolley with the remote 

micrahordness tester; ' (9) manipulators 
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Figure 10. Drawing of in,trument for X-roy analysis 

di:cu radiation from the specimen, but do not inter
fen, with the transmission of the X-ray beam to be 
registered. One of the screens (31 ) is fixed while the 
other two (32, 33 ), the entrance slit, the monochro
mator and the counter are rigidly connected together 
and during the process of the recording rotate around 
pcim: 0 at an angular velocity double that of the speci
men. 

The wall thicl-ne,,s of the three shielding lead screens 
(31, 32, 33 ) is: 25 mm, 35mm, and30mm respectively. 
Thus, when in operation, a 65 nim thickuess of lead 
separates the specimen from the counter. The geome
try of the instrument enables the thickness 0£ this 
shielding layer to be increased by 130%. when neces
sary. 

By means 0£ the instrument described above, pat
terns were obtained from nat spt·cimens (10 X 7.5 X 
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Figure n . Roen rgenogrom of line ( Ill) aluminium 

0.1 mm ) of cold-rolled uranium after irradiation and 
having a residual activity of JO me. In this case, the 
intensity of the strong lines constituted 50-100% of 
the "background" intensity. I£ we take into account 
the fact that lines whose intensity is lOo/o o[ the "back
ground" intensity are sufficiently reliably registered 
by the ionization method, it may be assumed that simi
lar specimens with an activity of up to S0-100 me 
may be e:xamined with the aid o f this equipment. 

A pfastically cu·rved (according to Johann ) crystal 
of sodium chloride was used as the monochromator 
for obtaining a high inteni;ity. The radius of curva
ture of the crystal was 28 mm. the cryst::il itself being 
20 X 15 X 1.5 mm. 

The monochromator was set for copper radiation 
using the second orc.ler reflection because in this case 
the counter was more effectively screened from inter
fering radiation and the ratio of the intensity of the dif
fraction lines to that of the background substantially 
increased, though the general intensity of the instru
ment decreased. 

Figure 11 shows the aluminium line (III) plotted 
in the followi11g three ways: (a,) with the monochro
mator in the secon<l-orcle1·; ( b) with the monochro
mator in the first-oTder; nnd ( c) without the mono
chromator. 

The number of counts per minute aho,1e the cosmic 
background of the counter is given on the vertical axis 
( the right-hand scale gives the recording without the 
monochromator) . 

\iVhen the monochromator is adjusted for the first 
order of reflection, it enables lines of avernge inten
sity to be automatically recorded on the potentiometer 
paper: in the second order, a reliahleautomntic record
ing is obtained only for strong diffraction lines. 

B. Method of Metallographic Examination of 
lrrodioled Materials 

In metallographic examination of irradiated metals 
nil operations for the preparation of a specimen are 
remote-controlled by special devices and manipulators. 

Sulphur or Rosec nlloy is poured into a mould 
with the prepared sample of the active metal. The spe
cimen is prepared on a grinding-machine installed in 
the "hot" cell. The design of the grindi11g-111nchine 
makes it possible to change the grinding materials ,md 
to obtain high-quality specimens. Electrolytic or chem
ical etching is used to reveal the microstructme. The 
etching process is performed in equipment which per
mits the use of various etching substances and for 
changes in the etching period. 

To examine and photograph the microstructure of 
irradiated metals. a remote controlled metallographic 
microscope is used, by means of which one may ob
sen·e the image of the specimen on ground glass 
under ordinary and polarized light with various mag
nifications and using changeable light filters. The mi
croscope is installed in the "hot" cell while the control 
devices and camera are in the operaloI"'s room 
(Fig. 4). 
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C. Method of Electron Microscope Examination of 
Irradiated Uranium 

An active sample is poured by remote control with 
Rosee alloy into the mould in the metallographic cell ; 
it is mechanically ground and polished on a machine
tool. Then, the specimen is electrolytically polished 
in a dilute alcoholic solution of orthophosphoric acid 
(2 parts of concentrated acid + 4 of water + l of 
ethyl alcohol) at 6 v and 50°C for two minutes. The 
electrolytic etching of the specimen is performed in 
the same electrolyte at 2 v and 50°C for 30 sec
onds, as a result of which the prominent uranium 
structure is r evealed under ordinary light in the metal
lographic microscope. 

The prepared specimen is coated with a 2% solu
tion of nitrocellulose in amylacetate. After drying, a 
hollow plastic former is stuck to the plastic film in 
order to strip it from the specimen. This process is 
facilitated by immersing in water. The film is then 
easily stripped from the specimen and removed from 
the cell with the aid of manipulators. If the replica 
is contaminated, the active substances can be washed 
off by means of a 10% solution of hydrochloric acid, 
and the replica then rinsed in distilled water and 
dried. All the succeeding operations on the replica are 
performed without shielding under ordinary condi
tions. A thin layer of aluminium is evaporated onto 
the surface of the plastic replica in a vacuum of 10-t 
mm and then the aluminium replica is shadowed with 
gold under 20-30 degree angle. This reproduces clear
ly the surface structure of the irradiated uranium and 
may be subjected to metallographic examination in
stead of the active specimen. Figure 12 shows the 
irradiated uranium microstructure as obtained from 
an aluminised plastic replica. 

The aluminised plastic replica is then cut into 
squares (2 X 2 mm) for examination by electron
microscopy, each square being dipped into amylace
tate to dissolve away the nitrocellulose layer. The 
washed aluminium replicas are then scooped out onto 
the ohject grids where they are d ried and examined 
with the aid of an electron microscope. 

D. Remote-Controlled Microhardness Tester for 
Radioactive Specimens 

The remote-controlled microhardness tester 1s in

tended for hardness tests of materials by impression 
with 2-200 gm loads ; a diamond pyramid with a 
square base and a peak interfacial angle of 136 de
grees is used. 

The microhardness test is similar to the hardness 
test performed by the Vickers tester; as a result of 
the test, the diagonal size is measured and the hard
ness value is calculated as the quotient obtained from 
the division of the applied load by the surface of the 
received imprint; the hardness value is expressed in 
kg/mm2• 

The instrument is designed for remote control (by 
selsyns and motors ) of all operations connected with 
microhardness determination, e.g.: (a) Selection of .. 
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figure 12. Microstructure of irradiated uranium obtained from 
oluminized plostic replico by metollogrophic microscope under in

active conditfOns; X240 

the imprint position and obse1·vation of microstructure, 
rough and precise pointing of the microscope, lateral 
and traverse movement and rotation around the ver
tical axis of the table, locating under the diamond 
pyramid and microscope objective; ( b) Impressing 
of the diamond pyramid into the material undei: test; 
and ( c) Measuring of the diagonals of the imprint 
seen on the screen. 

The remote microhardness tester consists of three 
units : ( 1) microscope, (2) control desk, and .( 3) 
starting rheostat with ammeter. 

The main tube of the microscope has an electric 
drive and is operated by a transmission system, the 
transmissions being nm by a selsyn for rough a!}d 
precise focussing. The shift of the· rough and precise 
focussing gears is performed by an electrom~gnet 
actuated from the control desk. 

The micrometer has a 0.3 micron pointer which is 
operated by an electric motor. 

The picture of the microstrttcture is thrown onto a 
ground glass screen 138 mm in diameter, which is 
attached to the micrometer. 

A focussing spotlight using a mercury lamp is 
mounted on the main tube for illumination purposes. 

The load mechanism operated by a ,varren motor 
communicates a reciprocating motion by a flexible 
shaft to the clia111011d tip. 

The lateral, traverse and rotation displacements 
are alternated by a clutch on the driving gears. 

Figure 9 shows the remote-controlled microhard
ness me~er in the chamber, in the working position. 

E. Equipment fQr Measuring Internal Friction and 
Modulus of Elasticity of Irradiated and 

Non-Irradiated Materiols 

This instrument makes possible the determination 
of the modulus of elasticity of irradiated and non
irradiated materials by measurement o[ the frequency 
of transverse vibrations of specimens and also the 
internal friction by the additional determination of 
the amplitude of the resonance curve. Young's modu-
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Tobie I 

B11fort irradit:tion 

M,tol Critical Modul,., 
toul~r shear •' invq,1tiga.tifJ11 lnltr·1tal strtss tlostlcilf 

frictio• gm/fflm• ltg/,.,.,, 

Aluminium 1.20 X JO_,, 30 0714 X 10' 

lus is determined from the vibration frequency of the 
specimen, its geometry and its density. 

The effect of neutron irradiation on the internal 
friction and Young's modulus is studied by means 
of a comparative method; the same specimens are 
measured before and a[ter irradiation. 

A special form of specimen was developed in order 
to ensure the reproducibility of measurements which 
is essential for the comparative method, as well as to 
carry out remote measurements on irradiated ma
terials. 

The specimen was made in the form of a plate or 
cylindrical rod with a lugged head to enable the speci
men to be fixed in the damping device. 

Transverse vibrations in the specimen are forced 
and detected by an electromagnetic method. 

T he equipment £or measuring the modulus of elas
tici ty and internal friction consists o( a driver and 
detector device, amplifier, electronic oscillator, oscillo
graph, cathode voltmeter and counting device. 

Indicators of 0.01 mm precision are used for meas
uring the amplitude of vibration of the specimen from 
the gap between the poles of the driving and detecting 
coils and the specimen. A microscope with a microme
ter was used for measuring very small vibration ampli
tudes. 

A counting device attached to the output end of an 
amplifier enables an exact count to be made of the 
number of vibrations per second made by the speci
men, using a mechanical counter and stopwatch. 

In the case of non-ferromagnetic specimens, ferro
magnetic riders "1" and "2" are attached (Fig. 13). 

The rider "l" which serves for forcing the vibra
tion is close to the point of fixation of the sample and 
does not substantially affect the vibration frequency, 
while rider "2" does affect the vibration frequency. 

To measure the absolute value of the modulus, r ider 
"2" is removed and the maximum value of the vibra
t ion amplitude of the specimen under reson:ince is 
measured. 

An example of the effect of irradiation on the 
internal friction and modulus of elasticity of aluminium 

Flgurt 13. Spedm•,u for doterminalion o f inltrnol fridion and 
modulus of e lastidty 

After iN'odiolion 

Criti~ol 
1Jl&ear 

Int..-nol ,iresr 
fricti<m pm/mm• 

1.04 X 10 .. 1200 

Mod11J,u 

"' 1~:.::r 
0.691 X 10' 

Clicrnoc volu..r in ~ 

Internd 
frict'iots 

- 15 

Mod1lu$ 
"l llltutrcity 

-3.2 

is given below. The aluminium was irradiated in a 
neutron flux of abo\1t 1.5 X 1010 nvt at 20°C. The 
precision o( the determination of the modulus of elas
ticity is 0.6% and for the internal friction, 4%. The 
results are given in Table l. 

The data in the table were obtained from a study 
of the curves of the dependence of the internal friction 
on the tension caused by the amplitude of vibration, 
shown in Fig. 14 for aluminium, with curve 1 for 
non-irradiated metal, and curve 2 for irTadiated metal. 

The value of the internal friction gh-en in Tallie I 
is detennincd from the tension caused by the ampli
tude of vibration in the afea where this friction is 
independent of the amplitude. The she:i.r stress value 
was calculated from the vibration amplitude, modulus 
of elasticity and geometry of the specimen. 

The critical shear stress value (designated with K) 
is the stress above which the internal friction becomes 
dependent on the tension caused by the amplitude of 
vibration. 

F. Method for Obtaining "Mould-Costs" from 
Radioactive Specimens 

The method for obtaining a precise copy of the 
shape and dimensions of a specimen under investiga
tion in a manipulator operated area cons\sts of the 
preparation of a "mould" form in the cell with the 
subsequent filling of this mould with fusible alloy in 
nn inactive area. 

A divided pouring box. is made from Plexiglas. The 
dimensions of this box must be chosen so that the 
sojjdified layer of gypsum is not thinner than 1 cm. 
Two prismatic supports arc placed 011 the bottom of 
the box so that the diametric plane of the specimen 
on these supports coincides with the plane of splitting 
of the box. A quantity of solution is prepared a[ter 
the specimen is placed on the supports, the solution 
being composed of 4 parts of gypsum and 3 parts of 

J/Q x 103 
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K 

I 
r I I '411"10 I , • ""'1ri'- I J • SITll&oJ I '''•sf mm'2 

figure 1". Curve of lnternol friction vetJus ten,ion couscd by ompll• 
tudo of vibration beforo (1) and a her (2) irrodiolion 
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water. The solution is thoroughly mixed for 30-40 
seconds and then quickly poured into a funnel, with a 
rubber hose attached, through a sloping channel into 
the cell. Since the solution hardens very quickly, the 
pouring should be finished within 1.5-2 minutes. After 
25-30 minutes, when the lower part of the mould is 
hard enough, the upper part is filled with gypsum in 
the same manner. Half an hour later, the divided box 
is taken apart, and the active specimen is carefully 
e.,ctracted. The gypsum form in the box is conveyed 
along a sloping channel to the operator's room for 
subsequent casting with the fusible alloy. To make 
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the gypsum form harder it should be dried in a drying 
hood at 90-95°C for 5 hours or in the open air for 
several days. 

\,Vood's metal is poured into the form. This alloy 
fills the form well and if necessary can be poured into 
a wet form. The split plane of the gypsum form must 
be carefully lined up before casting. 

After casting, the cast is extracted from the form, 
the riser is removed and the seam is cleaned. 

Thjs method enables casts to be obtained whose 
dimensions differ from the original by not more than 
0.1-0.2 mm. 



A H~t Analytical Laboratory 

By G. N. Yakovlev, E. P. Dergunov, I. A. Reformatsky and V. B:. Dedov, USSR 

The hot analytical laboratory is designed for study
ing the chemical properties and technology of separa
tion of the transuranium elements. Investigations are 
carried out both with tracer and weighable amounts 
of radioacthic materials; this defines the character oi 
the laboratory which consists of several sections. 

The principal rooms of the laboratory contain hot 
cells for handling high-activi ty samples obtained by 
irradiation in a pile. Besides hot cells there are divi
sions for work with millicurie- and curie-level sam
ples, and a counting room. The chemical laboratory 
where investigations with radioactive tracers are made 
is located in a separate building. 

The section for work with multicurie-lcvel samples 
(up to 10,000 curies) consists of independent sub
sections with facilities for various chemical and tech
nological processes (Fig. 1). Each sub-section consists 
of two hot technological cells ( l), with operating area 
(2), preparation room (3), and semi-hot room (4), 
with shielded glove-boxes installed (5) . 

Cells, preparation-room and glove-boxes oi the 
semi-hot room are connected with an automatically 
controlled conveyor (7). The necessary additional 
equipment, chemical vessels, reagents, etc. are trans
ferred to the conveyor through a lock (6) located in 
the preparation-room. 

The hot cells are arranged so that the access doors 
open into the cave (8) (see also Fig. 2) isolated from 
the working area. Thus wastes cannot get into the 
other areas. 

Each hot cell is 2 X 3 X 3.5 m, lined inside with 
polished stainless steel. A l~d-glass window in the 
middle of the wall separates the operating area from 
the hot cell. On both sides, the window is covered with 
Ple.-.iglas plates to protect the glass from mechanical 
damage. When no work is being performed in the 
cell, the glass is covered on the inside with a lead plate. 

A pair of master-slave manipulators is inserted into 
channels which penetrate the front wall. The manipu
lators are provided with a set of instruments - differ
ent tongs, pincers, scissors, etc. (Fig. 4). At one side 
of the window there is a slightly inclined channel with 
a thick cast-iron door. A special iron drawer fixed 
on a rope, passing inside the channel, is used to deliver 
the necessary small equipment into the cell. Four 
emergency channels in the wall are closed by lead 
plugs. On the side section of the operating area are 
mounted electrical inlets with panels, radiation moni-

Original language: Russian. 
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tors for indicating the presence of activity in the cell 
and in the operating area, valves to control compressed 
air, cold water and hot water supplies into the cell, 
and a valve at the .vacuum line. The most frequently 
used solutions of acids and alkalis are transferred into 
the cell by gravity via' stainless-steel tubes from stor
age tanks, fi."<ed on shelves in the operating area. 

For protection purposes the ventilating system is 
connected with the illumination of the cell so that the 
light cannot be turned 011 if the ventilation is not op
erating. The ducts of the input-exhaust ventilation are 
in the side walls of the cell and are supplied with pre
filters which can be changed by remote control. A 
manometer fiKed on the face wall shows the pressure 
difference between the operating area and the cell; 
the ventilating system produces 15 changes of air per 
hour. 

The interior of the hot cell is shown in Fig. 5. Under 
the steel coating of the back wall there arc inlet rubes 
for water, compressed air and vacuum. Two doors 
lead into the cell - the big one can serve, if necessary, 
for the entrance of personnel and the delivery of equip
ment; and the small one closes the channel leading 
to the cave and connects the cell with the· conveyor. 
A dosimeter is located at the side of the big access 
door to record the radiation being received by the 
personnel in the operating area, 

The floor of the cell is slightly inclined so that liquid 
accidentally spilled on the floor flows down into a col
lection bottle ; later this liquid can be exhausted by 
the vacuum system. A plugged drain for wastes and 
other radioactive liquids is located in a corner o{ the 
cell. 

The drain is connected to the water-purifying sec
tion. A conveyor, moving on rails near U1e back section 

¥/////////////////1(///////////////////////#//@W#/tf//#////////////////fl(I//////////////, 
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Figu,o 1. Pion of multicurie•level section of the hot analytical labora• 
tory: (I) hot cells; (2) operating areo; (3) preparation room: (4) 
.. mi.J.ot room wilh shielded glove-boxes; (5) shielded glove-boxes; 
(6) lock for transferring oddilionol equipment and reagents; (7 ) 

conveyor; (8) cove (transportation corridor) 
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Figure 2. Cave with access doors lo cells 

of the cell, along the cave, transfers reagents, vessels 
and instruments out of the preparation-room into the 
cells, and samples out of the cells into the semi-liot 
boxes. The conveyor is controJled from a control panel 
installed in the preparation room. The control panel 
is equipped with light and sound signal systems to 
indicate the position of the conveyor. In addition, the 
preparation-room is connected with t}:le cells by selec-
tor-communication. · 

The different chemical and technological operations 
in handling highly radioactive irradiated uranium, 
thorium and other samples ( in the form of metal slugs 
and chemical compounds) are performed in the hot 
cells. In some cases the slugs are first cut in a cutting
cell, equipped with a remote controlled milling ma
chine (Figs. 6, 7). 

The primary operations carried out in the cells are 
the dissolution of the irradiated samples; separation of 
the transuranium and other radioactive elements, their 
regeneration, etc. 

Dissolution and precipitation are usually carried 
out in graduated, high-quality glass vessels (reactors), 
supplied with traps for condensed vapour and sprays 
(Fig. 8). The reactors are placed in transparent plexi
glas vessels to permit the expedmentor to control the 
process visually and to shield the reactors from acci-
dental damage. . 

The transfer of liquids froin one vessel to another is 
performed by means of transfer-vessels joined to the 
air-vacuum system (Fig. 9). 

G. N. YAKOVLEV et al. 

Figure 3. Operating area of hot cell 

Figure 4 . Instruments for monipvlotor 

The air-vacuum system, remotely controlled from 
the operating area, is joined to the central air- and 
vacuum-line of the building. In addition, in each cell 
there is a reserve water pump designed to pump and 
exhaust the air ; the water pump is operated if the · 
central line gets damaged. It is convenient to have two 
parallel lines available. The remote control of the 
air-vacuum system is shown in Fig. 10. 

Solutions are agitated in the cells by bubbling of 
air. Many chemical processes are accomplished by 
extractions performed in countercurrent extraction 
columns connected to the ~ir-vacuum system. One of 
the extractors is shown in Fig. 1 I. 
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figure 5. Equipment of a hol cell: (1) ccce!S door for entrance of 
personnel and delivery of equipment into the cell; (2) small door 
which dosos 1he chan nel, conncacting the ce-11 with conveyor; (3) 

indraft ventilation duct with prefilter; (4) exhaust ventilation duct 
with prefilter; (5) drain; (6) collection bottle; (7) hot water; (8) cold 
water; (9) portoblo $howor; (10) duplic.ato line of the air•vocuvm 
system; (11) trap, filled with alkali solution; (12) intermediate buffer 
vessel; (13) electrical inlet; (14) wall shower; (15} glass, separating 
the illuminaHng lamp, from the coll; (16) illuminating la mps; (17) 
indraft ventilation duct far cooling the iHuminating lamps; (18) 
exhaust ventilation duct for cooling the illuminating lamps; (1 9) 

do$imeter 

Remote controlled couplings joined to line ends and 
operated by master-slave manipulators are used to 
connect different lines with reactors, transfer vessels 
and with the other chemical equipment of the cell. 

Figure 7. Cutting cell interior with milling machine: (1) head of the 
machine and mill; (2) cut-off rest of the machine with sample; (3) 
flexible sha ft to tho mechani,m for clamping the sample,, (') lnllru-

ments for manipulator 

Figure 6. Operating area of cuttin9 <ell 

Both electric heating stoves, and heaters ( coils en
closed in quartz tubes and immersed in the liquid) are 
used to perform a number of processes in tlie cell. The 
heaters, lamps and other necessary electrical devices 
are connected to the panel located in the cell. The 
switching of instruments is accomplished from the 
operating area. 

l 

f iguro 8 . Oiagram of diuolver. (1) inlet and outlet of solutions; 
(2) to ventilation; (3) trap; (4) to air-vacuum system 
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Figure 9. Tr0n1fer of solutions by the olr-vocuum ,yJtcm, (l) to oir
vatuu m system 

After each operation the cells are decontaminated 
by remote controlled \\'all and portable showers. Ro
tary brushes with hydraulic drive attached on the 
master-slave manipulators are used to decontaminate 
the surfaces of the floor and walls of the cell. 

The separation of transuranium elements from the 
ir radiated fuel as well as of fractions containing weigh
able quantities of rare-earth fission products, c:in serve 
as an example of work in a hot cell. 

A uranium sample, containing 5 per cent of u:i:1-l 
(its activity was 1000 curies and its weight 1 kg) was 
transferred by the conveyor from the storage cell into 
the left-hand cell of the hot area (Fig. 1) anc\ was 
placed in the dissolver by means of a m::u1ipulator. 

figure 10. Remote control of o.lr•¥oc:uu., 1y1rem and electrical poa•I 
In the operating oroa , , 

G. N. Y AKOVLEV et al. 

Figure 11. Extractor In the hot ~•II 

F',gure 12. Shielded glove-box.ts 

U rnnium, neptunium and plutonium were e.xtracted 
from the nitric acid solution and transferred for test
ing into the glove-boxes in the sem i-hot room. 

The highly active solution, containing americium, 
curium and rare-earth elements was transferred into 
the second cell, intended for handling :,mailer volumes 
of solutions. 

Here the americium was oxidised in carbonate solu
tion according to the method described in the paper 
by Yakovlev and Gorbenko-Gennanov, "Coprecipi
tat ion of americium-V with double carbonates of ura
nium-VI or plutonium-VI and potassium" (Paper 
P /677, Vol. 7, Sessio11 l0B.2, these Proceedings) , 
and was thus separated from rare-earths and curium. 

Five grams of isolated rare-earth elements and 
curium mi>..--ture were used for further separation and 
investigation of their chemical and nuclear properties. 

Different physical and chemical investigations with 
transuranium elements are carried out in the milli
curie- ancl curie-level section ( up to 1.0 curie oi y-ra
diation). In these sections various compounds includ
ing complex compounds are received, their solubility 
isotherms are examined, and electrochemical, spectro
photometric and other investigations are performed. 

According to the problems and methods of investi
gation, the above sections arc provided with many 
facilities and devices necessary to carry out experi
ments. O rdinary metallic and plexiglas g love-boxes 
(Fig. 12) and thick cast-iron plate shielding boxes 
( Fig. 13) equipped with tiall-joint tongs, table and 
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figure 13. Sp•clol shlalded box 

Fi3ure 14. Mobile shields 

mobile shields are installed for protecting personnel 
from radioactive hazards (Fig. 14). 

Special glove-boxes required for investigation of 
chemical properties of transuranium elements and their 
compounds in milligram quantities ·serve for experi
ments with high-activity a-emitters. 

The investigations with specimens of 1 curie activity 
are carried out in a shielded cast iron box 1000 X 

Figure 15. Diagram of ion-exchange resin-column: (1) eluonl; (2) air; 
(3) actjve, solution; (4) ptessure, vacuum; (5 ) pressure; (6) resin 

900 X 950 mm. This is connected to the ventilation 
system producing a pressure drop that prevents· the 
escape of the contaminated air from the box into the 
room. A round lead-glass window with a diameter of 
400 mm and two lead plugged openings are mounted 
on the slightly tilted front face of the box; there, if 
necessary, ball-joint tongs or gloves can be inserted. 
The tightly closed side door is used for the introduc
tion of containers with radioactive specimens, reagents, 
vessels, etc. 

A sample irradiated in the pile is transferred into 
the box in a container. Then the sample is withdrawn 
from the container with tongs and put i11to the dis
solver. All procedures connected with separation of 
a-activity from ,8-y-emitters are carried out with 
tongs. T he final purification is performed by hand 
with gloves on. 

An automatically controlled ion-exchange resin 
column in the curie-level section is used for the chro
matographic separation of high-activity elements 
(Fig. 15) . The remote separation of rare-earths and 
actinides isolated from irradiated samples is carried 
out in this column. 

Chemical investigations carried out in the hot ana
lytical laboratory of the Academy of Sciences of the 
USSR have made it possible to measure the cross 
sections of a number of uranium, neptunium, americi
um and curium isotopes, as well as of some fission 
products for monochromatic and thermal neutrons. 

Several investigations on the chemistry of trans
uranium elements performed in the laboratory de
scribed above arc presented in reports in these Pro
ceedings. 



Laboratory Handling of Radioactive Material 

By N. 8 . Garden,* USA 

There is li ttle question now but that nuclear disin
tegration is going to play a very important part directly 
or indirectly in influencing practically all aspects of 
human activity throughout future time - at least on 
this planet. In the several years we have had this new 
tool at our disposal, a few practical applications have 
been achieved, stimulating our imaginations to soar 
and picture fantastic roles for this newly found power 
to play in our existence. As these visions are worked 
out and become realities in the laboratories, passing 
from the imaginative realm to the accomplished fact, 
the transition is usually reported by dwelling on high
lights of technicological aspects only - the kinds and 
quantities produced, the characteristics and qualities, 
the means of detection and measurement, the results 
of tests on usage, with conclusions and prognostica
tions. Relatively little attention is given to describing 
the special equipment and necessary precautions that 
are so important in carrying out work in this new field 
successfu!Jy. Knowledge of many little details are not 
only of interest but may be necessary for the planning 
of similar work. 

Since we have given a special name designation of 
radioisotope to chemical elements undergoing nuclear 
disintegration, we thus have set them apart from 
chemical elements outside this category. This has been 
done because they have unique characteristics, and 
these unique characteristics make the radioisotopes 
useful, but at the same time very special treatment and 
consideration are required to employ this usefulness. 

It is proposed to describe the special treatment as
pects of handling radioisotopes in the chemistry labora
tories as developed by the relatively few who have 
intimately worked with radioactivity in the United 
States. 

If one is contemplating work with radioactivity, the 
sooner the special factors are taken into consideration, 
the better one will achieve the desired results. Whether 
new buildings are constructed, present structures re
modeled, or attempts of any sort made to use existing 
facilities, the very early stages of designing or planning 
should be based on requirements which will provide 
three obvious necessities: 

I. Radioactive work must be carried out with 
minimum of hazard to personnel or damage to ma
terial. 

2. Radioactive work must produce results that 
are accurate and reliable. 

• Radiation Laboratory, University of, .California. 
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3. The above requirements 1 and 2 must be 
accomplished by compromise in the interest of econ
omy. 

It must be assumed that the alpha, beta, gamma and 
neutrons of radioactive material are understood, as 
there is not time here to summarize what radioactivity 
is and why it is useful. Also it must be assumed that 
the reasons for requiring special precautions are 
understood and agreed upon. These precautions are 
based on recommendations of the International Com
mission on Radiological Protection, which has re
ported on the biological aspects and has published 
values of quantities for isotopes that may be consid
ered hazardous. Thus quantities of radioactive ma
terial that introduce the possibilities of exceeding the 
values listed by the committee require planning so that 
they he handled in compliance with requirement No. 1 
above. 

Where small amounts of radioactivity are employed, 
there is usually the desire to carry out fine, accurate 
tracer-detecting work, and here extraneous radio
activity or cross contamination can interfere and, i!l 
many cases, make tne results worthless. This type of 
contamination is referred to as "technical contamina
tion" and is the important basis for design in comply
ing with requirement No. 2. 

The individual opinions under No. 3 as to where a 
compromise is to be drawn will vary from situation 
to situation, with many factors influencing the con
siderations. The choice of geographical location has 
been considered an important factor in the initial plan
ning and this has been used to great advantage in the 
early developments in the United States by locating 
the work in remote sections of the country. This 
method of simplifying some of the problems cannot 
be extended indefinitely nor to all areas where radio
active work is desired. To analyze ·the problem of 
laboratory handling of radioactive materials, with the 
three requirements as guides, one should consider the 
following 'factors : 

l. Liability: _workers, community, local property, 
sewer systems, rivers, etc. · 

2. Technical aspects: work room, air ventilation, 
proper equipment, decontamination plan, disposal sys
tem, and storage. 

3. Economics : original cost of building, lahora
tories, equipment; operating costs of waste disposal, 
laundry, decontamination, special clothing, blower 
systems, heating systems, continuous inspection, sam
pling and analysis. 
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All these items are so interlocked that all should be 
analyzed before drawing final conclusions. After an 
evaluation has been made it is possible to choose 
wisely the equipment and procedures for a chemistry 
labor~tory. 

Before we examine the kind of precautions neces
sary and the systems employed to achieve these pre
cautions, let us take a brief review of the evolution of 
radioactive laboratory equipment and procedures. 
When radioactivity was first produced, little knowl
edge of its characteristics and behavior was available. 
Work of necessity had to be carried out in the equip
ment on hand and precautions were based on simple 
expedients to protect the worker. Hoods were used 
with increased flow of air to make sure contaminated 
particles were carried away from the chemist. Through 
the use of tongs distance was employed to furnish 
protection; some remote handling systems were hasti ly 
put together. Special clothes proved to be necessary, 
with shoe covers and masks in some cases. After the 
work was completed, not only the work area was con
taminated but also the ducts and sewers; these items, 
plus roofs and environs, were monitored with such 
portable instruments as could be made, for none was 
available commercially. It proved necessary to learn 
about decontamination and put such knowledge to 
e..'<tensive use. Then the first improvised tools were 
improved and developed into manipulators and mas
ter-slaves; efficient caves were designed and built, and 
special materials were employed to facilitate decon
tamination. Air filters ·were developed to limit the 
amount of activity that could escape to the atmosphere, 
and many improvements were made in remote con
trolled devices. It soon became necessary to have a 
special laundry for the "hot" clothes. Certain limits 

. had to be established, denoting the area in which 
radioactivity was to be confined : a portion of the com
munity over which control and monitoring were to be 
carried out, including the sewer system, might be des
ignated as the "laboratory." The selected "hot" region 
might be a whole building, or only one laboratory, but 
in any event a clearly defined locale was established 
in each case. This manner of proceeding and thinking 
has been the approach taken in solving the problem 
at many of the sites in the United States, where excel
lent work has been done almost without incident of 
injury from radioactivity. 

If the present laboratories were called on to describe 
their policies and equipment for handling radioactivity 
problems, there would seem to be no general agree
ment; however, an analysis of such reports would 
indicate that all could be classified under digressions 
from or variations of two fundamental philosophies. 
The e..xtremes of these two systems have been referred 
to as the Concentrate and Confine, or CC, system, 
where total control is accomplished by total enclosure, 
and the Dilute, Disperse and Decontaminate, or DD, 
system, which provides for working in contaminated 
areas with the control achieved through employing 
dilution, dispersion and decontamination of radio
activity as indicated in the title. 

Ventilation is one of the most important factors 
that enter into the design and use of chemistry facili
ties for radioactive work. Inescapably tied to the 
ventilation considerations are the air cleaning aspects. 
Basically, the building which houses the radioactive 
work should be pressurized, and the flow of supplied 
air in the building should pass from halls to offices 
to laboratories. The ideal arrangements of exhaust 
ducts provide foi; each laboratory room to discharge 
its air to the outside, employing exhausters to insure 
the correct rate. This system avoids the possibility 
of dispersing contaminated air from one laboratory to 
another, a situation which might arise where inter
communicating systems are in use. The ducts them
selves should be made of material both resistant to 
corrosion and least likely to adsorb radioactivity. Plas
tic pipe or plastic coatings on ordinary piping material 
have proven most satisfactory. New and improved 
plastics are constantly being submitted for test and it 
seems certain that ducting will ultimately be some 
form of plastic. In most cases the building intake air 
should be cleaned, and experience has shown that the 
cost of this will more than pay for itself in many 
ways. The proper planning of air handling facilities, 
when used in conjunction with thoughtfully designed 
and employed equipment to confine radioisotopes, 
should eliminate the necessity of the average labora
tory being confronted with vast volumes of contami
nated air requiring huge filter banks and high stacks. 
Then, too, a hood containing a truly efficient filter 
requires much power for maintenance of a reasonable 
air flo w. Furthermore, if filters are necessary, it is 
presupposed that radioactivity will be discharged, and 
this act will obviously result in the conta!11ination of 
the hoods and filters, with periodic dirficttlties. 

A hood requires an air flow of from 600 to 2200 
cubic feet per minute ( cfm) , depending on its size. 
Where the Concentrate and Confine system has been 
employed, using boxes as the basic enclosing unit, 
adequate air flow for practically any laboratory chem
ical operation is a 5-12 cfm stream. This air can be 
cleaned rigorously and economically right at the box, 
and the relationship of this air to that of the building 
supply, heating system, etc., is simplified, as is the 
ducting. In special cases the supply to the box may 
be a noble gas or other special requirement. There are 
possibilities o[ economies in recirculation of ai1·, and 
in some cases involving box systems, the recircula
tion has been combined with scrubbers, condensers• 
and filters to achieve the desired results. Electrostatic 
precipitators have appeared to offer an attractive 
means of cleaning particulate matter out of the dis
charge, but there have been difficulties in actual op
eration, and this system has not been widely employed 
in the United States. 

There is a trend towards making filters for ex
haust air almost entirely of glass fibers of various. 
combinations of sizes to meet the individual problem. 
Particulate filters for chemical processes may require 
special material such as sintered nickel or membrane· 
plastics. 
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There is frequently a desire or a demand to monitor 
room air or exhaust for radioactivity. Although an 
installation may be designed for safe operation, a 
verbal assurance is not sufficient and it becomes neces
sary to demonstrate with instruments that there is a 
negative reading. T here is no easy, reliable system 
available for determining promptly !ow levels of air 
contamination. The presence of chemical fumes and 
natural radon and thoron presents extra complica
tions to a difficult problem. Several approaches to the 
solution have been employed with varying success. 
Parallel electronic units, assaying simultaneously the 
air to be tested and air known to be free of laboratory 
contamination, have been satisfactory in some installa
tions. Large ionization chambers will serve for short 
periods, but they build up internal contamination that 
is not readily removed. The practice in practically all 
laboratories in the United States where air sampling 
is carried out is to draw known volumes of air through 
special filter papers and to allow a decay period of 
two days or more before counting. 

In every laboratory, the arrival of actual radio
active material presents the problem of whether it is to 
be stored in the individual laboratories or placed in a 
central storage vault, if available. Although it was 
originally thought that small users could treat this 
problem casually, it has been proved that in most 
cases, central storage faciUties are justified for a num
ber of reasons. In considering this along with the 
other points, it might be well to make a rough classi
fication of the quantities of r adioactivity that one might 
expect to find in laboratories according to the follow
ing listing: 

Location Use Sizt 
AEC sites Manufacturing and 

process ing Large 
Factories Industrial applications Medium 
Universities Research and production Medium 
Hospitals Medical appl ication Medium 
Small laboratories Investigations Small 
Individual physicians lncliviclual treatment Small 

The large and medium sized users save laboratory 
space and find it more economical to provide one cen
tral facili ty rather than a number of small storage 
locations. At the. same time this plan prevents the 
accumulation of radioactivity in the individual labora
tories with the increased possibility of contamination. 
Also, where !13 1, Co~0 , Na24, Ra226 and other such 
gamma emitters are used, the background for counting 
can be influenced and cause trouble if not properly 
cared for. Even many of the small users have found 
it desirable to provide special storage facilities. 

Some large users have installed complex systems, 
such as lead turn-tables and remote controls to select 
and remove the desired material. Most storage facili
ties consist of horizontal chambers or drawers in 
heavy shielding material, or vertical tubes into a shield
ing pit where containers can be lowered, either man
ually or with a crane. 

The containers themselves are made up in a large 
number of styles to meet the individual requirements. 
Standardization of these containers,is becoming more 
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and more possible, which is desirable, as it offers 
many advantages. One st1ch container that is used 
extensively is shown in Fig. 1 ; it is available with 
one or two inches of lead shielding. Where short
lived isotopes must be transported long distances, re
quiring air travel, containers of uranium are em
ployed, since they are economically justified due to the 
saYing of weight by the sixty per cent superior shield
ing of uranium compared to lead. 

All areas where radioactivity is worked must be 
capable of undertaking proper monitoring, for this is 
not only an important part of laboratory procedure 
but is compulsory, since no one can be licensed to 
obtain radioisotopes unless specified conditions are 
met. The details of monitoring routines have been 
thoroughly covered over the years and the latest de
velopments will be presented in other papers at this 
conference. In general, the laboratory policies in the 
United States consider that for the medium and small 
users of radioactivity, portable instruments and film 
badges provide adequate detection. For the large users, 
these are augmented by pocket dosimeters and hand
and-foot cot1nters wherever advisable. I n those cases 
where radioactivity may be discharged up stacks or 
into sewers, these items are monitored to make sure 
that hazardous levels do not develop. These routines 
are quite standard. 

The disposal of radioactive waste is receiving much 
attention. Usually consideration begins after the was.te 
has left the production channels or laboratory. P r oper 
planning of the process and of laboratory procedure 
can greatly simplify the problem. Regardless of 
whether the waste is to be stored for a decay period 
or packaged for burial in the land or at sea, the volume 
of the waste is the important factor. Since all radio
activity must surely be a small physical unit in the 
beginning, the ultimate volume of waste is dependent 
upon the care taken in planning for a minimum in
crease in volume. An example of this will be given 
in a specific case discussed later. 

The decontamination problems vary with the dif
ferent laboratories, depending on their philosophy and 

Figure 1 
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the possible presence of a health hazard, a technical 
requirement, or interest in the economical recovery of 
equipment for reuse. All laboratories have made a 
great effort not to use--in active areas- any materials 
that ~~·ould be hard to decontaminate. Covering of 
some kind is being used more and more, whether on 
equipment or on personnel. Several years ago it was 
believed that strippable coatings could be sprayed onto 
surfaces to furnish an easy means of decontamination, 
but this method is not widely used. \i\There the "Dilute, 
Disperse and Decontaminate" philosophy is prac
tised, shoe covers and clothing are furnished and are 
decontaminated in a special laundry. Decontamination 
procedures vary with the isotope and chemical form 
involved; washing with solvents, acids, bases and com
plexing agents meets most requirements. Installations 
of ullrasonic decontamination show great promise. 

Although house vacuum systems are provided in 
most laboratories, there is a policy to employ indi
vidual vacuum pumps where radioactivity is con
cerned. This prevents the accumulation of radioactive 
contamination in vacuum pipe lines throughout the 
building; the discharge from the individual vacuum 
pump is filtered. 

So far there have been listed most of the general 
factors that receive consideration in planning for 
chemistry with radioactive materials. Most sites have 
met all of the requirements successfully with the Di
lute, Disperse and Decontaminate approach. Their in
stallations are described in the many publications avail
able for reference. It seems appropriate at tl1is point 
to illustrate with a specific example how the various 
problems are solved by the Concentrate and Confine 
philosophy, as practised at the University of California 
Radiation Laboratory. 

Assume that a chemical problem is to be carried 
out involving material such as fission products, with 
1000 curies of beta-gamma activity, and 100 curies of 
alpha-emitting substance. The confined space would 
be provided by a metal box maintained at a negative 
pressure of approximately one-quarter inch of water. 
The air to the box would be recirculated, passing 
through scrubbers, condensers and filters . Leakage, 
outgassing and· process fumes can be expected such 
that approximately 0.03 cfm will have to be discharged 
to the atmosphere to maintain the negative pressure. 
Any radioactivity carried by this excess air, after its 
scrubbing, condensing and first filtering, is removed 
in a second and third filter, leaving essentially no 
particulate radioactivity to be discharged to the at
mosphere. 

Noble gases will not be removed in this cleaning, 
but the quantities present can be calculated or esti
mated by monitoring, and if the presence of their in
significant percentage of the discharge should intro
duce possibilities of trouble, the exhaust air is trapped 
in an evacuated tank. 

The boxes are made of sheet metal and provide a 
work space of about a forty-inch cube. The inside is 
finished with a chemically resistant paint, covered 
with a polyethylene lining to facilitate decontamina-

figure 2 

tion. T he heat from lighting and processes is not 
removed by the air circulation, so a portion of the 
side walls is jacketed for external water cooling. Light
ing is supplied through a top window and a front 
window of one-quarter inch safety glass, which gives 
a good view of the work area. The front also has two 
plastic accordion-pleated sections ( usually 0.040 inch 
vinyl) to allow for the free movement of the ball-and
socket or castle manipulator. The plastic fronts are 
attached to plastic pleated sleeves, which cover tong 
shafts, introduced from the front through the ball-and
socket or castle manipulator. The tongs can be con
nected to a desired tong head from a stock of same 
within the box. Equipment to he used in the particular 
chemical process is selected and installed in the box, 
and the box is rolled into place behind the cave wall. 

\1/here the process may require space i1:1 excess of 
one box, two or three will be set up and interconnected 
behind the cave so that items can be passed from one 
to the other. Figure 2 shows an installation of the 
type described. The six inch lead front of the cave 
provides three working faces, each with manipulators 
and a shielding window of twelve inch thickness, made 
of high density (6.2) lead glass. The sides of the cave 
consist of thirty inches of concrete, and a concrete slab 
on the top can be controlled to eliminate shine. Since 
the air circulating system for the work boxes can ac
cumulate considerable radioactivity, a ventilation box 
is provided for each work box. The three boxes shown 
hold the ventilation control equipment for the work 
boxes that are installed in the cave. 

Through the bottom of the boxes a six-in.-diameter' 
plastic connection leads to a plastic waste container 
that may be imbeddcd in concrete. As the work pro
gresses, waste is discharged into this container, and 
at the conclusion of the operation the plastic sleeve 
can be heat-sealed without opening. With the sealed 
sleeve pushed down the addition of a small amount 
of concrete will make the waste well prepared for any 
disposal. Thus we see that the air discharge and the 
waste are handled without release of radioactivity. 

The p rocesses set up within the box can be any 
standard chemical operation-dissolving, evaporation, 
extraction, distillation with jackets, centrifugation, 
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etc. Also, mechanical operations such as milling or 
hydraulic pressing have been carried out in boxes. 

The cave and all the related equipment are designed 
to be mobile so that the entire unit can be disassembled 
and put together in a new location or to meet special 
circumstances. 

The same principles described for these higher ra
dioactive levels can be applied easily to work requiring 
two inches of lead shielding and even more simply to 
work where protection is provided by rubber gloves. 
For the lower levels the closed work space may be a 
slightly smaller box so that the area may be reached 
by a man working in 27-in . rubber gloves. The equip
ment inside is standardized; hot or cold baths, rotating 
r eagent racks, small glass hoods for immediate local 
activily capture, stirring devices, centrifuge equip
ment can all be taken from stock and assembled in a 
reasonable time. Heating is accomplished either by 
induction, hot plates, resistance furnace or heat lamp. 
Although work employing a flame has been done in a 
box, this act is to be discouraged. Metal parts arc 
usually made of aluminum, brass or stainless steel with 
a phenolic resin spra)' coal baked on. S imple pieces 
such as racks that will not justify decontamination 
are made of plywood and painted with a chemically 
resistant painL 

Items to be taken from the box are passed out 
t hrough a plastic sock which is heat-sealed by high
frequency current. Here again, no radioactivity is 
released. 

1\1any who C.'taminc this Concentrate and Confine 
a pproach to the handling of radioactivity form a hasty 
conclusion that the special equipment and exacting 
installations will result in a more expensive operation . 
To make a fair appraisal it is essential to see how this 
philosophy meets the original requirements set down 
earlier. Except for accidental spills the liabilities men
tioned are almost eliminated. The technical contam
ination is controlled to any degree desired. The orig
in:il cost of the buildingi; and lahor:itories is much 
lower by actual experience, and through the elimina
tion of laundry and clothing, change rooms and loss 
oi workers'. time, economy in heating and ventilating 
and greater use of laboratory space, the system has 
more than paid fo r itself. A n advantageous by-product 
develops with an increase in the efficiency of the work
ers, since there is no restricted area where smoking 
or eating is forbidden. 

It is a popular pastime to make predictions as to 
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the levels of radioactivity that can be expected on the 
surface of the earth in future periods. In every case 
many assumptions must be made to arr ive at any ap
proximation, but one exact point from which to start 
is that for every megawatt of energy produced by 
fission, an equilibrium stale of fission products of 1030 

radioactive molecules will be approached. If one as
sumes that there will be 10° megawatts operating by 
the year 2000 and that our over-all confining efficiency 
for these fission products is 99.99%, it can be seen 
that an even distribution over all the land areas 0£ the 
earth will give a fairly active deposition per square 
yard. F urther assumptions that an average half-life of 
100 years can be used for the deposition and that 
nearly 10 per cent of the deposition is strontium-90, 
the uptake of activity for man directly and indirectly 
through concentration in food at levels existing fifty 
years hence will quickly exceed the amount now con
sidered hazardous as a body burden. 

One group today takes the attitude that we can 
afford to be careless now, as there is no immediate 
prospect oE dangerous levels and that when the back
ground does present a hazard, controls will be intro
duced promptly. It seems much more likely that it 
will require the fifty years for us to develop the ability 
to confine a nd concentrate this radioactivity to better 
than the 99.99 per cent, regardless of what techniques 
are developed or what useiul applications it may be 
put to. With the many thousands of workers actively 
engaged with radionctivity, even a small additional 
daily contamination of long- or short-lived isotopes 
on top of an ever-increasing background may be suffi
cient at some time to throw the values into a hazardous . 
category. · 

It does not matter what assumptions one chooses 
to make if we cannot arrive at almost perfect confine
ment; the results are the same and only the date when 
trouble will occur will change. 

\Vith the strong desire and need for nuclear power 
throughout the world being stressed at this time, it is 
qui te natural that this control of radioactivity receive 
the attention that it requires. Many who are familiar 
with the various problems recognize that the ability to 
confine radioactivily may be the deciding factor in 
how successful the broad use of nuclear power may 
be. Certainly international agreements will be neces
sary if nuclear power and the use of isotopes are to 
assume safely the important role in human existence 
now contemplated. 



Hot Laboratory Facilities and Techniques 
For Handling Radioactive Materials 

By S. E. Dismuke, M. J. Feldman, G. W. Parker and Frank Ring, Jr.,* USA 

This paper will discuss some of the hot laboratory 
facilities and techniques for handling radioactive ma
terials. The configurations of the laboratory building 
and shielding structure, the remote operating con
trivances and some of the more inte1·csting operations 
will be explained. 

In a broad sense, the term "hot laboratory" would 
include a suitable building with shielded working fa
cilities for safely carrying on basic research, develop
ment work, and in some cases fabrication, disposal 
facilities for radioactive wastes, and the necessary 
remotely operated tools and handling devices. The 
"hot laboratory" is called upon to handle remotely and 
with the same degree of precision the development, 
testing, and experimental work usually done in the 
normal development laboratory. To list several kinds 
of hot lab9ratory in-cell work we have :1 pilot plant 
chemical processes; metallurgical tests, such as pro
file, hardness, impact, tensile and the preparation of 
metallographic specimens ; process and sample analy
sis relative to specific gravity, viscosity, acidity and 
composition; and general machine shop operations 
(l~the work, drilling, milling, cutting and grinding). 

CELL WORKING ENCLOSURES 

Structure 

In general, the designs of hot laboratory facilities 
are based on protection against gamma radiation and 
the hazards of contamination from airborne particles, 
vapors and liquid penetration. Hence, the laboratory 
work is done inside protective walled enclosures called 
cells or caves. Since mass with high density provides 
shielding against gamma radiation, the cell walls are 
constructed of lead, steel or concrete.2 For a tempo
rary enclosure, lead bricks are stacked up. The con
crete enclosure may consist of stacked solid block or 
poured concrete. Barytes or some other heavy aggre
gates may be used in the concrete mixture to increase 
the density of the concrete structure and thus provide 
greater shielding value for a wall of the same thickness. 
It is very important that a shielding wall be uniform 
in thickness, have no voids and be homogeneous in 
composition so that the protective barrier has no weak 
places from the standpoint of radiation leakage. 

In present day cell structure, lead and steel wall 
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thicknesses vary from 3 inches to 12 inches. Concrete 
walls vary from 2 feet to 6 feet with the most common 
wall thickness now being 3 feet. 

Where chemical development, with the probability 
of corrosive and radioactive spills and vapors, is car
ried on, stainless linings are frequ.ently used in the 
interior of the cells. All welds on these linings must 
be sound and ground smooth. Where only dry type 
work is done in the cells, a stainless steel floor with 
stainless steel cove base is used. The concrete walls 
are painted and sometimes coated with a strippable 
plastic to facilitate removal of deposited contamination. 

Services 

Services should be readily available at the cell face 
and the controls should be arranged to be within the 
reach of the operator. Depending on the work to be 
done, services such as air, steam, gas, power in sev
eral voltages, water, vacuum, etc., should be installed. 

Cell Wall Penetrations 

The handling of radioactive materials and the set
ting up and operation of remotely controlled laboratory 
devices requires that the barrier walls and roof struc
tures of totally enclosed cells be penetrated with ac
cess tubes with stepped dian1ctcrs, manipulator holes, 
spiral pipe and wire holes, large rectangular and cir
cular window framings, stepped access doors, roof 
plugs and transfer devices. 

Where lower levels of radiation intensity permit, 
the cells may consist of barrier walls with open tops. 
\/\Tith this arrangement "over-the-wall" access elim
inates the need for most or all of the above mentioned 
penetrations. 

Ventilation 

Totally enclosed cells should always be ventilated 
to the e.xtent that the pressure within the cell is lower 
than all adjoining areas. This insures that air leakage 
will be into the cell and eliminates the possibility of 
personnel being exposed to airborne contamination. 
The number of cell air changes per given time is con
tingent upon the amount of contaminated fumes gen
erated within the cell and the type of cell enclosure. 

For open top cells and hoods, ventilation must be 
arranged to insure a draft of air into the enclosure 
and away from the operator. 
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All ventilation and off-gas should be filtered before 
being exhausted to the atmosphere in order to remove 
all contaminated particles. 

Viewing 

To date, four methods of viewing the hot area be
yond the barrier wall have been devised and all are in 
active use. 

The simplest, the mirror, is used C.'Ctcnsivcly for 
viewing over the barrier wall. Where applicable, it has 
the advantage of low cost and the disadvantage of 
reversed images at apparently greater distances. 

Periscopes arc in use in both open top cells and 
totally enclosed cells. For open top cells (over the 
wall viewing) lhe periscope is generally in the form 
of a large inverted "U." When used for viewing the 
interior of a totally enclosed cell, the periscope is 
usually pointed at the corner of the cell interior and 
a hinged mirror controlled from the outside of the 
cell is used to scan the cell horizontally. Rotation of 
the periscope tube enables some vertical scanning. 
Some periscopes are equipped with special optical 
devices such as adjustable eyepieces and auxiliary 
lenses to increase the effectiveness of the instrument 
(see Fig. 1) . 

Window viewing is considered the best type for 
viewing operations within hot cells. This type affords 
direct viewing. These direct viewing windows may 
vary in configuration from cylindrical ports to large 
tanks. T he viewing media may be regular or high 
density glasses or heavy transparent liquids. Cerium 
bearing, non-browning glass having a specific gravity 
of 2.4 or 80% solution of ZnBr2 with a specific gravity 
of 2.4 is compatible with regular concrete cell wall 
constmction. Lead bearing glass with a specific gravity 
of 3.3 is compatible with barytes aggregate concrete 
cell construction. Lead bearing glass with a specific 
gravity of 6.2 is employed in connection with steel 
wall construction. 

Both liquid and glass type Yiewing media are usually 
built into a steel enclosure tank which is cast or grouted 
into the barrier wall. The cover plates, that is the glass 
surfaces at the hot and cold sides, are ma<le of plate 
glass. Usually two sheets of one inch thick glass 
laminated with plastic is used. The plate glass at the 
hot side is the non-browning type, while that at cold 
side is regular plate glass. 
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figure, 2. S«tion through glon rodialian window showing four slobs 
of 3.2 don,ily g laH, th• ,tepped la nk coiling o nd the packing 

around the window 

The glass r adiation protection windows are usually 
made up of one or more 4 inch to 9 inch thick slabs 
with a liquid such as mineral oil or zinc bromide in
troduced between the surfaces of the slabs to reduce 
interfacial reflections, thereby increasing overall view
ing efficiency (see Fig. 2). 

Attenuation of the light through liquid or glass 
type viewing windows is quite high. Glass windows of 
3 foot thickness have a transmission efficiency of 
25 to 40 per cent. These relatively low transmission 
effici encies a re somewhat compensated for by very 
f1igh lighting intensity within the cell. 

The liquid window, compared to the equivalent 
glass window, has many advantages and several dis
advantages. The liquid zinc bromide solution winclow 
costs al>out one-half as much as an equivalent glass 
window. F or close work the optical homogeneity of 
the liquid window is advantageous. The window tanks 
must be leak tight; and the all metallic surfaces ex
posed to the solution must be protected against the 
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Figure 1. Throu9h 0 woll peri:Jcop• showing orrangcm•nls of mirror 
control, !en, Interchange and figh t poth 
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zinc bromide corrosive action which might cause leaks 
or develop discoloration. Of prime importance in the 
choice between liquid or glass filled windows is the 
fact that an accidental break in a solution filled window 
would . immediately reduce the shielding between a 
source·and an operator. An equal occurrence with a 
glass filled window would reduce its usefulness as a 
window but maintain its shielding value. 

The liquid and glass window materials referred 
to above have a high inde.x of refraction. This enables 
the observer to look into the window diagonally from 
the side and see objects that are out of the normal 
line of sight in the cell at the side of the window. How
ever, with large angles ( over about 50 degrees from 
nom1al ) there is some distortion. 

\Vired television has been used to a limited extent 
for cell viewing. Binocular viewing is used to give 
some depth perception. To date, television has been 
used mainly for monitoring at considerable distances. 

Cell Lighting 

In open top cells, the lighting used is usually in
candescent with reflectors to give in the order of 50 
foot candles of lighting intensity at the working sur
faces. Spot illumination is used to light individual 
pieces of equipment when necessary. 

Totally enclosed cells arc usually equipped with 
sodium vapor or mercury fluorescent units. Due to 
the high attenuation of the viewing windows, it is 
good practice to illuminate to a level of about 400 to 
500 foot candles. 

The sodium vapor light is especially suited to in
cel! lighting since it docs not cause spectral dispersion 
which is prevalent with incandescent type of lighting 
when viewing through thick liquid or glass radiation 
windows. 

Manipulators 

The manipulator may be defined as a tool or device 
for extending the operator's movements to some dis
tance. These devices can multiply motions and forces. 
The simplest manipulator is probably a plain pair of 
tongs providing distance protection of from one to 
several feet. 

The more complex manipulators are of three types; 
namely, mechanical, electric and hydraulic, or any 
combinations of these three. 

The ball socket or cylinder disk type manipulator 
is one of the more widely used types ( see Figs. 3 and 
11 ). This type consists of a set of tongs on one end 
of a 3-foot to 5-foot t ube with a trigger or squeeze 
hand actuator on the other end. This tube is inserted 
through a ball mounted in the shielding wall. Motions 
along polar coordinates can be obtained by swinging 
the tube in any direction and by sliding the tong tube 
in and out of the wall unit. Tong rotation can be 
obtained by twisting the master end of the tube. 

Several types of pantograph manipulators have been 
widely used. One type, known as the ANL Model 4 is 
used in cells which are not totally enclosed. In this 
type, the manipulator enters the cell through an open-

Fig i, r• 3. Stdion through shielding well showing boll socket monipv~ 
lotor 

ing in the roof. See Fig. 3. Another variation of this 
manipulator, the ANL Model 8, enters the totally 
enclosed cell through a hole which is located high 
in the front cell wall. These pantograph types faith
fully reproduce the operator's shoulder to finger mo
tions. They also provide a good feedback of feel to 
the operator. Their rated capacity is 5 to 10 pounds. 

Electrically actuated manipulators are also used. 
Some of the larger, higher capacity types are con
trolled by elaborate consoles. The electric types are 
generally classed as rectilinear, since their slave mo
tions are confined to the X, Y and Z coordinates. Their 
design is somewhat like a bridge crane ( see F ig. 4). 
The track is mounted on the front and rear walls of 
the cell. Most types provide, in addition to the X, Y 
and Z motions, tong gripping, wrist rotatipn, elbow 
swing and shoulder rotation. Their capacity may be 
as high as 750 pounds vertical lift. Tong squeeze is 
frequently electrically indicated to the operator by 
sound, lights or ammeter dial pointer position. 

An electric servo actuated manipulator has been 
developed in which master and slave motions are pro
portional. Some work has been done on hydraulic ac
tuated servo manipulators. 

In the following several sections, hot laboratory 
facilities for carrying on radiochemical and hot metal
lurgical work will be discussed. 

THE RADIOCHEMICAL LABORATORY 

Since hot laboratory work has become common to , 
all types of research work, it is natural that a certain 
degree of specialization should become identified with 
each general field. 

Many design features become associated with the 
scale and production demands of a hot laboratory 
facility.3 Thus, we find radiochemistry performed on 
as many as five or more distinct levels at a single lab
oratory site. For example, these may be listed as the 
bench laboratory, the hot analytical laboratory, the 
radioisotope research and development laboratory, the 
radioisotope production laboratory and the chemical 
engineering research and development pilot plant. 
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figure 4. The interior of a hot cell which is used at Oak Ridge Na~ 
tional Laboratory for solid state and metallurgical work Is shown 
with an electric rectilinear manipulator which travels on the wall 
mounted roils. At the right side of tho photogroph arc ,hown tho 
sodium vapor lights, the interior of the liquid radiation window and 

the spot lights 

Beyond this, there are innumerable specialized 
fields; however, a few features characterize to so:ne 
extent all hot radiochemistry in contrast to physics 
or metallurgy. Important among these is the exten
sive design for containment of liquids, the general use 
of fluid transfer as in piping, tubing, etc. with its 
associated hazards, the constant danger of corrosion 
from varied chemicals, and the biological hazard of 
volatile radioactive fumes. 

In order to attain the most nearly satisfactory bal
ance of design features, the hot laboratory should 
conform wi1hin the scale of intended operation to 
an optimum in such criteria as : freedom in choice of 
chemical methods, maximum biological shielding and 
adequate contamination control. 

The provision for many varied chemical systems in 
the hot laboratory is required to make the greatest 
possible use of the facility. 

It is assumed that design should afford protection 
of personnel from penetrating radiation on the basis 
that any exposure which can be avoided is too much. 
The problem of contamination in invalidating tech
nical data goes closely with the safeguard against 
ingestion and inhalation of radioactive materials. 

Building Design for Performing a Wide Range of 
· Radiochemical Operations 

The accompanying sketches, Figs. 5 and 6, serve 
to illustrate the methods of radiatio\1. level zoning and 
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controlled air flow planning.4 In Fig. 5, a floor plan, 
the isolation of the Hot Arca is provided by separating 
it from the cold area by one or more low or inter
mediate level zones. The cold areas, which are at a 
higher air pressure, thus help to confine airborne dust 
or fumes to the hot areas. \i\Then limited air condi
tioning is involved, it often becomes necessary to in
terconnect the supplementary air systems so that the 
desired controlled air flow is obtained. 

In Fig. 6, the section in elevation illustrates the 
principle of down-draft ventilation used in hot cells 
and hoods, providing at the same time for shielding 
of contaminated ducts and ease in hosing for decon
tamination. Figure 7 illustrates some details of the 
hot cell design, such as the high degree of access, 
the elaborate design for contamination control such as 
the opening in-to-the-cell glass doors between the 
heavy outer lead doors, the plastic coated stainless 
steel interior liner and the extensive viewing equip
ment. Since the cells may extend into both the base
ment and second floor crane-bay area, unusual cell 
heights may be obtained. By using 3 feet of a barytes 
base concrete of specific gravity 3.2, it was possible 
to gain the shielding value of four and one half feet 
of ordinary concrete. This effects a considerable ad
vantage in shortening the distance through the wall 
and hence the cost of the inward sloping sleeves and 
control devices. Another feature of the building de
sign includes a versatile system of plastic t1.1be trans
fer lines for the exchange of radioactive liquids be
tween underground tank storage and the cells. 

The special provision for extensive ion exchange 
work is indicated by the multiple unit bottle storage_ 
and sampling service, or vault-cave storage unit, and 
the associated shielded transport truck ( see Fig. 8). 

In the hot laboratory rooms, which are individually . 
isolated by the use of 24 inch concrete walls, inter
mediate scale work is performed in special-designed 
hoods (Fig. 9). ParticL1larly useful for routine wash
ing of contaminated glassware and small parts, as well 
as for disposal of hot waste is the hotsink in F ig. 10. 

Heavy handling in the building is by means of 
bridge cranes, a system of monorails, and heavy-duty 
electric lift trucks. 

TYPICAL RADIOCHEMICAL OPERATIONS 

Hoods and Glove Boxes 

The scale of radiochemical operations has become 
the dominant factor in the radioisotope research fa
cility. In a few cases, the scale is suitable for use of ' 
the isolation-box principle,5 a contamination control 
device, which requires that all operations be per
formed inside a· disposable plastic case. In general, 
however, this scale is far surpassed; although a typical 
laboratory hood is often used in a similar way. Of 
special importance in hood use for radioactive mate
rials is an increased air flow. This poses some prob
lem in connection with air conditioning; however, a 
minimum recommended discharge rate is about 2000 
cfm for an eight-foot hood or in excess of 100 linear 
feet per minute face velocity. 
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,._._ 
Figuro 8. l ,ar9e•s¢0lo hot .dorogo and multiple sampling facility for 

chromatographic ion-exchange processes 

The glove box principle for alpha contamination 
has been adapted to gamma emitters in varying de
grees of complexity.8 One variation is shown in Fig. 
11. In this type atmosphere box, radioactive solids 
which are easily airborne may be handled with some 
security even if they must be shielded from atmos
pheric moisture. 

Hot Cell Opera tions 

In some cases, hot cells have been equipped with 
standard laboratory glassware arranged for a specific 
chemical sequence. Of such a nature is the process 
shown in Fig. 12 for chemical dissolution of irradiated 
metal and further processing through standard .op
erations such as solvent extraction, metathesis, pre
cipitation, etc. A particular necessity in this type of 
sequence is some dexterity by the operator as well as 
various safety control devices to prevent hazardous 
spills. Usually ion-chamber monitoring is required 
to check the location of radioactivity in the cell and 
a more sensitive device is always placed near the 
operator. 

Chemical steps which produce volatile r:idioactive 
fumes such as the halogens, ruthenium, or airborne 
sprays r equire an extra ventilation provision for the 
cells. It has become the rule in this case to designate 
a minimum negative pressure of l to 2 inches of 

Fi9 ur1t 9, Adaptation of a fume hood for radiochemica l use 
•' 
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water for an essentially closed cell in addition to a 
minimum face velocity of 200 feet per minute for 
necessary openings such as access doors. Primary 
confinement of active fumes is provided by a negative 
pressure off-gas system of 30 inches of water. 

A typical cell arrangement for small scale ion-ex
change separation is illustrated in Fig. l3. In this cell, 
no spt:cial bottle handling facility has been provided, 
therefore, the individual bottles must be removed from 

lhe bottle changer device by means of long longs. Later 
designs utilize a tray system for twelve bottles which 
are handled'by automatic devices.7 

An approach to pilot-plant scale equipment is shown 
in Fig. 14. In this case equipment and piping con
form to nearly standard practice while valving and 
control instrumentation are adapted for remote op
eration by means of long extension handles through 
the cell walls. 
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In all cell work, contamination-control and provi
sion for decontamination are of vital importance. 
Stainless steel is considered the standard material of 
choice; however, more economical materials such as 
resin coatings on steel or concrete, porcelain enamel, 
weldable plastics, etc. are widely used. Decontamina
tion studies8 assist in making this selection. 

Special significance is attached in all radiochemical 
operations to a prior shake-down program to indicate 
operability of equipment, to afford opportunity for 
leak correction, and to prove chemical yield before 
moderate radiation levels are introtluce<l. This is a 
final safeguard against unforeseen difficulties. 

THE SOLID STATE HOT LABORATORY 
Solid state physical and metallurgical investiga

tions concerned with the effect of nuclear radiations 
on the properties of solids require hot cells consid
erably different from those used for handling radio
chemical operations. 

The hot cell designer must keep in mind not only 
that the cells must be a little more than adequate, but 
also that costs should be kept as low as possible con
sidering both the initial installation and the long range 
operation. To provide · adequate cells, the following 
items nmst be kept in mind. 

Type of Material Handled 

The materials handled are solid for the most part, 
though etchant and cleaning solutions are used. There 
is a great variety of small test specimens such as 
tensile, notched impact, electrical conductivity, etc. 
There are also larger devices such as complete test 
assemblies that have been in a reactor, and parts of 
reactors themselves such as fuel elements. 

Type of Cell Equipment Used 

The type of equipment used should be commer
cially available, as far as possible, since the testing 
and exalllination equipment are about the same as 
that found in a physical and metallurgical laboratory 
where metallographic, tensile, impact, electrical and 
thermal conductivity, X-ray diffraction,' heat treating 
and other tests are made. 
1-: ~-. 
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figure 13. Hot coll for Ion-exchange processes 
•' 

S. E. DISMUKE et of. 

There is also a need for machine tools such as 
lathes, millers, saws, grinders, impact wrenches, etc. 
Most test specimens must be removed from the sealed 
containers in which they are irradiated. Irradiated 
test apparatus and reactor components are frequently 
disassembled for inspection and parts selected for 
further tests. Tensile, impact and other types of sam
ples may need to be made from selected radioactive 
material. 

The Biological Shield 

Shielding for gamma rays must be able to attenuate 
radiations from the most active sample handled in a 
given cell to about 8 milliroentgens per hour or less. 
The facility described here was designed to handle a 
fuel element, from a particular reactor, after about 
one week decay. 

Viewing Facilities 

Because of the wide variety of equipment to be 
used and the fairly involved manipulations that are 
necessary, large windows for direct viewing are con
sidered best. 

M::mipulators lo Handle the Rad:oactive Material 

Sample handling devices or 111anipulators must be 
versatile enough to remove the sample from a cask, 
rotate and translate it into any position in the cell for 
viewing or inserting into examination or test equip
ment. At times the manipulator should be able to lift 
the lids off casks which weigh several hundred pounds 
and handle samples weighing up to fifty pounds. Since 
there can be several manipulators per cell or different 
cells for different types of manipulation, not all of 
them need to handle the large loads. 

Control of the Testing and Examination Equipment 

Direct remote control of testing and examination 
equipment ranges from simple extension rods to com
plicated servo-systems. The development of sensitive 
master-slave type manipulators has, to a large extent, 
eliminated the problem of remoting all equipment that 
is put in a cell. Since remoting is frequently a costly 
and time consuming task, it must be considered care
fully. If a specific piece of equipment is used approxi
mately fifty per cent of the time or more, and direct 
remote controls will speed the operation, remoting 
is justified. At times commercially available equip
ment does not meet the specific requirements that hot 
cells place on it and so must be adapted for use in a 
hot cell; an-example of this is the polishing wheel for 
remote metallography mentioned later. 

Facilities for tlie Introduction, Storage a nd Removal 
of Radioactive Material 

Heavy lead-filled casks are used to transport radio
active samples, so means of handling them must be 
provided; this is generally done with overhead cranes 
or lift trucks. 

The introduction of samples into a cell is accom
plished usually in one of three ways. First, by placing 
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the sample carrier on the floor of the cell and remov
ing the sample with a manipulator; secondly, by 
placing the cask under the floor of the cell and draw
ing the sample up into the· cell; and third by holding 
the cask horizontally against the cell wall and pushing 
the sample into the cell through an access hole. Sam
ples can be removed in the same cask they came in. 

Sample storage outside the cells may be in either 
a water pit or a dry storage facility. The dry facility 
consists of pipes placed vertically in the ground with 
appropriate plugs for shielding. Storage in the cell is in 
casks or special enclosures mounted in the cell walis. 

Contamination Control and Waste Removal 

Contamination generally starts inside the hot cells 
from grinding dust, machine cuttings or from material 
rubbed or knocked off the active material handled. 
After a hot operation the manipulator is used, to store 
the samples in an appropriate container, to put the 
bulky waste material in another appropriate container, 

(generally a garbage can), and to collect the chips and 
dust by using a vacuum cleaner. Liquids are drained 
to an underground storage tank and disposed of later. 
The sample container, garbage can, and dust bag from 
the vacuum cleaner are removed from the cell before 
someone dressed in protective clothing enters to finish 
the job. In removing samples and scrap from the cells 
uncollected dust may be carried out of the cell to where 
it can spread. By wearing special protective clothing 
in the cell and removing these when leaving; and by 
using clean plastic bags to contain all contaminated 
equipment that is removed, the spread of dust is con
trolled. Frequent checking and cleaning of the areas 
around the cell entrances minimizes the possibility of 
contamination of the working areas. Equipment and 
containers are removed to special cleaning stations for 
further decontamination. 

There have been many approaches toward achiev
ing the aforementioned criteria; the one stressed here 
has been highly successful. 
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Building and Hot Cell Design 

The floor plan and section of the building and hot 
cells arc shown in Figs. 15 and 16. A three ton bridge 
crane covers the entire area north of the ,vork area. 
There is a storage area above the small rest room and 
north of the work area. The water tank is used to 
store hot materials for future use and to t ransfer 
samples from one cask to another. 

The hot cells are of two types. The first type has 
an inside Aoor area of 6 ft X 11 ft and a 12-ft ceiling 
with the cell floor 2 ft above the main floor level. The 
walls are made of a high density concrete. They arc 
3 ft thick up to a 6-ft height above the cell floor, where 
they are stepped back to allow for the manipulator 
tracks. Tht: roof is l fl thick and can ue removed in 
sections about 3 ft wide. 

The entrance for personnel is a hinged 6 in.-thick 
3 ton lead-filled door . The barrier between cells is 
steel 8 inches thick and 6 ft high. The rest o[ the inter
cell barrier is a 1-in. thick steel plate that may be 
lifted by a jib crane to allow the manipulators to pass 
from one cell to another. 

Viewing is done through 3 ft thick zinc bromide 
filled windows. The special glass inside the cell does 
not darken under gamma radiation as ordinary plate 
g lass does. I t is made of two 1-in. thick plates lami
nated together in sa[ely glass fashion. T he glass out
side the cell is built up the same way, except that it is 
o rdinary plate glass. 

The second type of cell utilizes an Argonne master
slave manipulator. The manipulator is essentially a 
three-dimensional pantograph working on polar co
ordinates with two fingers and a wrist. It is com
pletely counterbalanced and has low inertia. The 
maximum load is of the order of S pounds. 

figuro 15. Main Ooor plan of solid state building 

T he cell walls are 3 ft thick and made of a barytes 
concrete block held together with a lime-sand mortar. 
V iewing is through zinc bromide filled windows. E n
trance to the cell is accomplished by moving the back 
wall from the cell. T he back wall is mounted on wheels 
rolling on trach-s embedded in the floor . The in-cell 
floor is at table top level, about 42 inches above the 
main floor. It is a disposable ¼ -in. thick plywood 
board mounted on brackets. The 4-in. thick steel roof 
is 8 feet above the outside floor and has two openings 
through which the master-slave arms enter the cell. ,. 
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Figure 16. Stdion of building 3025 showing hol cells 

Barrier transfer and storage units have been placed 
in a ll of the iutcrcell barriers so that samples may be 
transferred from one cell to another or stored when 
it is necessary for workers to enter the cells. 

The operating area (Figs. 17 and 18) and loading 
area (Fig. 19) are separated purposely so that per
sonnel must go through a change room in moving 
from one area to the other. Since special clothing is 
always used in the loading area, and e..xtra spe~ial 
clothing is worn in the cells, contamination is thereby 
controlled. 

Some of the advantages of an in-line arrangement 
of cells are as follows : contamination is controlled by 
separation of the operating and loading areas, the 
elimination of some carrier use uy transferring sam
ples directly from one cell to another, a more efficient 
use of floor space and the ability to transfer the recti
linear ma;1ipulators into any cell when needed. 

Typical Operations 

Manipulator Operations 

The use of an extremely flexible manipulator such 
as the Argonne master -slave to control apparatus is. 

Figure 17. C•II operating oreo 
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Figure 18. Master-sieve cell operating area 

demonstrated in the use of analytical balances (Pig. 
20) . Standard two-pan balances have been success
fully employed, but the single-pan analytical balance 
is better in many ways ; the case needs to be opened 
only to insert or remove specimens; the balance 
weights can be changed by turning appropriate knobs 
with the manipulator. Some difficulty has been en
countered with balances using an optical lens since 
ordinary lenses darken under gamma radiation. 

Another example of manipulator control is the use 
of a toolmakers microscope for the measurement of 
sample dimensions, area reduction in tensile and 
notched bend tests, etc. A periscope is used to look 

Figure 19. Cell loading area 

Figure 20. Moster-slave operation of balance and microscope 

into the microscope. At times air or hydraulic speci
men clamps are remotely controlled, but all the other 
motions (i.e., focusing and table control) are easily 
done with the master-slave. 

Metallographic Processing 

The preparation of metallographic specimens in the 
hot cell is an example of a multistaged sequence opera
tion. Metallic components of reactors or portions of 
experiments irradiated in the various reactors are 
prepared for examination under the microscope. The 
metallographic process as a unit is able to handle sec
tions that are 15 inches long and 1 .½ inches in di
ameter. Samples larger than these limiting dimensions 
arc transferred to the machine shop cell9 where they 
are reduced in size. 

Initially the metallographic process from section
ing to examination and photography was operated in 
one ccl!.10 Recently, with the addition of an annex to 
the metallographic cell it has been possible to elim
inate the obvious disadvantages confronted in hav
ing mechanic,-il, chemical and optical operations in one 
cell. The shaded area in Fig. lS ( Cells 2 and 2A) 
houses the metallographic equipment. Figure 21 is a 
schematic presentation of the facilities and equipment 
which comprise the process. 

While the physical separation of the steps of sample 
preparation was motivate<l by a general incompati
bility, additional factors were involved. With the 
knowledge gained in three years of operating this 
type of equipment the mechanical phase ( cutting, , 
mounting, lapping, cleaning and polishing) of the op
eration can be conducted on a production basis. T hat 
is, for a particular metal a designated process with 
reference to abrasives and time o( operation can be 
scheduled with confidence that a properly prepared 
sample will be produced. The succeeding operations 
of etching, microscopy and photography require the 
skill of a metallographer. It was reasonable to sep
arate the two major steps of sample preparation in 
order to utilize fully the potentials of both the cell 
operators and the metallographers. Because of the 
delicate nature of research photomicrographic equip-
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EfCNING STATION 

Figure 21 . Schematic of metolloorophic pro«ouH 

ment it was advisable to separate the metallographers 
equipment into a chemical area for etching, and an 
optical area for microscopy and photography. 

The procedure is planned so that the radioactive 
metals which enter the annex are those which are 
contained in a standard l¾-inch bakelite mount. T his 
restriction in Lhe size and amount of radioactive ma
terial allowed the use of lighter shiekling than the main 
cell and also made feas ible the use of Argonm: master
slave manipulators. Doth of these factors contribute to 
a better utilization of metallographic skills in a re
mote operation. 

One notes that the addition of the annex to the 
metallographic ccll violates our philosophy of cell op
eration. Personnel operating the annex will be work
ing in the loading area. Because of physical and eco
nomic restrictions the only feasible location for the 
addition was in the loading area. Individuals using 
this facility do not have the freedom of movement 
which is offered by the working area, but the ad
vantages gained surpass the necessary restrictions 
which are imposed. 

If the samples are within the 15 in. X 1,¼ in. limits 
mentioned earlier, they are sectioned on the remotely 
operated cut-off wheel. Primarily the cut-off machine 
was designed to isolate specific samples of usable size 
from larger metallic sections. Of equal importance to 
the process is tbe surface imparted to the sample face 
by wet abrasive cutting. In terms of normal metallo
graphic preparation, the wet abrasive cutting is used 
to replace much of the abrasive paper preparation. 
Figure 22 shows the cut-off machine and controls. 

F rom the cut-off wheel the sample is transferred 
to the mounting press. Here it is molded into ~ 
standard 1¾-in. bakelile mount of approximately 
¼-in. height. During the mounting operation a 
thin fer romagnetic disc, l inch in diameter, 
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is placed in the top face of the bakelite cylinder. This 
disc has a number stamped on it so that, once mounted, 
the sample is permanently identified. The ferromag
netic disc is also used as a means of manipulating the 
sample. The diameter of the mount is a critical di
mension in the metallographic process. By cooling the 
plastic under pressure the cylinder diameter is held 
within tolerances of +0.000 in. and -0.001 in. on 
1.250 inches. 

The acxl step in the preparation of a sample is a 
lapping operation. A commercially available laboratory 
machine was easily adapted for remote operation. A 
h:ilf-ho11r cycle using an 800-mesh alumina abrasive 
in an oil vehicle is adequate to prepare the wet abrasive 
cut surface for fine polishing. \Vhere it is necessary 
to process samples whose surfaces are rougher, an 
extended lapping time can be used. 

Before transfer to the next polishing step the sample 
is thoroughly cleaned. The thoroughness of the clean
ing operation is a key to the successful remote prep
aration of metallographic specimens. Recently ultra
sonic cleaning was introduced into the process.11 The 
sample is hi:ld by a magnet and is transported in an 
a rc through the focal lines of a pair of transducers 
set at right angles. The sample is also rotated about 
its own axis as it passes through a pcrchloroethylene 
bath. As the s::imple emerges from the ultrasonically 
agitated bath it is deluged with fresh solution to re
move any adhering contaminants. 

Ultrasonic cleaning was ideal for adaptation to re
mote operation. The only essentials in the cell are the 

·~ . ... --
figure 22. Remotely operotod cut-off mochlne and its controls 
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' -I -~l 
rlgu,,. 23. In-cell portion of ultrasoolc ,pecimen d1oner 

transducers (barium titanate) and a simple transport
ing mechanism. The more complex components, the 
generator, the still, the resenioir and ~he pump_ing 
system, are all outside o[ Lhc cell and eastly accessible 
for maintenance. Figure 23 shows the in-cell portion 
o f the ultrasonic cleaner. At the upper right and left 
arc the fingers for placing the contaminated sample 
on the magnet and for removing the cleaned sample. 
In the center are shown the rotating magnets with 
samples in place. In the tank the two transducers at 
right angles can be seen. 
· The tank and transporting mechanism for the ultra

sonic cleaner were designed for modular construc
tion. That is, the unit is made up of four to five parts, 
each of which accomplishes a specific operation. In 
case of mech::iniral failure the inoperative portion can 
be quickly removed and replaced by a dupl_icatc pare. 
Maintenance can then be performed outside or the 
cell which allows for a minimum of personnel radia
tion exposure. The basic idea of modular construction 
is being utilized in all new equipniem going into the 
metallographic process. 

Following the lapping operation the samples are 
subjected to three stages of po!ishing. Diamond ~bra
sives of 6-12 micron, 1-6 micron, and 0-1 1mcron 
are used. An adaptation of a standan;I. cloth covered 
polishing wheel has been made. A rotating turret, 
placed eccentrically to lhe poti~hing wheel, houses 
four samples. The samples are positioned horizon
tally in the turret by reason of a 0.001 inch clearance 
between the turret holes and the sample diameter. 
The samples are free in the vertical plane and are 
weighted against the polishing cloth by a specimen 
holder. The specimen holder is fitted with a perma
nent magnet to facilitate the removal of the specimen. 
Projections are machined 011 the upper end of the 

holders to impart a quarter revolution of the sample 
per revolution of the turret. The turret and polishing 
wheel revolve counter to each other. A polishing unit 
mounted in a section of subflooring is shown in Fig. 
24. A cleaning operation is required between t>ach 
of the polishing stages. 

The samples, afler tl1e final polishing operation, are 
ready for exrunination. The annex to the cell has been 
so designed as to .~ncompass the stage of an in-line 
type mctallograph. Figure 25 is a .sketch ~f the cell 
annex showing schematically the mstallation of the 
mctallograph. The bellows and light source are out
side the cell. An extension to the monocular has been 
added to allow for direct viewing. Stage motions and 
focusing controls are brought to the outside. Critical 
optical adjustments and objective changes are made 
manually through a small door in the shield. 

For macroscopic inspection and general survey 
work a stereo-viewing system hos been installed. The 
unit, designed by Bausch & Lomb Optical Co. to the 
specifications of four cooperating laboratories, i~ al~o 
equipped to take stereo-photographs. The optics m 
the in-cell leg of the periscope are made of non
browning glass. The threshold for darkening of the 
non-browning optical glass is approi.:imatcly 10° 
roentgens. Non-browning optics for the microscope 
are now under test and should be available for com
mercial distribution in the near future. 

Since no universal etching technique is available, 
this operation is accomplished at the discrelion and 
ingenuity of the metallographer. A stainless lined iso
lated section of the annex is equipped with a master 
slave manipulator and is used for the various etching 
operations. A section of the floor of this area serves 
as an elevator for the quick insertion of etching solu
tions. 

The preparation of metallographic samples utilizes 
nine pieces of specially designed equipment. In se
quence each machine is dependent upon the successful 
operation of the preceding machine. Continuous op
eration is dependent upon an ability to maintain the 
machines in peak condition with a minimum of per
sonnel radiation exposure. 

Ffguro 24. R•motely op.roted polishing wheel 
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Figure 25. Schematic af cell 2A showing metallographic installation 

SUMMARY 
This paper has described general hot laboratory 

design, radiochemical laboratory design and opera
tion, solid state hot laboratory design and operation 
and the specific design and operation of a metallo
graphic hot cell. While this material represents a suc
cessful solution to the various problems, there has 
been no intention to represent it as the only usable 
approach. The basic ideas of cell design and operation 
presented can best serve as experience-gained guide 
posts in the d~velopment of the new science of the 
remote operation of research, development and pro
duction projects. 

To date there is no "one best" approach or method 
to be applied to the handling of radioactive materials. 
Each individual operation is conceivably a multiple 
compromise between the optinium conditions and the 
economics and long range feasibiJjty of attaining them. ,. 
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D1.scUSSION 

Mr. R. Srr::NCE (UK) prcsente;:u paper P /438 as 
follo\Ys: The radiochemical laboratory at Harwell was 
designed at a time when we had very little experience 
in the handling of large amounts of radioactivity. It is 
interesting now to review the operating experience 
over the past six years to see what lessons can be 
learned. As will be seen in the following slides, the 
building offers a variety of facilities. 

Slide 1 (Fig. 2 of P / 438) shows the general lay
out-administrative block, laboratory suites, concrete 
shielded area and plutonium laboratories, and a new 
wing which is also for plutonium and other substances. 

Slide 2 (Fig. I of .l:' /438) shows the layout of a 
single laboratory suite more clearly with the labora
tory, the office and the vestibule. I do not propose to 
describe the facilities in any detail now as this is done 
in the paper; I shall concentrate more on the operating 
experience which we have had. 

The laboratory suites were originally designed so 
as to give a high degree of isolation. This arrange
ment has been extremely satisfactory in practice, espe
cially when an additional shoe change barrier was in
stalled in the vestibule. I should say, of course, that 
one only uses this additional shoe change when it is 
needed. For example, there was at one stage, for a 
short time, more than 1000 times the maximum per
missible level of alpha radiation in the atmosphere of 
a laboratory and the staff had to work in respirators, 
yet the corridor outside remained uncontami nated 
and the counting room, which was actually next to this 
particular laboratory, remained quite unaffected. This 
particular problem was solved mainly by the intro
duction of a sealed plastic bag technique for removal 
of active material from glove boxes in place of the 
older transfer chambers which we formerly used. 

This plastic bag technique is quite simple. A plastic 
sock is attached to the box and whatever one wishes 
to transfer into this sock is dropped in. A high fre
quency sealer then seals off the end of the plastic socl<, 
and the material can be removed without ever being 
exposed to the atmosphere of the laboratory. This ,. 
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technique is completely effec,ive with the most trouble
some materials. 

Originally, the internal walls and ceilings of the 
laboratory were coated with strippable lacquer. This 
is no longer considered to be necessary as experience 
has shown that a good hard gloss enamel paint is 
quite adequate for these surfaces and that one should 
confine the more expensive strippable lacquers to the 
immediate vicinity of activity, for example, fume cup
boards and glove boxes. A recent practice has been 
to lay down a second coat of a chlorinated rubber 
paint over the strippable lacquer, as this has much 
more favourable decontamination properties. If the 
contamination is really bad, then the whole thing can 
be stripped off. 

The concrete shielded area (Fig. 1 of P /438) served 
its purpose very well in the early days when it was 
used mainly for pilot plant \\'Ork, and the concrete 
cells were quite useful when pilot plants were located 
there. Now that the chemical engineering work is done 
in a special chemical engineering radioactive labora
tory, this area is no longer used for these small plants. 
The chemists are much more interested in using easily 
operated concrete cells with good Yision and good 
manipulation and feel that this particular kind of de
sign is not so appropriate for their type of work. We 
would rather have a single open space where cells 
could he erected as we 1Yished, and have plenty of 
room ahout them. 

Large quantities of plntonium have been subjected 
to a wide -variety of processes in the plutonium wing. 
The double row of large glove boxes are serviced from 
an active corridor by men wearing pressurized suits. 
The working area in this particular laboratory has 
always remained completely free from activity as far 
as health physics requirements arc concerned, al
though of course there is lots of activity on occasion 
in this servicing corridor. We did get considerable 
trouble actually in the changing area of these pres
surized suits,-mainly due to showering and changing, 
but this has been eliminated by more careful operation 
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and particularly-most important-by having a reas
onably senior supervisor to take charge of the chang
ing operations. 

Slide 3 (Fig. 3 of P/438) shows the service corri
dor wit_h a man in one of the pressurized suits, and 
in this· case it is covered also by a light plastic dis
posable suit. The airline also can be seen. He is in 
telephonic communication with the controller and with 
the other people who wish to speak to him. The rear 
of one of the large alpha boxes is visible; it has a 
removable hermetically sealed back. 

A new wing was added to the building about two 
years ago, when it was decided to install another kind 
of facility and to use mobile glove boxes which could 
be bolted to a panel in the wall of a central decon
tamination room for active sen-icing. 

Slide 4 (Fig. S of P /438) shows one of the mobile 
boxes, which is normally free-standing. Here, for pur
poses of removing contaminated equipment, it is bolted 
to the panel which will take any of a number of sizes 
of these boxes up to the full size of the panel. These 
can be successfully serviced from the decontamination 
room without any activity getting into the main labora
tory. 

Slide S ( Fig. 6 of P / 438) gives a general view of 
this particular laboratory. All sorts and sizes of boxes 
can be seen about here. At one end they are mainly 
metallurgical equipment-lathes, etc.-and at the 
other end contain chemical equipment of various kinds. 
AU the services, as in the rest of the building, come 
from the roof; there is nothing on the floor. We find 
this very successful. The boxes are all mobile and 
by and large of course they are meant for rather more 
permanent equipment- not things that you are going 
to alter every few minutes. 
. On the basis of the e..'<perience we have had in the 
older plutonium laboratory it was felt that no special 
ventilation was necessary in this working area other 
than that normally required for a public building
that is about eight to ten air changes per hour- and 
this meant only a small addition to the ventilating 
plant of the main building. So far this has worked per
fectly satisfactorily. 

The ventilation system of the main laboratory, of 
course, is very large, elaborate and expensive to run. 
At one time it was thought that with the increasing 
use of glove boxes one might do with less ventilation 
but experience has been that the demand for air has 
remained approximately constant, because it was found 
that one can make great use of fume cupboards if 
they are there and if they are well ventilated because 
of lhe saving in time. We still find therefore that this 
ventilation system is fully used and is very valuable. 
Filtration of the air is carried out through precipi
trons both for input and for exhaust air, and we do 
not find that these are particularly efficient. However, 
if you went to an alternative filtration system you 
would then have a disposal problem to deal with, so 
whilst we are not terribly satisfied with precipitrons 
we think that probably we might not be very much 
better off with other alternatives. 

The Health Physics Division has set limits to the 
activity in the exhaust air from the building. These 
are 75 microcuries of alpha activity and 75 millicuries 
of beta activity per day from the stack. Normal emis
sions correspond to much less than one-tenth of this 
quantity but on one or two occasions at any rate these 
limits have been exceeded by a factor of two or three 
and in each instance the incident could be traced di
rectly to a particular operation of the laboratory. Con
tamination of the ·ventilation ducting has been negli
gibly small, probably on account of the very large 
dimensions of the ducting. This is no doubt very ex
pensive to install but it does offer a very great ad
vantage to the staff of the laboratories in that the 
noise level is extremely low. Systems with a central
ized exhaust such as this one are rather inflexible. 
\\7hen more air is required in a particular laboratory, 
a considerable effort is required to readjust and re
balance the ventilation system in the other labora
tories. In our experience, however, such changes have 
been made relatively infrequently. As a measure of 
economy the incoming air temperature is reduced by 
5.5°C and the flow velocity is also reduced outside 
of normal working hours. This represents quite a 
saving in steam. 

The system of segregating liquid effluent into un
contaminated process water and contaminated effluent. 
has worked very well. The process water is diverted 
actually on the working bench. There is an orifice 
on the bench into which the tube from the condenser 
can be inserted, the orifice being constructed in such. 
a way that nothing else can be poured down it. Un
acceptable contamination of this process water sys
tem has been found not more than three or four times 
during the six years of operation. It is quite a nuisance 
when it occurs because the delay tanks for the process 
water hold 20,000 gallons and to move this by tanker 
is troublesome. Although it has only happened two or 
three times in six years, we have nevertheless made 
an effort to cut down the water used in the laboratory 
by introducing small circulating systems which are 
equipped with a fan-operated cooler, and in this way 
the water usage in the building has been reduced from 
about 400 gallons per man per day some years ago to 
about 115 gallons per man per day now, and we hope 
to reduce this still further and to simplify the effiuents 
from the building by local introduction of absorption 
units, evaporators and solid waste treatment. If we do 
this, it will be an experiment with local effluent treat
ment to compare with central effluent treatment which 
we operate on the station at the moment. 

There has been a number of minor incidents in the 
laboratories and I thought you might like to hear 
what they have been. Fortunately, we have had no 
serious accidents. The greatest working hazard has 
always been the ingestion of alpha active material 
through the lungs. The maximum permissible levels 
of radioactive species in the air have been exceeded on 
several occasions and each of these has been very 
carefully monitored and controlled by the Health 
Physics Division. Urine analysis-and I should say 
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that in the ultimate urine analysis is almost the only 
check you have for many of these alpha activities
have revealed the presence of small amounts of plu
tonium and other materials in a few individuals, but 
this has never exceeded the tolerance level. 

We had a good deal of trouble at one time through 
"fume-offs." This was due to organic solvents and 
aqueous residues containing high nitric acid concen
trations which were allowed to stand in the effluent 
vessels at various awkward places so that you would 
get nasty contamination quite unexpectedly owing to 
the sudden "fume-off" of this liquid. It is now a rule 
of the laboratory that the contents of all such effluent 
vessels shall be adjusted to neutral, and since this 
rule was instituted there have been no further "fume
offs." 

There have been several fires in the glove boxes 
and, while none of them has had se.ious consequences, 
we have investigated each one very carefully because 
a general conflagration in a building containing as 
much plutonium as this would be highly undesirable. 
In one particular case, a fire was started by an electric 
motor, and in another by a glass-blower's torch, but 
in neither instance was there an escape of plutonium 
from the box, even where there was more than 100 
grammes present in the box, and when the filter had 
actually been blown off its housing. This was very 
fortunate and certainly rather remarkable, but it does 
point to the need for fire precautions in laboratories 
of this type, because a general fire might seriously 
contaminate - and dangerously contaminate - the 
neighbourhood. 

The important lesson to learn here is that there 
must be a reliable system for checking fires in plu
tonium laboratories at the earliest possible moment, 
and that the laboratories should be of such a nature 
that the rapid spread of fire is difficult. The buildings 
at Harwell are of brick, steel and concrete construc
tion with a plaster interior. The paints and lacquers 
have been tested for inflammability-this point is al
ways worth looking into. 'lve have also obtained a 
stock of non-inflammable plastic window material to 
use in glove boxes where it is considered that the 
fire risk might be very serious. As a further precaution 
wooden bench and office furniture in the plutonium 
laboratories has been replaced by steel. We also have 
installations for flooding the laboratories or dry boxes 
with inert gas such as CO2 or argon. Another point 
is that one should have a good alarm system which 
should be clearly audible to all those working in the 
area involved. This, by the way, is not always the 
case. It is quite difficult to make sure that your alarm 
system is audible to everyone working in the build
ing. We have only one general alarm for the whole 
building and when this is sounded, either for an inci
dent inside the building or for a site incident, staff 
vacate the laboratories and collect in the administra
tive area. 

There is also a local alarm in the two large plu
tonium laboratories which is sounded when there has 
been a serious spill or an outbre~~ of fire. These 
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alarms, in our experience, should not be of such a 
nature that they can be easily accidentally operated. 
In the early days of this laboratory and others I know 
of, the alarm sounded accidentally quite regularly and 
the staff became quite immune to alarms. 

Changing facilities in a building of this sort are 
most important and we have always tended to under
estimate the need. Not only has the scientific staff 
expanded but the growth of the industrial staff to its 
present level was entirely unforeseen. New changing 
rooms have had to be built therefore for industrial 
staff in the courtyards of the building, over the effluent 
delay tanks. 

The changing require~ents for the scientific staff 
have been kept as flexible as possible. The minimum 
requirements are that laboratory shoes or shoe bags 
be worn in corridors and offices and that laboratory 
coats be worn in the laboratories. Staff working full 
time in the laboratories, especially with hazardous ma
terials, usually change completely. This flexible sys
tem allows visitors to be taken into the laboratory 
without a great deal of fuss. But in the earlier days 
we used to provide visitors with rubber overshoes, and 
I have been to other laboratories where shoes have 
to be put on, and this is very inconvenient. 

The poor visitors usually shuffle or limp around 
the building and they are quite unable to take an in
telligent interest in what they see. The introduction of 
cotton shoe bags with canvas soles and elastic tops 
big enough to go over the largest shoe has entirely 
eliminated this trouble and should any of the present 
audience visit the Harwell Laboratory, I think at 
least they will have comfortable feet. 

Mr. W. M. MANNING (USA) presented paper 
P /725 as follows: Many types of chemical problems 
have been successfully handled in the shielded caves at 
Argonne National Laboratory. Work undertaken in 
these caves has included, for example, the processing 
of plutonium intensely irradiated with neutrons to 
produce the heavier elements 95 through 100, by the 
series of steps outlined by Mr. Ghiorso earlier. An
other example is the processing of cyclotron target 
materials. The caves may be divided into three cate
gories: first, thick-walled large caves capable of shield
ing 10,000 curies of gamma activity, that is, with an 
average energy o[ 1 Mev. Secondly, intermediate 
caves which can shield up to 100 c4ries of 1 Mev 
gamma activity; and finally, the low-level caves or 
junior caves, as we usually refer to them, which can 
shield aboqt 1 curie of activity. 

Slide 6 (Fig. 1 o~ P /725) shows a high level metal
lurgy cave. This has been used, as the name suggests, 
almost exclusively for metallurgy operations and only 
slightly for chemical operations. This cave has interior 
dimensions of approximately 3 meters in length, a 
depth of 1.9 meters -and a height of 3.8 meters. The 
walls consist of 9/lOths of a meter of dense concrete. 
The windows are of about the same thickness but con
sist essentially of a nearly saturated solution of zinc 
bromide with a specific gravity of about 2.5. 
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Slicfo 8. A«en doors In 3 cell cove 

There arc numerous ports around the cave, in vari
ous positions, to permit the insertion of a variety of 
different service leads into the interior of the cave and 
master-slave manipulators are used for work in the 
cave. 

Slide 7 (Fi~. 2 of P /725) shows a11othcr inter
mediate level, metallurgy cave which is designed to 
permit work with up to 100 curie of activity and has 
three sets of master-slnve manipulators. This cave has 
three scparnte cells. The exterior walls are again of 
dense concrete, ahout 6/ 10th of a meter thick, and the 
windows are of an equivalent thickness of zinc bro
mide. 

The dimensions of each cell approximate a width 
of 2.2 meters, a depth of 1.9 meters and a height of 
,J.8 meters. The partitions between the three cells con
sist of about 20 centimeters of steel. These partitions 
are in two par ts in each case, with the upper half of 
each partition movable so that the master-slave ma
nipulators can be moved along through the slot from 
cell to cell. 

Slide 8 shows simply a different view of the same 
cave taken from the side and rear, an.d one can see 
an end window and, at the rear, three ~ccess doors 
which can be drawn back to permit the assembly of 
equipment inside the cell prior to an operation. The 
loading of samples into this cave is through special 
ports io these rear access doors. 

Slide 9 ( Fig. 4 of P /725) shows another type of 
intermediate level cave designed for work up to 
approximately 100 curies of activity. This is a cave 
which has been used almost exclusively for chemistry 
operations and was built a little earlier than the other 

caves. Herc U1e length of the entire cave is about 6 
meters. T he dep th is about l meter and the height is 
about 2½ meters. The shielding is about 15 or 16 
centimeters of steel. The windows in this case consist 
of laminated plate glass with a total thickness of 56 
centimeters. The access doors do not show in this 
particular picture, but there is one at each end and 
there are four access doors iu the rear of the cave, 
their positions roughly corresponding to the windows 
in front. At the right end of the ca.ve there is a load
ing lock with access in the rear, which is used for 
loading or insertion of the hot samples and which is 
also used very frequently for the remo,,at of ana
lytical samples during operation with hot materials. 

The manipulator here is not 0£ the master-slave 
type but an electrically driven rectilinear manipulator. 
The control panel may be seen also. The operation of 
the manipulator is quite similar in principle to that of 
a fairly refined crane. The control panel is portable 
and can be moved to any position along the front of 
the cave. 

At this point I would like to intcrrµpt the descrip
tion of the facilities to g ive two examples o( chemical 
operations to illustrate the use of this particular cave. 
One example of an operation which bas been carried 
out seN:ral times successfully in this cave is the proc
essing of plutonium samples which had been irradi
ated in the l\Iaterials Testing Reactor to produce the 
heavier transplutonium elements. 

These particular samples contained from 200-300 
milligrams of plutonium-239 and generated several 
kilowatts of heat when placed in the reactor thermaJ 
flu.'< of 3 X JOU neutrons per square centimeter per 
second. Hence, the plutonium was dispersed in alu
minum to permit adequate heat removal during the 
first stages of irradiation. At this high flux, the heat 
generation rapidly diminishes with tiine l>ecause most 
of the fissionable material is bnmt up within the first 
couple of months. A sample like this, when returned 
to Argonne after an irradiation for several months and 
a transportation period of two or three days, may 
show gamma activity approximating 3 X 105 roent
gens per hour. Alpha activity of the sample, due pri
marily to curium isotopes. may approximate one curie. 
The operations carried out in this cave are a~ follows: 

First, treatment with concentrated sodium hydrox
ide to dissolve the aluminum with which the pluto
nium is alloyed. This leaves an insoluble residue of 
most of the fission products and all of the lieavy ele- , 
ments. This residue is centrifuged. The centrifugate 
is then dissolved in concentrated hydrochloric acid 
and this solution then passed through a resin exchange 
column which serves to adsorb and remove the plu
tonium. still permitting most of the fission products 
and the heavier transplutonium elements to pass 
through. The eluate from the column is evaporated, 
dissolved in dilute hydrochloric acid and then passed 
through an ion-exchange column and elutes with con
centrated HCI, a technique developed at Berkeley 
which serves to separate the remaining fission products 
almost completely from the plutonium elements. This 
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series o f operations can be carried out, in a cave like 
the one which was shown, in a period of two to three 
days of almost continuous operation, when things go 
smoothly. The decontamination obtained by this series 
of operations is sufficient to bring the initial level of 
3 X 105 roentgens down to a final level of 1 roentgen 
per hour. This is low enough so that further operations 
can be carried on with only minor shielding. 

Another type of operation in this same cave posed 
a different problem. This was the processing of a 
sample of 30 grams of radium which had been irradi
ated in a reactor for scverol months to produce a 
number of milligrams of actiruum-227. Here the par
ticular problem posed was the constant and consid
erable evolution of radon gas from the 30 grams of 
radium during the entire processing operation. This 
problem was overcome by the use of Lucite boxes 
around the individual pieces o[ equipment in the cave. 
Air was pulled through each of the boxes and then 
passed over cold activated charcoal to freeze out the 
radon before this air was passed through the usual 
filters and up the 30 meter stack which is used in 
connection with this laboratory. 

Slide 10 (Fig. 10 of P /725) shows a close-up of 
part of the same hot cave. The jaws of the recti
linear manipulator can be seen. The particular opera
tion is the changing of collection tubes under a mod
erate size resin column inside the cave. It will be 
noted that trays are routinely placed under the equip
ment in this cave to catch solutions in case of spills. 

Slide 11 (Fig. 6 of P /725) shows a low-level cave, 
which is referred to as a chemistry junior cave de
signed for work with about one curie of activity. This 

Slide 12. Junior eov• mod• of dense concr·••• 
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Slide 14. Erecting apparatus io junior cave 

cave is a type which can be installed in a standard 
chemistry laboratory. Here, again, master-slave ma
nipulators are used. This particular cave is about 1.6 
meters in width, 9/lOths of a meter in depth, and 
1.2 meters in height. The shielding material is 12 cm 
of steel or an equivalent thickness of lead glass. 

Slide 12 shows another type of junior cave made of 
dense concrete instead of steel shielding, resulting in a 
bulkier installation . It would not be very suitable for 
installation in a standard laboratory room. 

Slide 13 (Fig. 7 of P /725) shows a standard 
Argonne laboratory hood, with a steel shield which 
can be moved in front of the hood to convert it into a 
kind of junior-junior cave. Shielding can also be 
placed at the sides of the hood. It will be noted that 
the manipulators, which are the ball-joint type, are 
mt1ch simpler than the master-slave manipulators but 
are less versatile. 

Slide 14 shows a junior cave shown with the front 
shield pulled out to permit the erection of apparatus 
in the cave and showing the inner working arms of 
the master-slave manipulator. 

Slide 15 .. (Fig. 5 of P/725) shows a junior cave 
with the front shield slid a little to one side to permit 
the insertion. and unloading of a hot sample. It will 
be noted that the operators still have most of the shield
ing while carrying out this operation. This is good 
for working with samples of moderate activity. 

Slide 16 (Fig. 8 of P/725) shows a glove box 
which is excellent for work with high levels of alpha 
activity where there are negligible levels of gamma 
activity. This is another type of box developed at the 
University of California Radiation Laboratory. Notice 
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Slide 19 

the loading port or air loft through which alpha sam
ples can be put into the possibly highly contaminated 
interior and later taken out without any appreciable 
danger of introducing contamination into the labora
tory atmosphere. Air is exhausted from the back of 
this glove box through a pre-filter at a rate of approxi
mately 600 liters per minute and U1cn passed imo the 
regular laboratory and out through the standard 
filters of the laboratory exhaust system. 

In spite of such hazardous operations as the dis
solving of active 1naterials, centrifugation and evapo
ration, as well as the problem of radiation-induced 
water decomposition, we have experienced only minor 
amounts of contamination outside the caves as a result 
of work inside the caves, and there have been np seri
ous mishaps to personnel. The closest to a serious mis
hap which we have had resulted not from planned 
working with alpha emitters, but from the unremem
bered presence of contaminated forceps inside one of 
the regtilar laboratory hoods. A worker was n~achi11g 
ih with gloves to move a lead brick or something of 
that nature and brushed against the sharp point of 
the forceps, which penetrated the glove and the 
outer skiu. The activity was due to a sample of tho
rium-227 and quite a considerable amount of activity 
was found in the blood shcam. \Ve were concerned at 
first because if the sample had not been rather well 
freed from the parent actinium-227, this material 
would have remained at a high enough level to give 
some concern about the health of the per son over a 
period of years, since the long-lived actinium parent 
would have maintained the short-lived daughter. For
tunately, the activity had been almost pure thorium-
227 and decayed rapidly to a safe level inside the 
worker's body. . 

M r. G. B. ZHDANOV (USSR) presented paper 
P /673 as follows: 

The metal-research "hot laboratory" is used for 
studying the changes which take place in the struc
ture and in the physical and mechanical properties of 
various structural and fissionable m:iterials irradiated 
in reactors. 

Highly radioactive substances are investigated in a 
number ol "hot" cells separated from the observer by 
a sufficiently thick shield of cast iron allCI concrete. 

Slide 17 (Fig. l of P /673 ) shows the layout of the 
metal research "hot laboratory." 

The chain of cells begins with the "hot machine 
shop," where there is a special metal-cutting machine 
used to produce samples for various metallographic, 
physical, and mechanical tests. 

Slide 18 (Fig. 2 of P/673) shows the inside of the 
"hot machine shop" cell, and Slide 19 shows the mill
ing machine in greater detail. Slide 20 (Fig. 3 of 
P/673) is a view:bf the operator's room of the "hot 
machine shop." 

The "hot machine shop" cell is connected with the 
distribution cell where radioactive materials are stored 
and from which they arc supplied to the different re
search cells. The "hot machine shop" cell and the dis
tribution cell are designed for work with materials 
with an activity of up to 50,000 curies and are equipped 
with mechanical master-slave manipulators and mir
ror-viewing systems. 

The distribution cc.II of the metal-research "hot 
laboratory" is connected with the research cells by a 
transporter on which active material is trans(e.rred to 
tbe cells. Slide 21 shows the transport corridor seen 
from inside, and the entrance to the cells. 

All the research cells of the metal-research "hot 
laboratory" are designed for work with materials hav
ing an activity of up to 20,000 curies. Each research 
cell is equipped with manipulators and lead-glass view
ing ,,indows. 

Specimens and replicas for examination by electron 
microscopy are produced in the metallographic exami
nation cell, where the specimens are examined and 
photographed by means oi a remote-controlled metal
lographic microscope. 

Slide 22 (Fig. 4 of P /673) shows the photo-camera 
of the microscope; the microstructure of the active 
specimen under examination can be clearly seen. 

Slicle 21 
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Slide 23 

Plastic replicas are prepared from active samples in 
the "hot" cell (the method used is more fully de
scribed in the paper) and subsequent treatment of the 
non-active replica makes it possible to carry out the 
metallographic and electron-microscopic examination 
of the active materials by conventional methods in 
"semi-hot laboratories." 

Slides 23 and 24 show electron-microphotographs of 
non-irradiated and irradiated uranium. 

The two physical measurements cells contain equip
ment and apparatus for studying the various physical 
properties of irradiated materials, including electrical 
and thermal conductivity, variation of em( with tem
perature, density and thermal expansion. Dilatometric 
and X-ray analysis can be undertaken and Young's 
modulus of elasticity and the modulus of internal fric
tion can be measured. One of the cells (Slide 25, Fig. 8 
of P /673) is equipped with a television viewing sys
tem and rectilinear manipulators. 

Slide 26 shows the interior of one of the physical 
measurement cells and the vacuum electric furnace 
for the thermal treatment of active materials. 

One of the cells contains X-ray equipment based on 
the "Norelco" X-ray spectrometer, shown diagram
matically in Slide 27 (Fig. 10 of P /673). 

The X-ray beam diverging from the focal spot of 

Slide 26 
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an X-ray tube falls onto a flat specimen of the active 
material which is being studied; the radiation scat
tered by the specimen is focused onto the entrance slit, 
reflected by the curved crystal monochromator and 
detected by the counter. The roentgenogram is auto
matically recorded in the range from 15 to 45 degrees 
Bragg angle, or the diffraction lines counted by a me
chanical counter. Lead screens protect the counter 
from radiation from the specimen but they do not cut 
off the X-ray beam which is to be detected. 1\faterials 
with an activity of up to 50-100 me can be studied 
with this equipment and its geometry is such that the 
thickness of the lead shielding screens can, if neces
sary, he increased by 130 per cent for work with speci
mens having a higher radioactivity. 

One of the physical measurements cells contains • 
equipment for measuring internal friction and Young's 
modulus of elasticity. ,vith this apparatus Young'.s 
modulus of elasticity can be determined for non-irra
diated and irradiated materials by measuring the fre
quency of the forced transverse vibrations in the speci
men ; internal friction can be determined by measuring, 
in addition, the amplitude of the resonance curve. 

The equipment consists of a device for starting and 
stopping vibrations, an amplifier, an electronic oscilla
tor, an oscillograph, a cathode voltmeter and a count
ing device. 

The effect of irradiation on Young's modulus of 
elasticity and on internal friction is studied by a proc
ess of comparison, that is to say the sa.me specimens 
are measured before and after irradiation. A special 
form of specimen (Slide 28, Fig. 13 of P/673) has 
been used to ensure that the measurements can be 
duplicated e:.Cactly. In the case of non-ferromagnetic 
specimens, magnetic riders for s tar~ing and stopping 
the vibration are attached. 

To give an example, Slide 29 ( Fig. 14 of P /673) 
shows the results of measuring the internal friction of 
aluminium irradiated by a neutron flux of 1.49 X 1019 

n/cm2 at a temperature of 20°C. The logarithms of the 
,· tension caused by the amplitude of vibration ( o) are 

plotted on the abscissa and the internal friction ( 1 / Q) 
on the ordinate. The curves ul1mbered "1" and "2" are, 
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Slide 31. A five-ton combined testing machiM 

respectiYely, the curves for the substance before and 
after irradiation. 

The results show that the critical sheer stress value 
( designated by the letter K on the graph) increases 
from 30 gm/mm" to 1200 gm/mm2

, i.e., by 40 times. 
The mechanical properties of irradiated materials 

are studied in the mechanical tests cell (Slide 30, Fig. 
9 of P /673). T he testing machines and instruments 
are mounted on a revolving stand and on two mov
able trolleys. 

The following slides show some details of the me
chanical machine shop and were taken throuah the 
window in the operator's room. Slide 31 shows°a five
~on combin:d testing _machine. Slide 32 shows a 10 kg 
impact testtng machine and a "Rockwell" hardness 
tester. Slide 33 shows the machine for testing irra
~iated specimens £or fatigue. Slide 34 shows in opera
h on the remote-controlled instrument for measuring 
the microhardness of radioactive specimens. The im
prints of the diamond pyramid on the specimen can 
be clearly seen. The microhardness test performed by 
this instrument is similar to that performed by the 
Vickers tester. All the instruments for the determi
nation of microhardness by remote control are located 
on the control desk in the operator's room. 

AU the operator's rooms in the metal-research "hot 
laboratory" are connected, as already stated, with 
corresponding "semi-hot laboratories" used for work 
with low-activity samples, preparatory work and the 
development and testing of new methods. · 

DISCUSSION OF PAPERS P/438, P/725 AND P/673 

The CHAIRMAN: There is a question by Mr. G. 
Jenssen (Norway) for Mr. Spence. 

Do you have a continuous inspection by health 
physicists in the laboratory, and what. is the ratio be
tween health physicists and other personnel in your 
laboratory? 

Mr. SPENCE (UK): The Health Physics Division 
has an office and laboratory in the building and it 
maintains a team of about three or four people who 
constantly monitor the building. If one has a particu
larly hazard?us operation, then one or two more people 
may be specially drafted for that particular operation. 
This gives a ratio of about one health physicist to 
about twenty-five scientists. 

The CHAIRMAN_: Another question for Mr. Spence 
comes from Mr. W. M. :tlfanning (USA): Since you 
have considerable e,-cperiencc wi1;h your facilities are 
there some design fcaturcs':~"a:°fhave given you trou
ble? How would you change' '•the design~ if you were 
to build another facility? '•'· "f 

Mr. SPENCE .(UK) : I think that we would like to 
have a_m~re open structure in the area for high gam
ma act1v1t:Jes. I believe that is rather certain._Thc pres
ent one is built on the ideas which were:·<::urrent in 
1945. They tended to . give a somewhat .maze-like 
structure with substantial internal concrete walls. We 
would not, I think, do that to-day. VJ'i\vould rather 
build a large and very much cheaper ope~'hall, with a 
very strong floor, and put in whatever equipment we 
required at the time. A similar type of laboratory has 
be_e~ ?uilt at Harwell by the Chemical Engineering 
D1v1s1on. 

The CHAIRMAN: vVe have a question from Mr. G. 
N. Walton (UK) directed to Mr. Manning: It is not 
easy to construct a manipulator that operates into a 
completely sealed shielded box or cave. Has it been 
~e<::essary in your experience to operate extensiv~ly 
inside completely sealed-up boxes with master-slave 
manipulators? 

Mr. MANNING (USA) : I shall answer part of that 
question and then I might refer part of the answer to 
Mr. Goertz. In general we have not done work with 
extremely high levels of activity. We have always re
li~d. on having rather substantial ventilation pulling 
air rnto these large caves. I believe that the plan is 
always to have air flowing inward, even when the 
working doors are open, at a velocity of 60 or 70 
centimeters per second. · 

Would Mr. Goertz care to make some comments 
on the way one might design these manipulators to go 
into a completely closed box? 

Mr. R. C. GOERTZ (USA): We shall describe in 
another paper a manipulator which will work in a 
junior size cave and also one that will work in a high 
level cave, which may have the slave-arm completely 
booted with a synthetic or plastic boot. In this way 
the contamination can be completely controlled. 
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Slide 32. A 10 kg 'impact testing machine cmd a "Rockwell" hardness 
testor 
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Slide 33. The machine for !Citing irrodioted 1pecimen1 for fatigue 

The CRAIRMA:-. : There is another question for Mr. 
Manning submitted by Mr. Spence: Can Mr. Man
ning state what is the experience of the ventilation 
equipment in the Argonne radiochemical laboratory? 

Mr. MANNING (USA): 'Ne had a somewhat com
plicated installation in the first place in order to con
serve conditioned air, including, among other things, 
multiple exhaust units for each module of the build
ing. The idea was that only one fan and blower should 
be going until the demand called for others to go on. 
At first we were troubled with suck-backs into the 
laboratories, especially when there were high winds 
outside, as a result of 11 lo.g in the motor turning on 
when additional airflow was required. This was over
come hy having all of the motors operating continu
ously-the blowers operate but ordinarily just draw 
air from the attic, and a damper swings over when 
the demand is for conditioned air from inside. Aside 
from that, our only difficulty was with an inadequate 
over-all level of ventilation as a result of last minute 
economy cutbacks below the plenum level. These cut
backs arc being rectified in changes that are taking 
place now. The original design level will, we arc sure, 
be very satisfactory when the capacity is brought up 
to that level. 

The CoAtRlIAN: The next question for 1\fr. ~fan

ning from Mr. G. B. Cook (UK) reads: In the op
eration of a master-slave manipulator in the junior 
type cave, does not the distance away that the opera
tor has to stand from the cell interfere with small 
scale chemic.al manipulation? 

Mr. MANNING (USA) : I wish that Mr. Fields, 
who has done a great deal of this type of work, were 
here to answer that question. It is my impression that 
one can really get up to abottt as close to the front 
of the cave as one might wish and that the manipula
tor arms have a flexibility. Is that correct, :Mr. Goertz? 

Mr. GOERTZ (USA): The manipulators that are 
used in the junior caves have a fbced distance be- . 
tween the handle and the tongs, and therefore the op
erator is forced to stand a certain distance from his 
work. This is generally not objection11hle for the junior 
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size caves, because the cave is shallow and the walls 
are fairly thin. Generally, lead glass is used to keep 
the window thin. With larger caves, 1 think that you 
have seen in a US exhibit a manipulator which has 
the slave arm whose distance may be changed from the 
master arm so that the operator may stand closer to 
his work to aid in viewing. 

The CHAIRMAN: The ne.'Ct question for Mr. Man
ning from ~fr. J.M. Lavigne (Canada) reads: What 
is the life of the zinc bromide solution when exposed to 
r:idiation? 

Mr. MANNING (USA): I should like also to refer 
that question to Mr. Goertz. I shall make the pre
liminary remark that I believe that with hydroxyl
amine as a stabilizer, in the lower level caves, the 
li(elime is indefinite. I believe that there is a limited 
duration with the very high activity levels and one 
only needs to replace the solution occasionally. 

Mr. GoERTZ (USA) : I am not the best authority 
on this but the hydroxylamine is a reducing agent 
which is added to absorb the free bromine which is 
liberated when the solution gets irradiated. One can 
stand considerable amounts of radiation by adding 
additional hydrox7lamine hydrochloride. I do not 
know exactly how much this would be, but I would 
guess the limit would be 1010 or more incident radia
tion. 

Mr. V. N. KosIAKOV (USSR): Mr. Manning, I 
would like to know whether other methods are used 
for eliminating hazardous gases which might be formed 
from the decomposition of water when working with 
high level alpha activity. 

Mr. :MANNING (USA) : I hope that I succeed in 
answering this question. Ordinarilv the air which 
comes out of these large caves is passed through a 
series of filters and then disposed of. This physical 
filter, I believe, has sufficed for trapping most activi
ti~ except the radon gas which is trapped, as de
scribed, by condensation. \Ve have not used catalysts 
to inhibit gas formation in resin columns. I do not 
know whether it would be possible to do so. 

The CIIAII\M AN: Now we have a question from 
Mr. Goertz. of the United S tates to Mr. Zhdanov: 

Slide 34. The remote--controlfed in>trument (or meosvring tho 

microhardnoss of radiooctive specimens, In operation 
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Is the ce11 designed to handle high-level alpha activity 
as well as gamma activity? If so, what methods are 
used to control alpha contamfoation? 

Mr. ZHDANOV (USSR) : All these cells are de
signed for work with high gamma activity. 

Mr. SPENCE (UK) : I would like to ask Mr. 
Zhdanov whether he uses glass objectives in his micro
scope for this high Rux gnmma radiation, or whether 
he uses plastic or a special glass? 

Mr. ZBDA~ov (USSR) : Objectives made from 
ordinary glass are used. 

Mr. GOERTZ (USA): My question is to Mr. 
Zhdanov. Can you give us approximately the physical 
size of your facility, and can you also tell us if the 
lead glass bas any radiation stability material added 
to it? 

Mr. ZlIDANov (USSR): The total area of the "hot 
laboratory" is about 1000 m2 • 

The cells have the dimensions 3 m X 5 m and the 
equipment for mechanical measurements and other 
equipment is of normal size. 

Ordinary lead glass is used. 
1-lr. J. P. B AXTER (Australia): I should like to 

ask the representatives of the U nited States whether 
they have had any_ experience in the use of stereoscopic 
television for controlling and observing remote-con
trol operations insidi highly active caves as an alterna
tive to the difficulty o( looking through very thick 
windows? 

Mr. GOERTZ (USA): We have not had any ex
perience in using these stereoscopic television systems 
in operating conditions. 'Ne have experimented with 
units to anticipate times when we might need them 
in emergencies. The evidence that we have derived 
from these experiments indicates that the windows 
are considerably better than the television as it exists 
to-day. 
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Chemical Processing in Intense Radiation Fields 

By R. Philip Hammond,* USA 

INTRODUCTION 

The utilization of atomic energy depends upon 
chemical operation at every stage-[uel preparation, 
reactor control, fuel reprocessing, fission product sep
aration, waste processing and disposal. Some of these 
operations of nc.'Cessity involve treatment of highly 
radioactive materials, such as the sep:tration of cer
tain fission products in pure form for specific uses. 
The operation of reactors of high specific power also 
requires fuel nod waste processing at high radioac
tivity levels. since inventory charges and storage fa
cility costs make it difficult to justify long cooling 
periods. Both of these incentfres--demand for pure 
fission products and economic pressure on reactor op
erating costs-may be expected to increase the trend 
toward chemical processing at the highest possible 
radiation intensities. 

In our present state of knowledge the chemical 
processing of highly radioactive materials must be re
garded as hazardous and costly, requiring highly spe
cialized facilities, expensive instrumentation, and in 
some cases imposing severe limitations on the chem
ical procedures used. The "hazard" of radioactivity is 
a relative tenn and looms large at present because of 
u,nfamitiarity. As experience is gained, processes be
con;ie standardized, and hazards, in the sense of un
predicted or uncomrolled failures, are reduced. Many 
"ordinary" chemical operations such as ammonia or 
explosives manufacture are equally hazardous, 1,ut 
once the proper precautions are understood and 
adopted, these operations become among the safest in 
industry. 

From the economic standpoint, the handling of ra
dioactive materials may be e.,pccted to l,ecome cheaper 
by an order of magnitude. both from the usual lower
ing of costs as volume is increased. and from the 
effects of fuller understanding, more efficient and less 
"over-safe" designs, and routine operation. This cost 
lowering will be accentuated by two effects: ( l) the 
logarithmic effect of shielding, so that, for example, 
if five feet of concrete are needed for 1000 curies, six 
feet is good for 10,000 and seven for l 00,000; ( 2) 
the better nnderst::tnding of hot chemical processing 
will enable hjgher specific activities to be used, per
mitting the larger quantities to be handled in smaller 
plants. Thus, while processing at low radiation in
tensities is much simpler and well understOO<l, we find 
that economic considerations and in some cases tech-

• Los Alamos Scientific L"tboratory. 
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nical requirements insist that processing be done at 
the highest possible intensity. 

Within the last few years several varied types of 
chemical operations have been carried out in the 
United States at high radiation levels. It will be the 
purpose of this paper to summarize this experience to 
indicate the limiting effects of radiation intensity, if 
any, on various types 01 chemical operat ions. 

DOSE UNITS 

In order to discuss the radiation sensitivity of vari
ous processes some unit of measurement for radiation 
energy and energy-density must be adopted. Such 
units as roentgens per hour per cul,ic centimeter and 
curies per gram have been widely used. However, a 
convenient unit for high intensity work is the watt
hour per gram, as suggested by Bruce and Oithers 
and others. This unit may be related to others as 
follows : 
1 watt-hour per gram 

= 2.25 X 102' electron volts per gram 
= 169 curie-hours per gram per Mev 

decay energy . 
=4.34 X JO!l roentgen (air) per gram 
= 3.74 X 10-4 gram moles per unit G value per 

gram 
(Unit C value is one molecule converted per 
100 electron volts absorbed energy) 

For beta and gamma emitters the decay energy is 
not all deposited in the local system, and an appro
priate correction must be applied. Because of neutrino 
recoil energy only about 0.4 of the beta encrg)· is 
available, while the gamma absorption varies with the 
size and geometry of the system. 

GENERAL OBSERVATIONS 

The most important general conclusion from the 
experience is that effects of radiation are surpn$ingly 
small in number and influence. Chemical reac-tions for 
the most part proceed with utter indifference to the 
radiation. From the recent advances in understanding 
of radiation chemistry the effects which are observed 
can be readily explained, and it should now be pos
sible to predict what radiation effects would be likely 
for any proposed chemical operation. 

As is well known, the result of the absorption of 
ionizing radiation in molecular material is the brcak
!ng of ch~micaJ bonds and the forming of free radicals, 
ions, excited molecules, and, in solids, lattice vacan-
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cies or "holes." ]n dilute solutions most of the energy 
is absorbed by the solvent, and the primary products 
formed arc characteristic of the solvent rather than 
of the solute. For water, these are H and OH free 
radicals, H 2 0 2 , and H 2 gas.1 In other substances the 
products are of course determined by the composition. 
The influence of the particular type of ionizing par
ticle on the products formed has been widely studied 
and found to be one of degree rather than kind. 

In the following discussion the types of radiation 
effects encountered in chemi<;al processing are de
scribed, and in the following section the result of 
these effects on limiting the radiation level is given for 
six common separation steps. 

Oxidation Reduction 

The products formed in irradiated material con
tain equal amounts of potential oxidizing and reduc
ing substances. These can react with any substance 
present which is capable of oxidation or reduction 
provided tha oxidized or reduced form is stable in the 
existing environment. Thus, eerie sulfate solution, or
dinarily quite stable, suffers reduction to the cerous 
state when irradiated. Ceric ion would not be reduced, 
however, in the presence of persulfate ion, since it 
would be immediately re-oxidized, and the net result 
would be destruction of persulfate. Chromate solu
tions suffer reduction by radiation, but large scale runs 
on radioactive barium at high intensity have been 
made, precipitating the barium quantitatively as the 
chromate. The precipitate remains stable as long as it 
is mixed with the mother liquor, even though the ex
cess chromate in the solution is being slowly reduced. 
But if the precipitate is filtered and washed, no ex
cess reagent remains, and the barium is rendered solu
ble as the chromate is reduced without replacement. 

Another example of a hypothetical nature might 
be a solution of europium in sulfuric acid. U nder in
tense radiation it could be hypothesized that a portion 
of the europium might be reduced, and immediately 
precipitated as insoluble europous sulfate, since both 
forms are stable in the environment. If there were 
some means of continuously drawing such a precipi
tate to a region shielded from the radiation, a net 
reaction might be obtained. Vvithout such removal, 
however, a steady state would be reached with only a 
minute quantity thus precipitated, since the precipi
tate too would occasionally be disrupted by the radia
tion, and the freed europium would have an over
whelming tendency to return to the oxidized state. 

The conclusion to be emphasized is that while radi
ation provides energy and local oxidizing and reduc
ing effects, these effects cancel unless a more stable 
form results in one direction than in the other, or 
unless the reaction is irreversible. The high suscepti
bility of organic compounds to radiation damage is 
thus understood. The bonds broken will not generally 
re-form, and the clisruption is irreversible. 

The action of radiation as a promoter of only those 
oxidation and reduction reactions which are com
patible with the environment corresponds to that of 
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a catalytic rather than chemical agent. But its nature 
is that of a consumable catalyst, since the effect can
not exceed the amount corresponding to the radiation 
absorbed. Thus the time of exposure and the geome
try of the equipment become important factors. If a 
sensitive precipitate which is not itself the main source 
of radioactivity can be quickly formed and removed 
from the bulk of the solution, a large portion of the 
radiation attack may be avoided and a successful re
sult obtained. A protective effect can also be obtained 
by addition of a more sensitive material than the one 
which it is desired to isolate. 

Gas Evolution 
In substances in which a stable gas phase can exist 

upon molecular disruption, gas formation will usually 
be a result of irradiation. In addition to the chemical 
changes, gas formation may influence the success of a 
chemical separation process by profound physical ef
fects such as stirring the solution, disrupting precipi
tates, sweeping volatile reagents out of solution, plug
ging filters and resin beds, etc. The control of these 
effects is discussed in the next section under particular 
unit operations. 

In the phenomenon of gas evolution lies one of the 
principal differences in the behavior of different kinds 
of ionizing radiation. In pure water alpha particles 
and fission fragments produce mostly molecular hydro
gen and hydrogen peroxide, with a net formation of 
hydrogen and oxygen gas, while beta and gamma 
rays produce a preponderance of free radicals, which 
tend to recombine, with very little net gas formation. 
Thus, water-moderated reactors having solid fuel cle
ments experience almost no radiolytic gas formation 
(if the water is pure), while homogeneous reactors 
using aqueous solutions must contend with large quan
tities of explosive off-gas mixed with highly radioac
tive fission gases. Thus, a remote-control chemical 
problem at high radiation intensity is created. 

The homogeneous reactor work in the U nited States 
has led to three solutions to this problem, suited to 
different reactor types. One solution is to use a cata
lytic recombining apparatus containing usually platin
ized alumina pellets. The gas is conducted through 
the apparatus at high temperature and the resulting 
water is condensed and returned to the reactor. Such 
a device is in operation on the Los Alamos Water 
Boiler.2 

A second method makes use of small quantities of 
copper ion dissolved in the reactor solution. If the 
solution .is operated at about 300°C or above, the 
radiolytic gas is recombined intern.ally. The third ap
proach consists of operating the reactor at such a tem
perature that the thennal recombination rate, assisted 
by the catalytic effect of uranium ion, is sufficient to 
control the gas formation . Reactors at Los Alamos 
using this method are described in a separate paper 
in these proceedings. 

Only the first method described constitutes a real 
processing operation, since the other methods essen
tially remove the problem. It can only be reported that 



RADIOACTIVE CHEMICAL PROCESSING 97 

aftei: several years operation there is no observable 
effect of the intense radiation field (0.1 watts per 
cubic centimeter of gas) upon the catalyst bed. 

Peptization 

The peptization of solid precipitates may be related 
in some cases to gas formation within the crystal. 
Process difficulties of some magnitude may result 
when an ordinarily well-behaved precipitate becomes 
a. stable colloid above some radiation level, refusing to 
settle, passing through filters, etc. Because of the diffi
culties of handling solids by remote control there are 
not many examples of high specific activity precipi
tates, but in the separation of Ba140 and La140, pre
cipitates of nearly carrier-free L,F 3 have been formed 
and collected without colloid formation at levels of 
2000 curies. The estimated energy dose in this case was 
230 watts per gram for 2 hours, or 460 watt-hours 
per gram. However, a special technique was necessary 
in this case to prevent peptization. The radioactive 
lanthanum was first precipitated as oxalate, stirred 
long enough to allow crystal growth, and then con
verted to fluoride by adding HF. The intermediate 
compound may have been an oxalato-fluoride. Al
though the oxalate was itself rapidly destroyed by the 
radiation, it persisted long enough to form large 
crystals, and the resulting fluoride found itself in large 
pseudocrystalline masses with less water content than 
directly precipitated flnoridc and therefore less gel
like in nature. It is believed that this agglomerate re
sisted dispersion and that the lowered water content 
decreased internal gas formation, thus accounting for 
the improved results. It is probably evident that an 
anhydrous precipitate will be less subject to disrup
tion than one containing water of crystallization or 
hydrophilic gel water. 

Heating Effects 

The absorption of radiation energy, of course, pro
duces heat. In special cases, such as with plastics or 
other organic materials, problems may be encountered 
but in general the quantities of heat produced in han
dling radioactive materials may be removed readi ly 
by standard means. Solution operations have been 
done at energy inputs of 0.4 watts per g ram (200,000 
curies per liter) without special cooling troubles, and 
refractory solid precipitates have been handled at 500 
watts per gram (500,000 curies per cubic centimeter). 

Heating effects are mentioned here, however, to 
point out that the self heating may be turned to ad
vantage in the process. One example.is the evapora
tion of La 140 solutions, where the external heat is 
turned off, and the radiation heat provides boiling 
without bumping and greatly speeds up the prncess. 
Another is the vacuum distillation of polonium, which 
provides its own heat to <listill from an insulated sur
face to a cooled surface. 

Effects on Organic Materia ls 

The discovery of the cross-linking of polyethylcne3 

under irradiation seems to have resulted in an im-

portant commercial process, but similar effects have 
Leen observed in high-intensity processing operations, 
usually with the most disagreeable results. In the orig
inal process for isolation of radioactive barium at Oak 
Ridge, use was made of a precipitation step with an 
ethyl ether-hydrochloric acid mixture. When the step 
was prolonged or repeated, or when the activity level 
was increased; tars and resins were produced. Subse
quent tests shO\'!'ed that this effect was produced by 
about 0.14 watt-hours per gram of ether-acid solu
tion. A destructive effect was also observed with a Ver
sene reagent, where the destructive dose was estimated 
at 0.04 watt-hours per gram of Versene. No deleteri
ous effects were observed with acetates, which leads 
to the supposition that only gaseous products were 
formed by radiation damage. 

Two important conclusions may be d rawn from 
contemplation of the effect of radiation on organic 
mater ials. One is that, without careful testing, organic 
reagents should be excluded from high intensity proc
essing schemes. The other is that the free radicals 
resulting in organic materials upon irradiation can 
combine in ways unattainable by conventional meth
ods. T his use of nuclear radiation to produce useful 
new substances will result in an important branch of 
a high-intensity chemical processing industry. 

Hot-Atom Effects 

Hot-atom effects are those in which the par ticular 
atom undergoing a nuclear event, such as neutron 
absorption, fission, etc., manages to characterize itself 
chemically so profoundly that notice may be taken of 
it process-wise. The classical example is the well
known Szilard-Chalmers process. It must suffice here 
to merely mention this type of effect as ·one which 
may lead to rapid and unusual means for isolating 
particular isotopes in extremely high specific activity. 
Each such process would be highly specialized. 

A negative version of a hot-atom process is ob
served with dismay in homogeneous reactors whose 
corrosion resistance lies in a protective oxide film. 
1f a uranium atom can penetrate the film slightly, 
it will sooner or later undergo fission, and literally 
blow off a piece of the protective film. 

Unit O perations 

Chemical processing of radioactive materials in
volves, at many points, phase separating steps, or unit 
operations, such as filtration, resin bed separation, 
distillation, etc. Although it is difficult to make gen- ' 
eral deductions from the few known high-level proc
esses, six such operations will he discussed as to ra
dation effects and means of overcoming them. 
Attempts to estimate energy input levels which can 
be successfully handled must be regarded as sub}ect 
to considerable uncertainty since each case will have 
its own variations as to quantity, geometry, acceptable 
performance standard, etc. 

Filtration 

Filtration is one of the most fundamental chemical 
operations, and yet it has been avoided as much as pos-
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sible in remote control processes. This has, in general, 
not been so much because the filtration gave trouble, 
but because means for setting up and cleaning the 
filter and handlin1; the separated solid have been diffi
cult to achieve by remote control. The usual industrial 
techniques of filter-aid precoat, belt-discharge con
tinuous filters and the like cannot be considered in 
their present form because of maintenance difficulties, 
lack of miniaturized models, and because the filter
aid forms a bulky disposal problem. 

There is no particular reason, however, why a suc
cessful filtration technique cannot be devised for use 
in a high radiation-intensity process. Porous metallic 
filter media, such as stainless steel and platinum, have 
been used with good success in small scale operations. 
The equipment must be arranged so that the filter can 
be cleaned or replaced with ease. A filter-stick type 
of apparatus is an example. 

Radiation effects on the filtering operation will vary 
somewhat depending on whether the bulk of the radio
active material is in tl1e sol id or the liquid phase. As 
discussed above, gas-evolution, peptization, and oxi
dation-reduction effects may limit the energy density 
at some level. The filtration of polonium sulfate and 
polonium hydroxide have been accomplished at an 
energy density of about 100 watts per gram with no 
particular troubles, as has also barium nitrate at an 
energy density of about 4 watts per gram. The suc
cessful filtration of LaF 3 at 230 watts per gram has 
been mentioned above. This salt is difficult to filter 
even when non-radioactive. It is believed that, with 
favorable conditions, the limiting radiation intensity 
for successful filtration has not yet been reached. 

Centrifugation 

The centrifuge has always been an attractive alterna
tive to filtration for liquid-solid separation, and is 
used for liquid-liquid separation as well. There ap
p ears to be no reason why the centrifuge cannot effect 
phase separation at the highest activity levels. How
ever, the type of machine must be selected carefully. 
The laboratory cup-type centrifuge has been adapted 
to remote-control operation in small-scale work, and 
it must be reported that the results are unsatisfactory 
due to radiation effects above moderate power inputs. 
The centrifugation of polonium hydroxide was found 
to be unsatisfactory ( 100 watts per gram) and centri
fugation of barium nitrate was acceptable only up to 
about 0.5 watt per gram, and completely unsatisfactory 
above l '"att per gram. In all these cases, the difficulty 
was that after stopping the centri(uge the compacted 
precipitate became dislodged due to gas evolution, 
before the decantation could be performed. 

The obvious solution is to use a· centrifuge of the 
bowl type which allows continuous overflow or skim
ming of the liquid phase while spinning at full speed. 
The precipitate can be re-slurried and washed or re
moved as desired. Such a centdfuge has been de
signed for a moderat~ scale, high-intensity process 'at 
the National Reactor Testing Station in Idaho. There 
is no reason to indicate that this,,type of centrifuge 
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separation will be limited m any way by radiation 
intensi ty. 

Distillation-Evaporation-Ignition 

In all of these processing operations the self-heat
ing of the radioactive materials can be used to aid the 
operation. All of these processes have been accom
plished by remote control at low intensity using nearly 
conventional equipment. Evaporation and ignition op
erations have been done with radioactive lanthanum 
materials at high specific activities ( 500 watts per 
gram). The only observations made were that smaller 
splattering losses were encountered ( using open cups) 
when evaporations were done without external heat. 

In the field of waste disposal the Los Alamos Lab
oratory has shown that with proper equipment waste 
air streams bearing radioactive particulate matter can 
be scrubbed with highly contaminated waste water, 
with transfer of radioactivity only from the air to the 
water. 4 The Oak Ridge National Laboratory has 
shown that liquid wastes may be readily concentrated 
many-fold by distillation. These observations may be 
utilized to advantage in high-level processing plants of 
the future. 

Electrodeposition 

The use of electrodeposition of radioactive mate
rials will undoubtedly be limited to specialized appli
cations. However, since it is a regularly used method 
for purifying polonium, it has been observed at high 
specific activity ( 130 watts per gram). The hydrogen 
peroxide produced in the solution by the polonium 
alpha particles was observed to affect the current 
efficiency markedly, and to limit the quantitative depo
sition of the metal in some cases. 

Another interesting application of electrodeposition 
to high radiation-intensity processing is the produc
tion of fission-product barium. Upon dissolution of 
the uranium slugs a considerable quantity of lead salt 
is added. When sulfuric acid is added to precipitate 
barium, lead sulfate comes down also, acting as a car
rier. This lead is later removed from the barium-lead 
solution by electrodeposition, leaving the barium to 
continue without carrier for the rest of the process. 

Solvent Ex1raction 

Selective extraction by contacting of aqueous solu
tions with immiscible organic solutions has become 
an important part of the atomic ener,gy industry. How
ever, because of the organic materials involved these 
methods are far from qualifying as high radiation
intensity processes. Careful studies at Oak Ridge in
dicat~ that the best organic complexing materials can 
be exposed to only 0.0001 watt-hours per gram. 

Solvent extraction methods will continue to be used 
for highly radioactive materials by diluting the solu
tions. For large scale work this means very large 
shielded plants, but the simple equipment of the solvent 
extraction system helps this method compete. As 
pointed out above, there are some radioactive products 
which cannot be handled· at high dilution, and there 
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are economic tendencies wruch at the large scale will 
weigh against the solvent system. 

Ion Exchange 

One of the most important contributions of the 
American atomic energy program to industrial tech
nology has been the thorough exploitation of ion
exchange separations. Resin bed columns have en
abled the large scale separation of pure rare earths, 
and the isolation of new transuranium clements. In 
the field of high radiation-intensity processing, ion
exchange techniques appear to hold a promising 
position. 

In the separation of radio-barium an organic cat
ion exchange resin of the sulfonated phenolic type 
has been used at dosages up to 0.270 watt-hours of 
beta energy per gram. The loss in capacity of the resin 
was about 4 per cent. Anion resins were shown to 
have less radiation stability than cation resins. 

An example of use of an inorganic exchange bed 
is the process for production of fission product zir
conium, using a silica-gel adsorption column. The 
column was operated successfully for sorption and 

elution of zirconium in a fhrn: depositing 0.025 watts 
per gram. No ill effects were observed and this dose 
rate is believed to be far from the upper limit. 

In addition to possible destruction of the exchange 
bed material, the most probable limitation which ra
diation intensity will place on ion exchange columns 
is the formation of gas bubbles, which tend to plug the 
column. Various attempts are being made to over
come this limitation by such devices as up-flow col
umns, pressurized columns, etc. 
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Solvent Extraction Chemistry of the Fission Products 

By F. R. Bruce ,* USA 

A vast amount of information on the chemistry of 
fission products has been accumulated in the develop
ment of ferti le and fissionable material separation 
processes, which have been described in other papers. 
Although these processes employ methylisolmtyl ke
tone and tributyl phosphate as solvents, many other 
solvents have also been investigated for the purifica
tion of fissionable antl fertile materials. These include 
pcntacther, diisopropyl ether, tertiary alcohols, di
butyl cellosolve, thenoyl tritluoroacetone, and dibutyl 
carbitol. The extraction of inorganic ions by chelating 
solvents such as thenovl trifluoroacetone has been ade
quately r eported previously by Reid and Calvin. 
Work with dibutyl carbitol in the United States has 
been of limited scope compared to the studies con
ducted in other countries. Therefore, thenoyl tri
fluoroacetone and dibutyl carbitol will not be con
sidered here. 

An understanding of the application of solvent ex
traction to the problem of purifying fissionable ma
terial will aid in the discussion of the solvent extrac
tion chemistry of the fission products which follows. 
Solvent extraction processes are usually continuous, 
being carried out, for example, in a column. T he aque
ous feed is introduced at a point near the middle of 
the column and flows downward, passing countercur
rently to the organic phase which is introduced at the 
bottom and flows upward. In this portion, the ex
traction section, the desired p roducts transfer to the 
organic phase while the contaminating fission prod
ucts remain in the aqueous phase. In the top, or 
scrubbing section of the column, the product-bearing 
organic phase flows upward countercurrently to a 
fresh aqueous phase which is introduced at the top. 
In this portion of the process residual traces of con
tmninating fission products are removed from the 
product-bearing organic phase. Almost all the ob
served separation from fission products cx.--cnrs in the 
first column, in which the products are transferred 
to the organic solvent and the organic phase is sub
sequently scrubbed with fresh aqueous phase. 

\,Vitb respect to transferable species, the organic 
solvent passing upward is in equilibrium with the 

* Oak Ridge National Laboratory. Including work by 
Chemical Engineering Division, Argonne National Labora
tory· Chemical Research Section, Hanford Atomic Products 
Ope;ation · Separations Chemistry Unit, Knolls ALomic 
Power L;boratory; Chemical Teehnology Division, Oak 
Ridge National Laboratory; C~c1;1istry Division, Oa½ Rid_ge 
National Lal,oratory; and Rad1at10n Laboratoty, University 
of California. 
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feed Aowing downward at the point of feed intro
duction to the column. Therefore, the degree of sepa
ration of product from contaminants which is achieved 
in the extraction section may be predicted accurately 
by a single batch equilibration of feed with solvent 
of a composition representative of that at the feed 
point. Such simple experiments arc employed fre
quently to study the soh·ent-extraction behavior of 
fission products. \:Vhen an organic and an aqueous 
phase are mixed, an equilibrium is established with 
respect to the transferable species, and the distribu
tion ratio of transferable species is defined as the 
concentration in the organic phase divided by the 
concentration in the aqueous phase. Throughout this 
paper the term "distribution ratio" will be used to 
describe the solvent-extraction behavior of fission 
products. 

Solvent that has been equilibrated with feed, and 
therefore contains contaminating fission products,. 
may be contacted with fresh scrub solution, and the 
separation. that is obtainable in the scrub section of 
a column may be determined. T his experiment is also 
widely used in studying the solvent extraction of 
fission products. Most of the chemistry which is to 
be discussed will be based on these two simple type~ 
of experiments. 

A more sophisticated method of studying solvent 
extraction of fission products is the countercurrent 
batch extraction technique. In this method a con
tinuous countercurrent process is simulated on a lab
oratory scale by introducing fresh organic solvent at 
one end of a series of vessels; the feed solution con
taining the ions to be extracted is introduced near the 
middle; and fresh scrub solution is introduced at the 
end opposite the organic introduction point. The or
ganic solvent and aqueous phases are mixed in each 
vessel, the phases separated, and the Qrganic phase 
passed in one direction to the next stage, and the 
aqueous phase in the other di rection. A detailed 
discussion of _countercurrent batch extraction is given 
in Perry, "Chemical Engineer's Handbook". Excel
lent correlation is obtained between fission product 
behavior in plant runs and well-conceived batch 
countercurrent solvent-extraction experiments. 

Solvent-extraction chemistry of fission product 
mixtures may be stuclied by determining gross fJ- or'/" 
activi ty in solutions of irradiated uranium; by assay
ing for individual fission products in solutions of ir
radiated uranium; or by tota! activity measurements 
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made in systems of pure radioisotopes. Gross {3- and 
y-measurements are difficult to interpret since the fis
sion product spectrum depends on irradiation and 
decay times. Such information, however, often pre
sents .a valuable qualitative picture of fission product 
behav10r. While experimental techniques are greatly 
simplified by using pure tracers, it has been well 
established that many radioisotopes, notably ruthe
nium, zirconium and niobium, e..xhibit marked differ
ences between their tracer chemistry and their chem
istry in solutions obtained directly from dissolution 
of irradiated uranium. Accordingly, fission product 
behavior inferred from radiochemical analysis of sam
ples originnting directly from dissolver solution is 
more valid than behavior deduced from experiments 
conducted with tracers. 

Early solvent extraction research quickly disclosed 
the fact that some of the fission products are more 
difficult to separate from uranium and plutonium 
than others. All the Groups I and TI elements show 
very low solubili ty in organic solvents. Group III 
elements with the exception of cerium are likewise 
easily separabl<: from fissionable materials. Zirconium 
and niobium, in Groups N and V, exhibit complex 
solvent extraction chemistry and are difficult to sepa
rate from fissionable and source materials. Group VI 
fission producl~ have either very long or very short 
half-lives and are therefore of little importance. 
Iodine, in Group VII, is of some importance since 
it reacts with many organic solvents and is extracted. 
In Group VIII, ruthenium with its multiple ·valence 
states is an important contaminant in products from 
solvent-extraction processes. It is natural that the 
solvent-extraction chemistry of the fission pro<lucts 
should center around those elements which arc most 
-difficultly separable from materials of interest. T hese 
fission products are: Ce 141, CeH4, Zr05, Nb9~, pa1, 

Ru103, and Ru106• In the absence of complicating fac
tors, such as complexing agents, all the other fission 
products are easily separated from uranium, plutoni
um, and thorium by solvent extraction. 

METHYLISOBUTYL KETONE EXTRACTION OF 
FISSION PRODUCTS 

Methylisobutyl ketone is employed as solvent for 
uranium and plutonium recovery processes. In these 
processes the separation of the desired products from 
fission products is influenced by the following ,,ari
ables: solvent purity, salting strength, acidity, tem
perature, and the presence of minor· components in 
the system. The uranium concentration and phase 
contact t imes are not significant factors. 

Effect of Solvent Purity 

Mesityl oxide, methylisobutyl carbinol, and an aro
matic, probably mesitylene, are the most important_ 
impurities in commercial methylisobutyl ketone. For 
aqueous solutions containing aluminum nitrate, nitric 
acid, and fission products, as much as 1 vol o/o mesityl 

oxide, methylisobutyl carbinol or mesitylene, in the 
organic phase did not increase the extraction of ceri
um, zirconium, or gross ,8-activity. However, in the 
presence of sodium <lichromate they increased the 
extraction of cerium and zirconium markedly. 

Effect_ of Salting Agent and Acidity 

Severa! inorganic nitrates, including those of alu
minum, ammonium, calcium, magnesium, and sodium, 
have been investigated for increasing the nitrate ion 
concentration in the aqueous phase and thereby en
hancing uranium and plutonium extraction. All have 
been found approximately equivalent as salting agents 
except ammonium nitrate, which yields higher sepa
ration of fissionable material from fission products 
than the others. It was observed in tests employing 
aluminum nitrate as salting agent in the extraction 
and scrub sections that decontamination of uranium 
was fivefold less than in cases where ammonium ni
trate was used in the scrubbing solution. 'vVith alu
minum nitrate scrubbing, the fi ssion product activity 
in the recovered product was 80% ruthenium and 
20o/o zirconium, while with ammonium nitrate scrub
bing rnthenium was more effectively removed, and 
the contamination in the product was 20o/o ruthenium 
and 80o/o zirconium. The poor decontamination with 
aluminum nitrate may be attributable to the presence 
of nitrite ion which complexes ruthenium, since anal
yses showed several times more nitrite ion in the 
aluminum nitrate employed than in commercial am
monium nitrate. However, attempts to remove nitrite 
from the aluminum nitrate scrub stream hy adding 
0.05 M sulfamic acid or by precontacting it with 
methylisobutyl ketone, which extracts nitri te, did 
not improve decontamination to the level obtained 
with the ammonium nitrate scrub. 

Within fairly wide limits a linear relationship ex
ists between the logarithm of the y-activity distribu
tion ratio and the aluminum nitrate concentration. A 
50o/o increase in the salting agent strength increases 
the y-activity distribution ratio by almost a factor 
of 2. 

Nitric acid acts as a much more effective salting 
agent for fission product activity than does aluminum 
nitrate, particularly in the region of zero free nitric 
acid. On increasing the acidity from 0.1 M acid de
ficient to the acidity of stoichiometric aluminum ni
trate, the ,,-activity distribution ratio increases seven- • 
fold. Acidifying the solution of 0.1 M nitric acid 
results in an additional sixfold increase in the y-ac
tivity distribution ratio. The effect of aluminum ni
trate and nitric acid concentrations on fission product 
extraction is summarized in Table I and Fig. I. 
While the distribution ratio of gross ,,-activity as a 
function of aluminum nitrate concentration is readily 
e.,-xpresscd mathematically, no simple relation exists 
for the distribution coefficient as a function of nitric 
acid concentration at constant aluminum nitrate con
centration. 
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Figure 1. Effect of aluminum nitrate concentration on the 'Y-fission 
product distribution cocffic:icnt in mcthylisobutyl ketone extrac;tion ot 

various nitric oc:id con<entrations 

Effect of Temperature 

The distribution ratio of gross fission prodttct ac
tivity decreases with increasing temperature. In the 
system 1.25 M aluminum nitrate-0.45 M nitric acid 
-meth)1lisobutyl ketone, the distribution ratio of 
gross y-activity may be represented by the expression 
y = 0.020(10·0 -0121 ) where y is the gross gamma 
activity distribution ratio and t is the temperature in 
degrees Centigrade. 

Table I. Expression of the Aluminum Nitrate Concen
tration Effect on Gross y-Emitting Fission Product 

Distribution in Methylisobutyl Ketone Extroc-
tion at Various Nitric Acid Concentrations 

Total' HNO, 
(MJ 

-0.10:j: 
0.00 
0.10 
0.20 
0.30 
0.40 

Emt,irital touation t 

Y = s.7 x 1o·•c 10'·'0
·) 

3' = 8.6 X 10.,(10'·0") . 

y => 4.6 X w-•c 10'·"'') 
y = 2.8 X J0-3

( 10'·00
•) 

y =. 4.4 X JO·•( 10•·~) 
)' = 2.5 X JO·'( 10'·"') 

* Arbi trarily, all mine acid was considered as being in 
the .aqueous phase. The total nitric acid 1s the sum of that 
in the aqueous and the organic phases, expressed as moles 
of nitric ac id per liter of aqueous phase. 

t y = dist~ibution ratio of gross 'Y-activity (0/A) and :r = aluminum nitrate molarity. •. 
t This represen ts a .solution containing 0.1 mole less nitrate 

ion than would be present in stoichiometric aluminum ni: 
trate. The solution is termed "acid deficient.'' . ,. 
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Effect of Minor Components 

llfany organic bases which are soluble in methyliso
butyl ketone increase the extraction of both uranium 
and fission products. Studies of this effect were made 
with hydrazine, tri-n-butylamine, 2-hexyl pyridine, 
and dihenzoyl methane. 

An interesting effect is observed in the case of 
hydrazine, where digestion of the aqueous phase con
taining hydrazine, at 85°C, r esults in a lowering of 
the gross y-activity distribution ratio. T he presence 
of ferrous ion increases the rate of the reaction by 
which fission product extraction is depressed. Ru
thenium and niobium distribution ratios art: reduced 
tenfold, and the zirconium distribution ratio is re
duced fivefold as a result of the treatment. Since zir
conium and niobium exhibit only one valence state 
in aqueous solution, the reason for the effect of hy
drazine on them is not understood. 

T ri-11-butylamine, 2-hexyl pyridine, and clibenzoyl 
methane all increase the extraction of fission prod
ucts. The most significant effect of these complexing 
agents is their ability to make the degree of separa
tion 0£ uranium from fission products independent 
of the nitric acid concentration. 

The complexing of fission products by thioglycolic 
acid was studied as a method for increasing decon
tamination. Feed solution was digested with 0.1 M 
thioglycolic acid for 2 hr at 50°C. Following the di
gestion, an extraction-scrub study was made and the 
results compared with an, untreated run. Improve
ment factors of 3.7, 2.1 and 3.9 were observed for 
{3, y, and ruthenium activities. However, zirconium 
and niobium were adversely affected by a factor of 2. 

A minor component of considerable significance in 
the methylisobutyl ketone extraction processes is · so
dillln cl ichromatc. The unique effect of this on cerium 
extraction will he discussed later. 

Behavior of Zirconium and Niobium 

Zirconium and niobium are responsible for a large 
fraction of the r activity associated with uranium at 
the end of a solvent-extraction cycle, although ru
thenimn contributes the major portion of tbe /3-ac
tivity. The forms of zirconium in process solutions 
are not well understood, although its behavior is gen
erally consistent with the following i)icture. A t low 
acidities, zirconium is probably hydrolyzed and pres
ent as a 1'.onextractable colloid. On increasing the 
acidity of the solution, the proportion of colloidal 
zirconium decreases. In strongly acidic solutions it 
appears to be present as tetravalent zirconium ion, 
which is highly extractable. 

Aluminum nitrate and nitric acid concentrations 
are the chief variables that may be exploited to mini
mize zirconium and niobium extraction by methyliso
butyl ketone ( see F igs. 2 and 3). I t is clear that a low 
acidity should be maintained and that a low aluminum 
nitrate concentration should be used in scrubbing. 
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flgur• 2. Effut Gf n~ric odd con<en1ra1lon on dhlribution ratio of 
zirconium and niobium in methyli.sobutyl ketone •xtradion 

· Attempts were made to increase zirconium and 
niobium removal in the scrubbing s tep by formation 
of their oxalate complexes. However, oxalate addi
tion impairs uranium extraction without significantly 
improving zirconium and niobium decontamination. 

Behavior of Iodine 

Relatively few data have been collcctc<l on the be
havior of iodine in solvent-e..xtraetion J>rocesses s ince 
its short half-life makes it unimportant in processing 
long-decayed material. It has been observed, however, 
that iodine is highly soluble in methylisobutyl ketone, 
forming addition compounds with the solvent. These 
compounds arc not backwashed when the products 
are stripped with water nor arc they_ removed from 
the solvent by washing with caustic or :icid. Iodine 
promises to be a major problem in solvent-extraction 
processes handling short-decayed V or Pu. 

Beha vior of Ruthenium 

In all methylisobutyl ketone extraction processes 
ruthenium is by far the most difficult fission product 
to separate [rom uranium and plutonium, contributing 
75-909'0 of the ,B-aclivity in the first cycle solvcnt
e.xtraction product. In typical melhylisobutyl ketone 

extraction processes operated under acid-deficient 
conditions, a form of ruthenium having a distribution 
ratio of about 0.003 predominates in the extraction 
section. However, significant quantities ol ruthenium 
with distribution ratios greater than 1 are also present, 
and these, of course, arc not completely removed in 
the scrubbing. In process systems of interesr, ruthe
nium chemistry is C.."-tremcly complicated, lhe ele
ment probably ~isting in the tri- , tetra-, ,md octa
valcnt states under certain cond itions. It is well estab
lished that reduced valence states of ntthenium are 
less e..-:tractable than the oxidized. F or example. oxi
dation wilh 0.1 M sodium dichromate at 90°C in
creases the distribution r.itio of ruthenium tracer 
about twofold. A similar effect is obsen-ed in dilmtyl 
cellosolve extraction. The presence of ferrous sulfa
mate reduces the ruthenium distribution ratio by a 

factor of about two. \Vhelher these effect~ are at
tribntable to the oxidation-reduction behavior of ru
Lhenium itself or to an effect produced on another 
component in the: system, such as the nitri te ion, has 
not been estnblished. 

Ruthenium forms an extremely stable nitrosyl com
plex, Ru(NO) (NO~)3 , in aqueous solutions. Since 
addition o[ nitrite ion results in a marked increase in 

D z 
I 

~ 

I 
AICN~J3 (M) 

Aqueous l)hose 1 0.1 J.f KzCr2o7 
Q25M HN~ 
8 g u per liter 

2 

Figure 3. Effect o f aluminum niltote concentration on distribution 
ratio of zirconium ond ftiobiun, in moth-yliiobutyl ketone ex.traction 
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ruthenium extraction under certain conditions, it is 
evident that the nitroso complex plays an important 
part in the ruthenium extraction mechanism. The 
possibility of employing a methylisobutyl ketone
soluble material which reacts with nitri te, thereby 
destroying this complex and decreasing the organic 
solubility of ruthenium, was investigated. Sulfanila
mide, a specific reagent for the nitroso group, was 
added to methylisobutyl ketone, but no significant 
effect was observed in subsequent extraction. It is 
inferred that the nitroso complex of ruthenium is 
extremely stable and reacts very slowly or not at all 
with sulfanilamide. In other experiments it was found 
that while macro, inactive ruthenium nitroso nitrate 
could be oxidized to ruthenium tetroxide and subse
quently reduced to a solvent-insoluble compound, 
ruthenium in the solution obtained by dissolving 
irradiated uranium did not behave in the same fashion, 
and the treatment yielded ruthenium decontamination 
factors which were l 0-20 times less than those ob
served with inactive ruthenium. The extreme sta
bility of the nitroso complex has been confirmed in 
other experiments where it has been shown to resist 
treatment with strong sulfuric and perchloric acids. 

It has been proposed that colloidal ruthenimn is 
the cause for the poor decontamination observed. In 
attempts to confirm this, irradiated uranium dis
solver solution was dialyzed through cellophane into 
a comparable uranium solution, containing no fission 
products originally. Samples from each side of the 
membrane were removed, oxidized with periodic acid, 
reduced with formic acid, and extracted with methyl
isobutyl ketone. When the resulting solvent phases 
were scrubbed with acidic aluminum nitrate, no sig
nificant difference in ruthenium behavior was ob
served, indicating the unimportance of colloids. 

Numerous attempts have been made to develop 
theories for explaining the solvent extraction be
havior of ruthenium. None has gained wide accept
ance, nor do they enjoy consistent e..'Cperimental cor
r oboration. Callis and co-workers postulate the pres
ence of at least three different ruthenium species in 
irradiated uranium dissolver solution. The predom
inant oxidation state is pictured as the tetravalent. 
The average distribution ratio for the total ruthenium 
in the dissolver solution under acid-deficient alu
minum nitrate conditions is approximately 0.008. The 
three ruthenium species are postulated to have dis
tribution ratios of 0.015, 0.004, and 0.0018. 

Elliot and Miles postulate four forms of ruthenium 
,and describe the conditions necessary for their exist
ence. The four forms are designated A, B, C, and D. 
Each of the four forms acts in a characteristic man
ner. The distribution ratios of ruthenium A, B, C, 
and D in methylisobutyl ketone extraction are de
scribed as being approximately 7.4, 0.05, 0.001, and 
15, respectively. Ruthenium C is obtained by allow
ing ruthenium tetroxide to stand in dilute nitric acid° 
for several days. Ruthenium tetroxide decomposed in 
dilute nitric acid containing potassium permanganate .. . 
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forms Ru D. Strong oxidation of Ru C yields a mate
rial possessing the extraction properties of Ru D. 
Conversely, the strong reduction of Ru D yields a 
form that resembles Ru C. It is accordingly inferred 
that Ru D represents a higher oxidation state than 
Ru C. On either long standing in aluminum nitrate 
solutions containing nitric acid or on treatment with 
nitrous acids, Rn C is converted to Ru A or B. Ru
thenium A and B in turn may be reverted to Ru C by 
treatment with urea. Since urea reacts with nitrous 
acids according to the equation CO(NH2)2 + 
2HN02 ➔ 2N2 +3H20 +CO2, E lliot and Miles 
conclude that Ru A and D are nitroso complexes of 
Ru C. Ruthenium C is tentatively identified as the 
trivalent and Ru D as the tetravalent form. It is 
possible to explain much of the solvent-extraction 
chemistry of ruthenium by assuming it to be present 
in these four forms. 

A feed pretreatment method for decreasing ru
thenium extraction, especially under acid flowsheet 
conditions, has been proposed by Gresky. The recom
mended treatment consists of adjusting the feed to 
0.3N nitric acid-0.05 M sodium nitrite and digest
ing for 1 hr at room temperature. One per cent by 
volume of acetone is then added to the solution, and 
the mixture is digested at 85- 90°C for 4 hr. After 
cooling, the solution is made 0.3N in nitric and 0.1 M 
in sodium dichromate. The pretreatment is dependent 
upon acid concentration, the optimum range being 
0.3-0.4 M nitric acid during the digestion step. The 
treatment usually results in a 140-fold increase in 
ruthenium decontamination in acidic aluminum ni
trate processes, and a fourfold increase in acid-defi
cient processes. In many cases, however, very little 
or no effect is observed, testifying to the complex 
solvent-extraction chemistry of ruthenium. The chem
istry of this process is not fully understood. 

A unique approach to the ruthenium problem was 
taken by Miles and co-workers who proposed the use 
of diphenyl thiourea as a solvent additive. With ru
thenium, diphenyl thiourea forms a stable complex 
which is soluble in the solvent phase and only very 
slightly soluble in the aqueous phase. Therefore, when 
diphenyl thiourea is present in the solvent, ruthenium 
is complexed and is not stripped with the desired 
products in the back-extraction step. At a diphenyl 
thiourea concentration of 10 gm/liter, complex forma
tion occurs with a half-time of about 30 min at 25°C 
and with a half-time of about 1 min at 60°C. This 
treatment prior to stripping results in a ruthenium 
distribution ratio of about 50 in the stripping step, 
thereby yielding a very significant. separation of ura
nium ·from ruthenium. An attempt was also made 
to suppress the extractability of ruthenium by forma
tion of an aqueous-soluble complex with thiourea. 
However, with this technique reproducibility was very 
poor, and the small amount of ruthenium that was 
extracted exhibited a very high distribution ratio in 
favor of the organic phase in the scrubbing step. 
Ethylene thiourea behaved ·similarly. 
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In' spite of all the study that has been devoted to 
the solvent-extraction chemistry of ruthenium, the 
most use[ul devices for inhibiting its ex:tmction are 
the simple expedients of nitric :icid and alim1inum 
nitrate concentration control. The tremendous signifi
cance of these ,·ariables is indicated by the following 
results. 

In an aluminum nit rate-sodium diehromate sys
tem, increasing the nitric acid concentration from 
0.2 M acid deficient to 0.9 M acid inc, eascs the ru
thenium distribution ratio from 1.5 X 10..s to 660 X 
10-3• Increasing the aluminum nitrate concentration 
from 0.5 M to 2 M increases the ruthenium distribu
tion ratio from 0.17 to 2.3. The effect of nitric acid 
concentration is shown in Fig. 4. The effect of alu
minum nitrate concentration 011 ruthenium e.xtraction 
is shown in Fig. 5. It is clear that a low acidity should 
prevail in extraction and scrubbing, and that the 
lowest permissible aluminum nitrate concentration 
should be maintained in scrubbing. 
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Behavior of Cerium 

Cerium may exist in the tri- and telruYa.lent states 
in process solutions. In macro experiments with non
radioactive cerium it was found that tr ivalent cerium 
is practically unextractable in mcthylisobutyl ketone. 
Tetravalent cerium, in 1.2 .M aluminum nilrate-0.1 
M nitric acid-meLhylisobutyl ketone "has a distribu
tion ratio of 0.8 at 25°C and l . j at o• C. The differ
ence is attributed to the less rapid reduction of tetra
valent cerium by methylisobutyl ketone at the lower 
temperature rather than to a significant difference in 
the equilibrium ratio. Addition or sodium dichromate 
decreases the distribution ratio o[ tetravalent cerium, 
indicating formation of a less readily ex-tractable 
complex. 

Cerium extraction exhibits the same general type 
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of dependence on aluminum nitrate concentration and 
acidity that is obsen·ed with other fission products. 
A SOy'o increase in aluminum nitrate concentration 
results in about a fourfold increase in cerium extrac
tion (Fig. 6 ) . Cerium extraction is ma,kcdly affected 
l>y nitric acid concentration, the distribution ratio 
mcreasing from 0.001 for a 0.17 M acid-deficient 
solution to 0.14 for 0.25 M acid solution (Fig. 7 ). 

The effect of inert cerium on the methylisobutyl 
ketone extraction of tracer cer ium was im1estigated

1 

and it ""as found that addition of 0.0l2 M cerium to 
the aqueous phase depressed the di.,Lril>ution ratio 
from 0.30 to 0.008 (Fig. 8) . The presence of inert 
cerium at a concentration of 0.002 M effected a ten
fold decrease in the cerium distribution ratio in the 
scrubbing step, while at a concentration of 0.02 M 
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the distribution ratio ,vas depressed almost SO-fold 
(Fig. 9). These results are particularly interesting 
since such an effect has not been observed in the case 
of other fission products when attempts have been 
made to depress fission product extraction by addi
tion of inactive material. 

During the pilot plant testing of a methylisobutyl 
ketone solvent-extraction process, a very peculiar 
effect was observed with cerium. At the conclusion 
of a run, the shut-down procedure consisted in dis
continuing the flow of feed, which contained uranium, 
plutonium, fission products, and sodium dichromate, 
and continuing the flow of scrub solution and solvent 
to recover residual fissionable materials from the 
column. The extraction of cerium increased instead 
of decreasing as its concentration in the aquemts 
phase became more dilute, passed through a maxi
mum, and then decreased. Pitzer studied this phe
nomenon and found that cerium extraction is mark
edly dependent on sodium dichromate concentration, 
with the maximum distribution ratio occurring in the 
range 0.001-0.002 M sodium dichromate (Table II). 
In attempting to elucidate this, permanganate and bis
muthate ions were studied as alternate oxidizing 
agents. Despite their more negat1ve potentials these 
materials do not increase the extraction of cerium; 
hence, it appears that the cerium e..--<traction mechan
ism involves dichromate in a manner other than sim
ple oxidation. 

FISSION PRODUCT EXTRACTION BY TRIBUTYL 
PHOSPHATE 

Tributyl phosphate (TBP) is used, in a manner 
similar to methylisobutyl ketone, as solvent in plu
tonium and uranium recovery processes. It also may 
be used to separate thorium from fission products. 
These applications have been discussed in other pa
pers where it has been shown that the distribtttion 
ratio of TEP-extractable materials depends on the 
concentration of uncomplexed TB P in the organic 
phase. For this reason one of the most important 
variables in fission product extraction by TBP is 
the degree of solvent saturation with elements such 
as uranium, plutonium, or thorium, which are more 
strongly complexed by TBP than the fission products. 
Also, it is necessary to mix TBP with an inert dilu
ent, such as kerosene, to obtain desirable physical 
properties and the extraction of fission products de
pends on the TBP concentration in the solvent and 
to a lesser degree on the nature of the diluent se
lected. Typical fission product behavior in a TBP ura
nium recovery process is shown in Table III. 

Effect of Solvent Purity on Fission Product Extraction 

Common impurities in commercial TBP are bu
tanol, and mono- and dibutyl phosphate. The separa
tion of uranium or plutonium from fission products 
is less satisfactory when commercial TBP is used· as 
solvent than when butanol-free • TBP is employed. 
The difference in effectiveness is primarily attribut-
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Tobie II. Effect of Sodium Dichromate Concentra tion 
on Methylisobutyl Ketone Extraction of Cerium 

Aqueous: 1.2 M Al(NO,)., 0.15 M HN O, 

Na2Cr'J.O-: ccmccutra.tiou 
(M) 

0.0001 
0.0005 
0.001 
0.0015 
0.0025 
0.0050 
0.0075 
0.05 

Distrib11tion ratio 

0.0005 
1.21 
1.48 
3.20 
3.25 
2.11 
1.37 
0.34 
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Table Ill. Behavior of Fission Products in Tributyl Phosphate Countercurrent Batch 
Extract ion 

Aquoous phasei 0 .5 M UO~(N O:,)a_, 3 M HNO,: 3 volumes 

Orgonit pha,e: l.S% TBP-85% Varsol, 0.15 M HNO,; 10 volumes 
Scrub: 3 M HNO,; 2 volumes 
7 cxfl'odion and 2 scrub stage, 

Distribution ratio 

Aciivfty Fted plate lnd scrub stage 

Gross fJ 0.0017 0.l l 
Ru 0.0045 0.22 
Cc 0.00035 0.0058 
Zr 0.0064 0.022 
Nb 0.00035 

able to increased ,B-activity distribution ratios in the 
scrub section when commercial TBP is u sed, indi
cating that butanol, or its reaction products with 
nitric acid, complexes fission products in the solvent 
phase and prevents their being removed. \ Vith com
mercial TBP n typical ,$-activity distribution ratio 
in the scrub section is about 5, compared to 1 for 
butanol-free TBP. 

Mono- and dibutyl phosphates increase the extrac
tion of fission products significantly. For example, 
a 12.S vol '}'o TBP solution in carbon tet rachloride 
to which 0, 0.01, 0.1, and 1.0 vol % dibutyl phosphate 
had been added gave over-all y-emitting fission prod
uct distribution ratios of 0.0017, 0.011, 0.070, and 
0.41, respectively, and ,B-emitting fission product dis
tribution ratios of 0.00084, 0.0025, 0.014, and 0.033. 
The primary effect of dibutyl phosphate is increased 
zirconium extraction, cerium aml ruthenium being 
unaffected by these concentrations of DBP. 

Diluent composition is also an important factor in 
t ributyl phosphate extraction. For example, a series 
of.solvent mixtures containing !So/o TBP in various 
diluents was used to extract a nitric acid solution 
containing uranium and fission products. The r esult
ing solvent phases were scrubbed four times with 
nitric acid, and the distribution rat io of ,$-activity 
determined in the fourth scrub solution. T he {3-ac
tivity in the fourth scrub varied by a factor of almost 
10 between the best and worst diluents. The adverse 
effect was attributable to aromatics and olefins which 
react with nitric acid to give nitration products that 
form solvent-soluble complexes with fission products. 

Effect of Soturotion of Solvent 

As available TBP is comple..v:ed with extractable 
ions such as uranium or thorium, 'the quantity of 
solvent free to extract fission products becomes less, 
and fission product extraction decreases (see Fig. 10). 
Increasing the uranium saturation of the solvent from 
37'70 to 86.8% lowered the gross ,8-distribution ratio 
16-fold; zirconium, 3.6-fold; ruthenium, 56-fold; and 
total rare earths, 46-fold. It is clear that ruthenium 
and total rare earth extraction are markedly depend-· 
ent on solvent saturation, and zirconium extraction 
shows a lesser dependency. 

Decontamination fatter 

l!xt1(lc-tio" Sc-rut, Ovcr•0ll 

330 .30 9.8 X 10' 
106 .• 5.0 530 

1.4 X 103 380 5.3 X 10' 
71 210 1.5 X 10' 

l.S X 103 5.6 8.3 X 10' 

The results of a countercurreut batch extraction 
run in which the degree of saturation of the solvent 
was varied are shown in Table IV. Increasing the 
solvent saturation from 48% to 90'70 decreased the 
gross ,B-distribution ratio at the feed plate tenfold. 
However, it is interesting to obsenre the higher fission 
product distribution ratios in scrubbing under the 
high saturation conditions, suggesting that the decon
tamination factor for extraction plus scmbbing woukl 
be something less than tenfold greater for the high 
saturation case. Nevertheless, solvent saturation is the 
most important means of controlling fission product 
extraction by tributyl phosphate. 

Effect of TBP Concentration 

The distribution of fission products into the or
ganic phase increases as the concentration of TBP 
in the diluent increases at constant uranium satura
tion of the solvent ( Fig. 11). Increasing the TBP 
concentration, at 60% uranium saturation, from 0.2 
M to 0.4 M increases the gross /3- and y-activity dis
tribution ratios about 3.5- and twofold, respectively. 
The advantage of employing the lowest TBP con
centration that is consistent with other process con
siderations is clear. 

Effect of N itric Acid Concentration 

The distribution ratios of gross ,8- and y-activities 
increase by factors of 5 and 21, respectively, when the 
nitric acid concentration of the aqueous phase is in
creased from 1 M to S M. The zirconium distribution 
ratio increases almost tenfold (Fig. 12) on increas
ing the acidity from zero to 5 M, while ruthenium 
extraction increases 011ly by about 50% over the 
same range of acidity. 

Effect of Salt Concentration 

I norganic nitrates other than nitric acid may be 
employed as salting agents in TBP extraction. So
dium nitrate, for example, effects a fourfold increase 
in zirconium extraction when its concentration is in
creased from zero to 3 M . It is interesting to note 
that sodium nitrate does not increase the extraction 
of trivalent cerium over this range (Fig. 13). 
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f igure 10. Eflecl of uranium so1uralion of iributyl phosphate on 
fission produ,,t extraction 

Effect of Tempero1ure 

The effect of temperature on fission product dis
tribution in TBP extraction differs from that in 
methylisobutyl ketone extraction in that the distribu
tion ratios for gross ,8-activity, ruthenium, zirconium, 
and niobium increase with incre;ising temperature. 
Rare earth extraction shows little dependence on 
temperature (see Table V ). 

Barton and co-workers studied the effect of tem
perature on uranium decontamination by tributyl 
phosphate in a batch counlercurrcnl extraction sys
tem consisting of ten extraction and seven scrub 
stages. At 70°C decontamination was improved, over 
room temperature values, by a factor of 13 for /J-ac
tivity, 4 for y-activity, 30 for ruthenium, and 7 for 
niobium; zirconium was not affected. Comparable 
work in simple batch extractions confirmed the pre
viously described increase in fission product extrac
tion with incrC.1Sing temperature. Improvement in 
decontamination in the over-all extraction-scrub proc
ess at elevated temperatures is believed to result from 

Tobie IV. Effect of Uranium Saturation of Tributyl 
Phosphate on Fission Product Extraction 

Aqueous phase: 6 M HNO, 
Orgon,c phase, 15% TBP, 85% Var,ot, 0.15 M HNO, 
Volume ratio: Feed/solvent/scrub = 3/10/2 
5 e•tractlon ond 4 scrub 1toges 

C"'1ditions al fc,d plate 
U sat.ration Gross 13 

of solvc11t distr,'b,,thtu 
{%) ratio 

48 
77 
86 
90 

0.026 
0.016 
0.0037 
0.0025 

Di'1trilmti,m ratio, •♦u 
,rrttb section 

Zlld Slogr 41/r slope 

0.04 
o.ozs 
0.032 
0.030 

0.15 
0.27 
0.44 
0.74 
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Figure 11 , Distribution of fiuian product activity between aqueous 
nilric acid and diluled tributyl phosphote sy1te111>: 60% U saturation 

increased scrubbing efficiency. A continuation of this 
study showed that zirconium-niobium fi rst cycle 
decontamination was greatly diminished, decreasing 
from 3000 to 30 for zirconium and 8000 to 380 for. 
niobium, suggesting that the nature of the effect may 
be complicated. 

Behavior of Ruthenium 

It has been previously shown here that ruthenium 
extraction is depressed by increasing the solvent sat
uration with uranium, and that it is relatively inde
pendent of nitric acid concentration and temperature. 
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Tobie V. The Effect of Temperature on the Tributyl Phosphale Exlractlon of Fission 
Products 

Aqueous phose: 200 gm of uranium per liter, 3 M HNO, 
0'11onic ph,,.-, 30'6 T8P-70"' Am«o, 80% saturated with uranium under conditions of experiment 

T<rn/◄,:totH,~ G,011 
·cJ fJ Ru 

25 l.06X 10~ 0.96 X JO·• 
50 2.62 X 10 .. 0.98 X 10·• 
75 4.48 X 10 .. 1.10 X 10·• 

Ruthenium is the most difficult fission product to 
separate from thorium by tributyl phosphate extrac
tion, and the third most difficult to separate from 
uranium. 

In the thorium recovery process. where thorium 
nitrate and nitric acid are employed as salting agents 
to extracl uranium and thorium into the organic 
phase, and acid-deficienl aluminum nitrate is em
ployed as the scrub, ruthenium is the decontamina
tion limiting fission product. \Vhile gross f), tolal 
rare earth, zirconium, and niobium decontamination 
factors are about 120, 6.8 X 10•, > 3 X 104, and 
> 1.6 X 10', respectively, ruthenium decontamina
tion is only 8.6. The low ruthenium decontamination 
factor results from a i:utheuium species in the ex
traction section which is about 5-1070 of lhe total 
and has a distribution ratio of gre1tter th:in 1. The 
remaining 90-95% of the element e.-cists as an inex
tractable species which has a distribution r-atio of 
about 0.001. 

Numerous methods for increasing ruthenium de
contamination in the thorium recovery process have 
been studied. The process includes a feed-digestion 
step iu which the solution is evaporated to approxi
·m~tely 4 111 thorium nitrate. The chemical environ-

Distribution tolio 

z, N/J 
Total rar~ 

tortJ&J 

9.80 X 10_. 0.39 X 10·• 4.57 X 10 .. 
26.8 X 10"' 1.44 X JO·• 5.61 X 10--< 
52.3 X 10·• 4.51x 10·• 4.23 X 10·• 

ment of the feed 1reatment aids in obtaining repro
ducible decontamination factors of 200 or more for 
ruthenium. Ruthenium distribution ratios in extrac
lion of about 3 X 10_. are observed when this step 
is used while they are 0.02-0.002 in its absence. The 
feed adjustment step is more 1,eneficial to subsequent 
solvent extraction when carried out in stainlt:ss steel 
equipment than in glass. Ferrous ion appears to play 
a part in achieving the enhanced decontamination 
since its presence results in roughly fou rfold higher 
ruthenium decontamination. The effect of feed ad
justment at various acidities, in the absence and 
presence of ferrous ion, is shown in Table VI. 

A different approach to increasing ruthenillln de
contamination in thorium purification by TBP ex
traction consists of alternate oxidation of the feed with 
periodic acid, and reduction with formic acid. This ap
proach has the objective of converting all the ru
thenium to the tctrox:idc and then unjforrnly reducing 
it to a lower, solvent-insoluble state. The rcsulls of 
,,arious feed pretreatments are summarized in Table 
V[I. The conclusions that can be drawn from this 
series of experiments are: (1) feed digestion results 
in an approximately eightfold increase in decon
tamination; (2) feed digestion in the presence of 

Tobie VI. The Effect of Feed Pretreatment on Decontominotion in Tributyl Phosphate 
Extraction 

Aquoous phost: 1.5 M Th(NO.),, 0.6 M Al (NO.),; l volume 
Organic pha••• A2% TBP-58% Am><a; , volumes 
Scrub: 0.6 M Al(NO.)., 0.4 M ocid deficient, O.ll02 M PO,, 0.005 M ft"; l volum, 
5 "xlradion and 8 lCrub stoges 

lfNO in 
Dtconloma'nation fdctor 

f,rd (/.I) C,oss /l Ri, R~tMo.,'16 • 

0.56 127 8 No feed adjustment 
0.60 96 8 

-0.14 2.8 X 10' 238 Feed adjustment 
-0.44 2.2 X 10~ 244 
-0.46 1.5 X 10' 160 
-0.14 1.3 X 10' 740 Feed adjusted in presence of 
-0.20 1.3 X 10' 823 0.01 M Fe•• 

-028 1.8X 10' 875 Feed adjusted in presence of 
0.005 .If Fe .. 

--0.06 1.0 X 10' 940 Feed adjusted in presence of 
0.0025 M Fe++ 

-0.45 1.7 X 10' 1010 Feed adjusted in presence of 
type 309 S Nb'St:iinless steel 

• Feed adjustrnent consists in cYaporntion of digestion at IS0°C for l hr. The solution is 
the dissolver solution to 4.5 M Th(NO,) , and then diluted to feed conditions. 
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Table VII . Effect of Feed Pretreatment on Fission Product Extraction by Tributyl Phosphate 
Aqueous phase: 1.5 M Th(NO,),, 0.6 M Al(NO,)3, 0.5 M HN~: HIO, added and digested 

ot room temperoture for 15 min, then HCOOH added and dig••t•d; 1 volume 
Organic phase: 42% TBP in Am$CO; 5 ,olumes 
Scrub: 0.6 M Al(NO,)3, 0.7 M acid deficient, 0.002 M Po,- - -, 1 volume 

HJO, 
(M} 

0.0005 
0.0005 
0.000St 
0.005 
0.005 
o.oos• 

S cxtroc-tion and 8 scrub stage$ 

Feed prct.rcatmeut 

Digestion, 

!ICOOH Ti.,nc Tco'{'/'""'"rt: 
(.\1} (hr) ·c, 

3" 110 
0.005 2 90 
0.005 0.5 25 
0.005 2.0 90 
0.005 2.0 90 
0.05 0.5 25 
0.05 2.0 so 
0.05 3.0 110 

Crosl 
/l 

127 
852 
660 
600 

1030 
770 
840 
860 

7350 

* Type 347 stainless steel turnings were added to digester. 

stainless steel results in an additional eightfold in
crease in decontamination; and ( 3) addition of peri
odic acid and formic acid has little effect. 

Feed pretreatment with nitrite ion and urea has 
also been investigated in the tributyl phosphate sys
tem. The treatments considered include refluxing 
with sodium nitrite, refluxing with urea, and diges
tion at 85°C with either nitrite or urea. A 16-fold 
increase in decontamination results from digestion 
with 0.05 M sodium nitrite for 3 hr, while digestion 
with urea results in about a sixfold increase in de
contamination (Table VIII) . The addition of nitrite 
via nitrogen dioxide and sodium nitrite are equiva
lent in effectiveness. However, in employing these 
pretreatment steps, it is observed that the amenability 
of feeds to the pretreatments differs widely. 

It has been observed that hydrogen peroxide ac
celerates the formation of nonextractable ruthenium. 
\,Vatts in studying this problem made a dissolver 

1-
z w 
g 0.41-----f------l ... 
l!J 
0 

Ce(ml fJ 

Aqueous phase: 0.IM U021NClyi, 
30M HN0;:1, 
NoNC¾, tracer 

4 

Figure 13. Effect of sodium nitrate concentration on extraction of 
cerium and zirconium by 15% tributyl phosphate in hexane .. 

Duontamiuatfo,1 JactM 

Total 

Ru Nb Zr 
t'orc 

eortlis 

8 1.3 X 10' 2.-1 X 10' 5.2 X 10' 
63 2.9 X 10' 6.5 X JO• 8.1 X 10" 
37 2.3 X 101 1.3 X 10' 4.S X to• 
29 5.5 X 10' 2.9 X 10' 7.3 X 10° 
54 1.4 X 10' 1.0 X 10' 7.0 X 10" 
68 7.5 X 10' 8.6 X 10' 6.5 X 10' 
43 3.2 X 10' 3.9 X 10' 3.8 X 10' 
51 5.6x 101 2.9 X 10' 3.7 X ID• 

570 J.9x 10• 8.7 X 10-' J.5 X 10• 

t Feed was 0.1 M acid deficient. 

solution 0.07 M in potassium permanganate, and 
heated it 1 hr at 70°C and 1 hr at 90- 95°C in order 
to break the ruthenium complexes and oxidize the 
ruthenium to the tetroxide. Sufficient hydrogen per
oxide was added to the cooled solution to completely 
precipitate the uranium. The solution was boiled to 
decompose peroxide, and one extraction and three 
scrubs were carried out. In a subsequent solvent ex
traction a ruthenium decontamination factor of 440 · 
was obtained while a factor of 150 was observed 
in a similar run without pretreatment. 

Behavior of Iodine 

One of the most troublesome fission products in 
the tributyl phosphate extraction of short-decayed 
irradiated material is iodine which is extracted by 
the usual solvent-extraction mechanism and also 
forms addition compounds with unsaturated mate
rials in the solvent. The extraction of iodine was 
studied by treating solvents with __ either tracer iodine 

Tobie VIII. Effect of Feed Pretreatment on Fission 
Product Extraction by Tributyl Phosphate 

Aqueous phosc : 1.-47 M UO,(NO,),, 2 M HNOa {producl 

from first cycle TSP extraction); 30 volumes 
Solvent phase: 30% TBP In Amsco; 100 volumes 
Scrub: 3 M HNO,; 20 volumes 
5 extraction and 4 scrub stoges 

Vecoutaminotiou factor 
F eed·j,,t'lrea,meul Gr<>s.s 'Y Ru 

None 160 so 
Made 0.05 ill in NaNO,; digested 

3 hr at 85'C 450 800 
Made 0.05 1\l in NaN 0,; refluxed 

30 min 560 500 
i\fade 0.05 llf in urea; digested 

3 hr at SS•c 400 155 
:\fade 0. 1 Al in urea; digested 

3 hr at 85•c 430 100 
/\fade 0.1 !ll in urea; refluxed 

1 hr 435 290 
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Table IX. Effect of Complexing Agents on Tributyl Phosphate Extraction of Fission Products 
Aqueous phase, 0.2 M UO,{NO.,)., 3 M HNO., ccmploln9 09enr 
Organic phase: 12.5% TBP In CCI, 
Scruh1 3 M MNO,, complexing agent 
Feedl>uub/ eict10ctant volume rotlo = 3/2/10 in a c:ountorcurrent botch extraction 

Co••f>/ui111J Fi,sion 
cg#lll t,roltccl B.rtrMIUm 

Nooe Gross fJ 8.4 X 10 ... 
Zr 2.9 X 10-• 
Ru 2.8 X 10·• 

0.1 M H.PQ, Gross {J J.J X 10 .. 
Zr J.O X 10·• 
Ru 3.8 X 10➔ 

0.1 M JI,SO, Gross fJ 7.l X 10·• 
Zr 5.3 X 10-' 
Ru 4.0 X 10., 

0.01 M (NH,)2SiF, Gross fJ 2.5 X 10·• 
Zr 2.6 X 10·• 
Ru 32 X 10., 

or tracer hydriodic acid in 5 M nilric acid. U nder 
these conditions, molecular iodine reacts extensively 
with commercial hexane, aboul 0.7 gm of the iodine 
being extracted per liter of solvent. Hexane, from 
which unsaturates have been removed by washing 
with concentrated sulfuric acid before equilibration, 
does not extract a significant quantity of iodine. 
Amsco 123-15 extracts 0.4 gm/liter; Amsco 125-90, 
0.7 gm/liter; and Amsco l90-10, 0.9 gm/liter. After 
eight washes with concentrated sulfuric aci<l, Amsco 
123-15 e..'l:tracts 0.2 gm/liter. Under the same con
ditions commercial benzene e..,1:racts no iodine. Hy
driodic acid does not react readily with any of the 
solvents but adds molecular iodine rapidly under 
the same conditions. These results indicate that iodine 
extraction mny be minimized by careful diluent selec
tion or by maintaining iodine in the reduced Yalence 
state. 

Behavior of Zirconium-Niobium 

S ince zirconium is one of the principa.J fission prod
ucts contaminating uranium, plutonium, or thorium 
recovered by TBP c.,tractioa, a number of aqueous
soluble complexing agents for reducing its extract
ability were investigated (Tahle IX). 

The zirconium distribution is decreased about 100-
fold by 0.1 NJ phosphate, tenfold by 0.01 M fluosili
catc, and sixfold by 0.1 M sulfate. However, after 
three scrub stages the over-all decontamination fac
tors are only slightly improved by l~e complexing 
agents. One of the more promising methods for de
creasing zirconium is complexing with oxalate ion 
(Table X). At a concentration of O.Ql M oxalate ion 
the extraction of zirconium is reduced almost 60-fold. 

Moore investigated the effect of prolonged diges
tion on zirconium-niobium decontamination in subse
quent TBP ex1raction. A portion of dissolver solution 
was maintained at 90°C for a 4-week period, and 
extraction-scrub studies were carried out with sam
ples of the solution, which were withdrawn at 1-, 2-, 

Di.tt rib111io1J ratio 
1st scr11b 1nd Jcrub Jrd .SN'Hb 

7.0 X 10"" 4.3 X 10·• 9.Z X JO·• 
I.I >< 10·• l.4 X 10·• 5.6 X 10·• 
1.9 X JO·• 8.6 X 10·• 0.43 
2.8 X to·• 0.16 0.92 
?.8 X 10·• 0.31 0.09 
1.6 X lO·• 4.1 X 10·• 0.37 
4.2 X 10-a 7.2 X 10_, 0.29 
1.6 X 10·• 2.7 X 10·• 0.12 
4.0 X 10·• 0.12 0.07 
5.0 X 10 ... 0.11 O.Oi 
5.2 X IO·• 9.2 X JO·• 0.52 
1.3 X 10· • 52 X JO·• 0.14 

and 4-week intervnls. After 4 weeks' digestion, the 
niobium decontamination factor decreased from an 
initial value of 6 X 104 to a value of 7 X 1()1_ Al
though the effect was not as marked as wilh niobium, 
zirconium decontamination was adversely affected. 

OTHER SOL VENTS 

Limited work has been done on the separation 
of fissionable materials from fission products by the 
use of other solvents. For the most part the work is 
of a scouting nature and incomplete. The solvents 
considered include: pentaether, diisopropyl ether, di
butyl cellosolve, and many alcohols. 

Pentaether 

Pentacthcr is the dibutyl ether o{ tetraethylenegly
col. Poor separation of fissionable material from fis
sion products is obtained with peutaether primarily 
because ruthenium is extracted very readily by it. 
Mixtures of pentaether and butyl alcohol also yield 
very poor separation rrom ruthenium. An additional 
disadvantage is their instability toward the nitric 
acid systems used in radiochemical processing. 

Diisopropyl Ether 

Diisopropyl ether has been investigated as a solvent 
for the recovery of U 233 from thorium and fission 
products. This solvent yields separation from fission 
products comparable to that obtainable with TBP 

Table X. Effect of Oxolo to on Tributyl Phosphate 
Ex tra ction of Fission Products 

Aqueous pha": 0.1 M UO,(NOo),, 4 M HNO. 
Solvent pho,e, 0.3 M TBP 

O.ta/olt Dirtri'b11tion. r•tio 
etmcM1 lrn1i,m 

OfJ Cr oss P Gros, 'V z, 
0 2.6 X IO' 4.5 X 10·• 2.9 X 10·• 
0.0001 2.7 X to·• 
0.001 4.1 X 10·• 
0.01 8.7 X IO·• 6.0X IO"" 4.9 X 10·• 
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figure 14. Effect of nitric ocid concentration on diisopropyl ether 
4'Xttodion of fission products 

and methylisobutyl ketone. However, its low flash 
point and relative instability toward nitric acid make 
it less desirable than some o-f the other solvents. The 
effect of thorium nitrate and nitric acid concentration 
on fission product distribution in diisopropyl ether 
solvent extraction was investigated. Increasing the 
thorium nitrate concentration from 1.9 M to 2.5 M 
increases the gross f3 distribution ratio from about 
2 X 10-5 to 1 X lQ-4. Increasing the acidity in the 
region of zero free acid results in a marked increase 
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in the fission product distribution ratio. A marked 
decrease is observed when the acidi ty is decreased 
from neutral to the acid deficient region (Fig. 14). 

The fission product distribution ratio in ether ex
traction is practically independent of temperature. 

Dibutyl Cellosolve 

Dibutyl cellosolve (ethylene glycol dibutyl ether) 
has also been investigated for the separation of ura
nium from fission products and thorium. For a given 
set of conditions in the aqueous phase the distribution 
ratio of fission products in dibutyl cellosolve e."<trac
tion is considerably lower than in methylisobutyl 
ketone extraction. However, the uranium distribution 
coefficient is correspondingly lower. 

Increasing the nitric acid concentration in the re
gion of 0.1 M acid causes the fission product distri
bution ratio to increase rapidly, while a correspond
ing effect is observed in methylisobutyl ketone when 
the acidity exceeds the neutral point. 

T he effect of salting agent concentration on the 
distribution of y-emitting fission products in dibutyl 
ceJlosolve extraction is interesting since the fission 
prod11ct distribution ratio increases until a strength 
of about 1 M aluminum nitrate is reached and then 
remains constant. In the salting range between 1 and 
2.75 M, the y-activity distribution ratio is almost 
constant, suggesting the value of this solvent for ex-
traction from highly salted solutions. · 

Tertiary Alcohols 

The extraction of ruthenium tracer by tertiary
alcohols from an equal volume of 1 11{ aluminum 
nitrate-0.2 M nitric acid was studied. For tertiary 
amyl alcohol, 2-methyl-2-pentanol, 2-methyl-2-
hexanol, 2-mcthyl- 2-heptanol, and methylisobutyl 
ketone, ruthenium distribution coefficients were 1.39, 
0.55, 0.345, 0.219, 0.087, respectively. U ranium dis
tribution ratios observed with these solvents were 
low, and it is evident that all are inferior to methyl
isobutyl ketone as extractants for fissionable material. 



Anion Exchange Studies of the Fission Products 

By K. A. Kraus and F. Nelson,* USA 

I. INTRODUCTION 

During the last decade the popularity of ion ex
change as a tool in analytical, physical and inorganic 
chemistry has increased tremendously. The field has 
repeatedly been reviewed in recent years and a num
ber o( excellent books and review articles may be 
cited for general refcrences.1-9 A glance at the liter
ature shows that the lion's share of attention has 
gone to cation exchange, while exploitation o[ anion 
exchange has nol become prominent until a few years 
ago. Although large scale anion exchange installations 
now exist, particularly with respect to hydrometal
lurgy of uranium, exploitation of anion exchange still 
lags behind that of cation exchange. lt is anticipated 
that, _particularly as far as applications in analytical 
che1mstry are concerned, this situation will change in 
the next few years. Anion exchange, especially of 
metal comple.'Ces, exhibits a number of unique fea
tures, and appears to be a new, powerful and versatile 
tool which should find soon further broad applica
tions. At present, conditions have been found for the 
ads_orption of essentially all meta.ls on anion exchange 
resms except for the heavy alkali metals. Since the 

_nonmetals e;,{ course are more readily handled as 
11~gative ions, this implies that anion exchange may 
be a more general tool than cation e."tchange. 

Anion exchange of metal complexes shares with 
cation exchange the many advantages which presum
ably underlie the rapid expansion of this field and 
make it so attractive for many applications compared 
witb conventional procedures. Ion exchange proce
dures in general arc simple and separations can be 
achieved with great speed, provided the ions to be 
separated have sufficient differences in adsorbabili
ties. The large number of theoretical plates per 11nit 
length which ion e..-xchange columns exhibit, particu
larly with fine mesh resins, is an additional distinct 
advantage. Further, with conventional ion exchange 
resins, diffusion rates are usually sufficiently large 
to permit operation at reasonably rapid flow rates. 

Jon exchange separations are characterized by 
low cross-contamination, probably one of its most 
attractive features compared with precipitation tech
niques. Ion exchange techniques are fairly insensitive 
to the concentration of the materials to be separated. 
Concentrations ranging from a few atoms per cm3 to 
essentially molar concentrations may be handled with 

* Oak Ridge National Laboratory. 
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equal ease and similar efficiency, provided \:Olmnn 
capacities are properly designed. While loading con
siderations affect mainly the cross-sectional areas of 
tl1e columns, their length is determined by relative 
ndsorbabilities of the ions to be separated. 

The initial impetus towards detailed study of anion 
~chan~e of metal complexes came when it was recog-
111zed tn our laboratory that certain commercial 
stro?g-base anion exchange resins show great, and 
at times startling, selectivities for certain complex 
ions, particularly the chloride complexes of a num• 
ber of metals. It thus became possible to operate ef
fectively at high clectrolyle co11centrations and even 
in concentrated acids where the commercial resins 
show remarkable stability. In contrast, cation ex
chan~e o~ten fails in these concentrated electrolyte 
solutions m no small measure because in these media 
many metals become complexed and improper targets 
for cation exchange. 

Anion exchange is an ideal tool for the handling 
of tho~e metal_ ions which must be complexed to keep 
the_m m solution, e.g., to prevent hydrolytic p recipi
tation . .Many of these elements in the proper com
plexing medium apparently fom1 negatively charged 
complexes in sufficient concentration to permit good 
adsorption on anion exchange resins. 

The suitability of anion exchange resins for ad
sorption from concentrated electrolyte solutions per
mits exploitation for analytical purposes of the more 
unusual complexing properties of the elements. These 
complexes often are formed in sufficient concentra
tion only at high electrolyte concentrations. Appar
ently the activity coefficient quotients for the com
pie..'< (formation) equiliuria decrease rapidly with 
increasing ionic strength and complexes whose forma
tion constants are small may become prominent. In 
view of the high selectivity of the resins £or certain • 
complexes, good adsorption may often be achieved 
,~ith a small fraction of the metal in the fonn of nega
tively charged complexes though, of course, in equi
librium with other species. 

With :mion exchange techniques, separations of 
metals can often be achieved which "normally" e..'C
hibit similar properties. Such "similar" metals, it ap
pears, may show large differences in the stability 
constants of the higher complexes, even if they 
have similar stability constants for the lower com
plexes. 

Since anion exch.:mge techniques thus permit ex-
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ploitation of maximum differences among elements, 
separations can often be achieved with columns very 
much shorter than customary in cation exchange work 
with a resultant decrease in the time required to effect 
a given separation. In favorable cases good separati~ns 
may even be achieved in limes short compared with 
a minute. Tims daughter radioactivities with half
lives of the order of seconds and of less than a second 
have been separated from long-lived parent activi
ties.10 The speed of separation is greatly aided by the 
fact that with reversible complex equilibria adsorp· 
tion may, for example, be carried out at high electro• 
lyte concentration and desorption by a simple change 
in electrolyte concentration or even with w3ter with· 
out change in the overall compo.~ition of the resin. 

Ion exchange techniques may be used for el~ci
dation of the solution chemistry of the matenals 
studied. In this application, anion exchange in dilute 
solutions resembles the well-established cation ex
change techniques which in recent y~rs have been~
ploited par ticularly by Schubert.11_ Smee adsorbab'.li
ties of many metal complexes on amon exchange resins 
are very high, e.xtension to concentrated electrolyte 
solutions becomes very attractive, i.e., to a field wh~re 
further studies are greatly needed. Although a brief 
outline of the theoretical considerations leading to iden
tification of species and equilibria will be given later, 
one might mention here that information gained from 
these ion exchange studies is essentially thermody
namic (see also reference 12) . Ion exchange st~1dies 
of this type can be reduced to the thermody~am1cs of 
two-phase equilibria with the resin considered a 
special solvent.13 Anion e.xchange of metal comple~es 
gains its added strength from the fact that the amon 
e..--cchanger is intrinsically sensitive to detection and 
measurement of the negatively charged complexes 
and thus permits elucidation of complex equilibria 
starting with the most comple~ed species ra.ther than 
with the uncomplexed metal ions, for which many 
thermodynamic methods are available. 

These general remarks regarding the advantages 
of anion e.xchangc are, of course, directly applicable 
to fission product chemistry. We may classify the 
use of anion exch:mge in fission product work: (1) 
research with fission products, (2) analytical prob
lems involving fission products, and (3) lar~e scale 
isolations and separations. At the present time the 
use of anion e.-xchange unquestionably is most prom
ising for research and analysis. Extensive exploita
tion at high radfation levels will depend on t~e solu
tion of a number of serious problems, particularly 
problems involving the radiation stability of the resin.s. 
The resins apparently are stable enough for work m 
moderate radiation fields. Regarding work at very 
high radiation levels, where many applicati?ns are 
probably nol realizable, one may, however, sull often 
be able to use anion exchange effectively if the proc-. 
esses are designed to adsorb the !11inor activities :ind 
pem1it passage oi the major activities through the 
columns. 
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l l. ANION EXCHANGE TECHNIQUES 

\Ve shall confine ourselves to a brief discussion of 
the techniques which have been used in this labora
tory . These, of course. are similar_ to a~d largely 
based on the cation exchange techniques in general 
use. Differences principally stem from our rath~r 
broad utilization of radiometric methods of analysis. 
Actually, of the about 65 elements studied in this 
laboratory, radioactive tracers have been used for ap
proximately 55. 

The convenience and speed of the tracer method 
has often been stressed. In recent years the advent 
of scintillation counters with high y-efficiency has 
further increased the attractiveness of the method. 
Particularly useful is the re•entrant hole scintillation 
counLer14 which permits direct measurement~ of a~
tivity of a solution in a small test tu~. \V1th t~JS 
instrument analyses can be completed m a few mm
utes. Additional advantages of the tracer method 
may be cited. In many ~es adsorba~mti~ may be 
studied at very low loading of the resin w1th respect 
to the metal of interest. In this way results become 
directly comparable. In general, . adsorb~bility de
creases with increasing loading. This effect 1s small up 
to about 1 % loading but may amount to a 5 to 20-Cold 
decrease between 1 and 20% loading. 

Since general access to tracers is rapidly becom· 
ing easier, the main disadvantages of the tracer me~b
ods appear to be the strict requirements for purity 
for many applications and the difficult ies engendered 
when the clement o! interest may have more than one 
oxidation state un<ler the conditions studied. vVe 
have found the anion exchange techniqu7 to be. of 
irreat value in preparing tracers of very h1gh purity. 
The solution of the oxidation state problem probably 
can be achieved by supplementing the tracer tech
niques with more conventional meth~ds at macro 
concentrations. However, once the amon exchange 
behavior of the various oxidation states has been es
tablished, the technique may be used for identi~ca
tion of the oxidation states, even at concentrations 
where conventional methods fail. 

It must be stressed, however, that in spite of the 
enormous advantages which the tracer method offers, 
a great deal of work in the field of ion exchange and 
o.nion exchange may be done rapidly_ and efficiently 
without tracers. In this lal>oratory polarography, 
spectrophotometry, colorimetry and Ro.me spectro
photometry., as well as standard volumetric tech
niques, have been used to good advantage. For col
ored ions visual observation of band motion ( chroma• 
tography) can of course be used as well as spot test
ing of the effluent. For the spot testing method it 
appears advantageous to operate with columns of suf
ficiently small cross-sectional area so that eacb drop 
represents an appreciable fraction of a column volume 
and can be collected and analyzed without aliquoting. 

J\1ost of the separation wc;,rk which has been carried 
out has involved short columns ( usually less than 5 
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cm). In general a search is made for conditions where 
such small columns would be effective and careful 
chromatographic techniques not necessary. Further, 
a search was made for eluting conditions where ad
sorption is sufficiently small to permit effective re
moval ·of the ions in a iew col.umn volumes or prefer
ably in one column volume. To achieve these objec
tives it has become standard in this laboratory to 
measure adsorbabilities over a large range of condi
tions. 

Adsorbabilities have been studied principally by 
four techniques: ( 1) column effluent analysis, ( 2) 
column scanning, ( 3) equilibration method, and ( 4) 
special methods for measurement of high distributon 
coefficients. 

The column effluent analysis appears to be most 
suited for conditions where the ion of interest is not 
strongly adsorbed. It becomes rather cumbersome 
when more than ca 10 column volumes are neces
sary to remove the adsorption maximum. The column 
effluent method directly yields the elution constant, 
E.rn From 1/ E, the nttmber of (geometric) column 
volumes necessary to obtain the eluted ion in maxi
mum concentration in the effluent, the volume dis
tribution coefficient, D,, ( amount per liter of bed/ 
amount per liter of solution), ·may be evaluated by 
the relationship 

D,, = 1/E - i ( 1) 

where i is the fractional interstitial space. Foi more 
strongly adsorbed ions the scanning method may be 
used15 which also yields E. 

For strongly adsorbed ions the equilibration tech
nique, however, appears to be more convenient, as 
pointed out particularly by Schubert.11 Samples of 
resin and solution are agitated long enough to estab
lish equilibrium which with the resins used here was 
usually less than 1 to 2 days. The ratio of resin weight 
to solution volume is preferably adjusted so that 
approximately SOo/o of the material of interest is 
adsorbed. From the decrease in concentration on 
equilibration the distribution coefficient D (amount 
per kg dry resin/amount per liter of solution) may 
be computed. The values of D may readily be corre
lated with anticipated column behavior since the 
number of column volumes necessary to elute the 
material in maximum concentration is given by ( Dv + 
i ) and since D and D,, are related by the bed density 
( ca 0.45 kg dry resin per liter of bed_). 

For measurements of extremely high distribution 
coefficients ( e.g., D > 1 O' or 10:;) it has been found 
advantageous first to adsorb the tracer tmiformly on 
the resin and then to measure the concentration of 
solutions in equilibrium with it. Equilibrium may be 
achieved either by passing solutions through a bed 
containing the tracer loaded resin or by agitating 
resin and solution. Placing the tracer on the resin 
first permits attainment of equilibrium in each indi
vidual experiment in very much shorter times at 

high values of D than when adsorption is carried out 
witl1 the tracer originally in the solution. 

Ill. SURVEY OF ANION EXCHANGE STUDIES 

For the last six or seven years a systematic survey 
of the anion exchange behavior of the metals has been 
carried out in this laboratory. Although the investi
gations have involved a number of media, the survey 
in HCI solutions·· is most nearly complete, and at 
present includes most of the fission products. 

The original intent was to study only those metals 
which form relatively weak complexes and for which 
the complexes are in rapid equilibrium with the un
complexed ions. If these metals show good adsorp
tion at high concentration of complexing agent (e.g., 
concentrated HCl) adsorption-elution cycles would 
become particularly simple since negligible adsorption 
should occur at low concentration of complexing 
agent, and elution with dilute HCl or even water be
comes possible. As this survey progressed, it became 
desirable, for comparative reasons, to include the 
more stable complexes, those which are not in rapid 
equilibrium with the uncomplexed species and those 
for which no adsorbable complexes were antici
pated. 

The adsorption data for HCl solutions are sum
marized in Fig. 1 as a series of graphs of log D., vs M 
HCl, where D,, is the volume distribution coefficient 
and M the molarity. Figure 1 was compiled from 
previously published and unpublished results obtained 
at this laboratory. The only exceptions are the data 
for Nb(V) and Ta(V), taken from the work of 
Huffman and Lilly, and the data for Te(IV) where 
the observations of Sasaki were used. Literature ref
erences pertinent to Fig. 1 may be found italicized 
in Table I-A. 

In a few cases quantitative information as a func
tion of M HCI was not available, but sufficient ex
periments had been carried out to indicate that the 
elements were strongly adsorbed over most of the 
conditions studied (0.1 M HCl to 12 M HCI). These 
cases are identified in Fig. 1 by "Str. Ads." Work at 
this laboratory in hydrochloric acid solutions was 
carried out with one batch of resin ( quaternary amine 
polystyrene divinyl benzene resin, ca 200 mesh, 10% 
DVB). Difficulties resulting from differences in se
lectivities, particularly with resins of different cross
linking, were thus avoided, and the data in Fig. 1 are 
essentially comparable. 

F rom a glance at Fig. 1 it becomes apparent that 
the elements can be roughly classified into three 
groups with respect to their anion exchange behavior: 

1. Many elements arc not adsorbed from HCI solu
tions at any concentration. In this class fall the alkali 
metals, the alkaline earths and largely the elements 
of Group III-B (Y to Ac). Surprisingly Al(III) is 
also in this group of non-adsorbable ions, as well as 
Ni(II) and Th(IV). 

2. Many elements show increasing absorption with 
increasing M HCl and usually good adsorption only 
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Tobie 1. Survey of Anion Exchange Studies of Metal Complexes 
A. Hydroch loric Acid a nd Other Chloride Solutions 

(Figure 1 based on italicized references) 

Atomic no. Atomic n D. 
a,rd clement Refrrc11ccs o ud clem ent R"f~reuct'$ 

3 L i J-1, K -9, l\f-4 45 Rh B-3, C-3, K -15, 1\1-1 
4 Be K -9, K-12, M-4 46 Pd B-3, K-9, N-1, M-1 

11 Na J-1, K-9, M-4 47 Ag K -15 
12 Mg J -1, K-9, M-4 48 Cd B-5, J-1, K-9, K-15 
13 Al B-1, J- 1. K -9, M -4 49 In J -1, K -9 
19 K J-1, K-9, M-4 50 Sn J -1, K -15 
20 Ca J -1 , K-9, M-4 51 Sb K-15 
21 Sc K-9, K-12 52 Te S-3 
22 Ti K-9 55 Cs K -9, :M-4 
23 V K -9 56 Ba K -9, 1'.f-4 
24 Cr H-8, K -15, ::v(-4, N-1, S-6 57-71 RE. K-9, 1f-4 
25 Mn B-1, H-8, J -1, K -8, K-12 72 Hf H-4, H-7, K -15 
26 Fe B-1. H-8, J-1, K-8( II), K-11 73 Ta H -7, K-6 

K-12, K-15(111), M-4, R-2 74 w K-13 
27 Co B l, H-8, J -1. K-8, K-12, M-5 75 Re K-15, M-2 
28 Ni B-1, H -8, J-1, K-8, M-5 76 Os K-15 
29 Cu J-1, K-8(II), K-1S(I) 77 I r C-3, B-3, K -9(I V), M-1, K-lS(IU ) 
30 Zn B-5, J-1, K -8, K- 12, M-3 78 Pt B-3, K -9, M-1, N-1 
31 Ga J{.9, K-12 79 Au K-10, K-12, N-1, S-6 
32 Ge N-5, Y-1 so Hg K-15 
33 As J -1, N -5, Y-1 81 Tl K-9 
34 Se S-3, K -1S 82 Pb C-1, J-1, N-2 
37 Rb K -9, l\f-4 83 Bi C-1, N-2 
38 Sr K -9, M-4 84 Po S-3 
39 y 1(.9 87 Fr K-9 
40 Zr H -4, H-7, K-1S 88 Ra K -9 
41 Nb H -7, K-S 89 Ac K-9 
42 Mo K -13, M-2, S-6 90 Tb K-14 
43 Tc K-15 91 Pa K -4, K -7, K-11 
44 Ru B-3, K-15 92 u K-13 

B. Anion Exchange Stud i.-s of f is,ion Prod ucts in Other Media 

Sofotion 

F luo r ide and 
HF-HCI M ixtures 

Bromide and Iodide 

Hydroxide 

Ni trate 

Cyanide 

F.lr.m cnt 

Zr 

Nb 
Mo 
Sn 
Zn 
Ga 
Cd 
Sb 
Ge 
As 
~fo 
Ru 
Rh 
Pd 

I (IO,) 

BrcBn 
!(I"} 

Zn 
Ag 

R l'f~rc•,icq.s 

F-2, F-3, F-4, H -6,K-2, 
K-5,K-7 

F-4, H -1, K-3, K -5, K-7 
F-4, H -1, K-13 
F-4 
B-5, H-3 
H-3 
B-5, F-5, L -1 
L-2 
E-1 
E- 1 
F-1, H -2, M-2 
B-3 
B-3 
B-3 
K-l 
A-1, R-1 
A-1 
B-4 
J-2 

A-1 Atteberry, R. W. and Boyd, G. E ., J. Am. Chem. 
S oc. 72: 4805 (1950). 

B-1 Blasius, E. and Negwer, fyf., Naturwissenschaften 
39: 257 ( 1952) . 

B-2 Blasius, E. and Ncgwer, M. Z. anal. Chem. 143: 
257 (1954) . 

Solldiou Element Rc/c-rfflt:ts 

Thiocyanate T c - A-1, H -2 

Sulphate Cd L-1 
In S-S 

Acetate Ce F-5 

Oxalate Ga B-2 
y C-2 
Zr W-1 
Nb G-1. W -1 
Mo M-2 
Sn L-i. S-4 
Sb L -2, S-4 
Te S-4 

Citrate Sr N-4, S-1 
Ba N-4, S-1 

R.E. H-5 

Ethylcnediaminetetraacetic Zn S-7 
acid (EDTA) Rb N-3 

Cs N-3 

B-3 Blasius, E . and \1/achtel, U., Angew. Chem. 66 : 
305 ( 1954) . 

B-4 Bursta<l. F. H .. Kembler , N. F., Forrest, P. and 
Weeks, R. A., Ind. Eng. Chem. 45 : 1648 ( 1953) . 

B-5 Baggott, E. R. and ·Willcocks, R. G. W ., Analyst 
80: 53 (1955). 
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C-1 Campbell, E. C. and Nelson, F., Phys. Rev. 91: 499A 
(1953). 

C-2 Crouthamel, C. E . and Martin, D. S. Jr., J. Am. 
Chem. Soc. 72: 1382 ( 1950). 

C.J Cluett, M. L., Berman, S. S. and McBride, W. A. 
Analyst 80: 204 (1955). 

E-1 Everest, D. and Salmon, J. J., Chem. Soc. 2438 (1954). 
F-1 :Fisher, S. A. and Meloche, V. W., Anal. Chem. 24: 

1100 (1952) . 
F-2 Forsling, W., Arkiv Kemi 5: 489 (1953). 
F-3 Forsling, W., Arkiv Kcmi S: 503 (1953). 
F-4 Freund, H. and Miner, F . J., /\.nal. Chem. 25: 564 

(1953). 
F-5 Fronacus, S., Svcnsk Kem, Tidskr. 65: I (1953). 
G-1 Gillis, J., Eeckhaut, z., Cornand, P. and Speecke, 

A., Medcdel. KoninkJ. Vlaam. Acad. Wetenschap. Belg. 
15: 3 (1953). See also :C. A. 48: 9862" (1954). 

H-1 Hague, J. L., Brown, E. D. and Bright, H. A., ]. 
Research Nat. Bur. Standards 53: 261 ( 1954). 

H-2 Hall, N. and Johns, D., J. Am. Chem. Soc. 75 : 5787 
(1953). 

H-3 Herber, R. H. and Irvine, J. \II., J. Am. Chem. Soc. 
76: 987 (1954). 

H-4 Huffman, E. H. and Lilly, R. C., J .. Am. Chem. 
Soc. 71: 4147 (1949). 

H -5 Huffman, E. H. and Ostwalt, R. L., J. Am. Chem. 
Soc. 72: 3323 ( 1950) . 

H-6 Huffman, E. H. and Lilly, R. C., J. Am. Chem. Soc. 
73: 2902 (1951). 

H-7 Hu('(man, E. H .. Lilly, R. C. and Iddings, G. M., J. 
Am. Chem. Soc. 73: 4474 (1951). 

H-8 Hague, J. L., :Maczkowskc, E. E. and Bright, H. /\., 
J. Research Nat. Bur. Stds. 53: 353 (1954). 

J-1 Jentzsch, D. and Frotscher, I., Z. anal. Chem. 144: 
17 (1955). 

J -2 Jones, L. H. and Pcnncman, R. A., J. Chem. Phys. 
22: 965 (1954). 

K-1 Kikindai. M .. CompL rend. 237: 250 (1953). 
K-2 Kraus, K. A. and Moore, G. E., J. Am. Chem. Soc. 

71: 3263 (1949). 
K-3 Kraus, K. A. and 'Moore, G. E., J. Am. Chem. Soc. 

71 : 3855 (I 949). 
K-4 Kram, K. A. and Moore, G. E., ]. Am. Chern. Soc. 

72: 4293 (1950). 
K-5 Kraus, K. A. and Moore, G. E., J. Am. Cl,em. Soc. 

73: 9 (1951). 
K-6 Kraus, K. A. and Moore, G. E., J. Am. Chem. Soc. 

73 : 13 ( 1951) . 
K-7 Kraus, K. A. and Moore, G. E., J. Am. Chem. Soc. 

7J: 2900 ( 1951). 
K-8 Kraus, K. A. and Moore, G. E., J. Am. Chem. Soc. 

75: 1460 (1953). 
K -9 Kraus, K. A., Nelson, F. and Smith, G. W., J . Phys. 

Chem. 58 : 11 (11954) . 

at high M HCI. Some of these elements show adsorp
tion maxima. 

3. Many elements, located principally in the cen
tral part of the periodic table, show only decreasing 
adsorption with increasing M HCI, at least in the 
region 1 to 12 M HCI. In this group fall the second 
and th ird row transition clements which are generally 
recognized to be excellent complex formers with 
chloride ions. 

References to similar work carriecf out in other 
laboratories are given in Table I-A. In general, agree
ment between various laboratories using different 
resins, though of the same type, has been gratifying. 
Table t-A is considered reasonably complete except 
for the large body of work on stable anions, e.g., 
halides, nitrates, etc., which has been a standard part 
of the important basic studies on the selectivities and 
characterization of anion exchange resins (see e.g., 
references 16 and 17). For more detailed information 

K-10 Kraus, K. A. and Nelson, F., J. Am. Chem. Soc. 76: 
984 (19S4) . 

K-l I Kraus, K. A. and Moore, G. E., J. Am. Chem. Soc. 
77 : 1383 ( 1955). 

K-12 Kraus, K. A., Nelson, F., Clough, F. B. and Carl• 
ston, R. C., J. /\.m. Chem. Soc. 77: 1391 (1955) . 

K-13 Kraus. K. A., Nelson, F. and Moore, G. E., J. Am. 
Chem. Soc. 77 : 3972 (1955). 

K-14 Kraus, K . A. and :Moore, G. E. (to he published). 
K-15 Kraus, K. A. and Nelson, F. (previously unpub· 

Jished work). 
L-1 Lcden, L, Svensk Kem. Tidskr. 64: 145 ( 1952). 
L-2 Lure, Yu. ¥Lr. and Filippova, N. A., Zavodskaya Lab. 

14: 159 (1948). 
M-1 1facNevin, 'vV. 1-[ and Crummet, W. B., Anal. Chem. 

25: 1628 (1953) . 
M-2 Meloche, V . W. and Preuss, A . F., Anal. Chem. 

26: 1911 (1954). 
M-3 ~filler, C. C. and Hunter, J. A., Analyst 79: 483 

(1954). 
M-4 i\{oore, G. E. and Kraus, K. A., J. Am. Chem. Soc. 

72 : 5792 ( 1950). 
M-5 l\!oore, G. E. and Kraus, K. A., J. Am. Chem. Soc. 

74: 843 (1952). 
N-1 Nachod, F., U.S. Patent 2,37l,ll9 (1farch 6, 1945). 
N-2 Nelson, F. and Kraus, K. A., J. Am. Chem. Soc. 

76: 5916 ( 1954). 
N-3 Nelson, F .. J . Am. Chem. Soc. 77: 813 (1955) . 
N-4 Nelson, F. and Kraus, K. A., J. Am. Chem. Soc. 

77: 801 (1955). 
N-5 Nelson, F. and Kraus. K. A .. J. Am. Chem. Soc. 

77: 4508 ( 1955). 
R·l Rieman, W. III. and Lind~nbaum, S., Anal. Chem. 

24: I 199 (1952). 
R-2 Reents, A. C. and Kohler, F. H., Ind. Eng. Chem. 

47: 75 (1955). 
S -1 Samuelson, 0., Lunde, L. and Schramm, K., Z. Anal. 

Chem. 140: 330 (I 953) . 
S -2 Samuelson, O. and Sjost rom, K., Anal. 'Chem. 26; 

1908 (1954). 
S -3 Sasaki, Y., Bull. Chem. Soc. Japan 28 : 89 (1955) . 
S-4 Smith, G. W . and Reynolds, S., Anal. -Chi,n. Acta 

12: 151 (1955). 
S -5 Sunden, N., Svcnsk Kem. Tidskr. 66: 173 ( 1954). 
S -6 Sussman, S., Nachod, F. C. and Wood, \I/., Ind. 

Eng. Chem. 37: 618 (1945). 
S-7 Samuelson, 0., Sjostrom, K. and Forsb!om, S., Z. 

Anal. Chern. 144: 21 ( 1955). 
W-1 Walker, R. E. and Baldwin, W. H., U.S. A.E.C. 

Report ORNL-o3i (1950), Nuclear Sc. Abstr. 4: 469 (1950). 
Brit. Abst. C244 ( 1951) . 

Y-1 Yoshino, Y., Bull. Chem. Soc. Japan 28 : 382 (1955). 

regarding the ion exchange behavior of these stable 
anions the many review a rticles and books on the 
field may be consulted. 

In Table I-A, references to chloride solutions other 
than hydrochloric acid have been included. Recently 
(reference K-12 of Table I ) a startling difference in 
the adsorbability of a large number of metal ions in 
lithium chloride solutions compared with hy dro
chloric acid solutions has been observed. Further ex
ploitation of these low acidity media appears highly 
attractive. 

A survey of the anion exchange studies of the fission 
products in other media is given in Table I -B. 

As far as our work is concerned, relatively little 
attention to media other than hydrochloric acid has 
been given except when special reasons necessitated 
it. Thus, for example, certain elements particularly 
of the fourth and fifth groups show highly unfavor
able hydrolytic properties in most HCl solutions, 
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which might seriously interfere with separations. In 
an attempt to avoid these difficulties, studies were 
carried out in HF-HCl mixtures. Further, for the 
elements which show essentially negligible adsorption 
from .}{Cl solutions, other complexing agents are 
indicated. In many cases citrates or ethylenediamine
tetraacetic acid ( EDTA ) proved satisfactory. Our 
investigations with the other common mineral acids 
(nitric acid and sulfuric acid) .have so far been lim
ited to uranium and very few other elements. Ex
ploitation of these media appears highly promising. 

IV. ANION EXCHANGE STUDIES OF THE FISSION 
PRODUCTS AND URANIUM 

This section will deal principally with the impli
cations and applications of the anion exchange studies 
at ORNL to separations involving the fission prod
ucts. A brief discussion of each fission product will 
be given. Since uranium occupies an obviously un
usual position with respect to fission product chem
istry, information regarding this element is also in
cluded in some detail. 

The adsorption data described in Fig. l can be 
used directly to devise a large number of separation 
schemes. Actually, it may be noticed that most ele
ments differ sufficiently from each other in their ad
sorbabilities that separations are at least intrinsically 
possible although for a few of these some reserva
tions must be made. 

Anion Exchange Studies of Uronium(VI)" 

Adsorption behavior of uranium (VI) has been 
studied in HCI solutions and HF-I-ICJ mixtures (ref
ence K-13, Table I), as well as in nitrate and sulfate 
solutions (reference K-15). Adsorption of urani
t1m(VI) occurs from all these media although the 
characteristic adsorption functions (log D vs M HCl) 
differ widely. 

The adsorbability of uranium(VI) rises steeply 
with increasing HCI concentration from D = ca l in 
1 M HCI to D = ca 1800 near 9 M HCI. At higher 
concentrations, D decreases slightly (Fig. 2) . 

In nitric acid, adsorbability of uranium(VI) be
comes significant near ZM HNO3 where D = ca 1 
and then rises to D = ca 20 neat" 8 M HNOa (Fig. 
2). Above this concentration the equilibration experi
ments yielded irreproducible results, probably due to 
decomposition of the resin by the rather concentrated 
nitric acid. 

Adsorption of uranium (VI) from_ other nitrate 
solutions of low acidity has also been studied. At 
constant nitrate concentration, adsorbability from 
these media is considerably larger. For example, dis
tribution coefficients of the order of 103 have been 
found for 2.5 M Al(NO3 )a-0.5 M HNO3 solutions. 

The adsorption function of uranium(VI) in sul
furic acid differs markedly from those in HCl or 
HNO3 (Fig. 2) . Thus, adsorption is very high at 
low sulfuric acid concentration (D = 35,000 in 0.01 
M H~SO~) and decreases rapidly with increasing M 

}hSO-t to D = ca 1 in 4 M H2SO4 • However, at 4 M 
H2SO4, quantitative elution of uranium cannot readily 
be achieved at room temperature with small volumes of 
eluent, probably because of slow rates of diffusion. By 
increasing the elution temperature, satisfactory re
moval with little tailing can be achieved, even with 
1-2 M H 2SO4. 

Adsorption ·of uranium(VI) from ( NH4 )zSO4 
solutions resembles that from H2SO4 • At low con
centrations the distribution coefficients for both media 
are approximately the same. However, the decrease 
in D with concentration is considerably less rapid for 
ammonium sulfate than sulfuric acid. Thus D = 500 
in 4 M (NH4)2SO4. 

Adsorption of uranium(VI) from HF solutions 
has not been studied. However, data are available on 
adsorbabilities from HF-HCI mixtures at constant 
HF concentration (l M). It was found that pres
ence of l M HF affects adsorption of U (VI) little at 
high M HCI, that at low M HCI adsorption from these 
mixtures is considerably poorer than from HCI alone, 
and that at still lower HCl concentration ( < 1 .M 
HCl) adsorption of U(VI) rises again rapidly with 
decreasing M HC1. This behavior is presumably due 
to formation of positively charged fluoride complexes 
of U (VJ) at high M HCI, which decrease the frac
tion of U (VI) in the fom1 of an adsorbable chloride 
complex, and to adsorption of negatively charged 
fluoride complexes at low M HCI. 

The highly varied adsorption properties of ura
nium (VI) in the various mineral acids should make 
anion e.xchange separations of this element from es-
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sentially all other elements relatively simple. Actually, 
the unusual complexing properties of U(VI) might 
be expected to produce interesting anion exchange 
behavior for this ion in many other media. 

Rb, Cs, Sr, Ba, Y, Rare Earths 

These fission products [ except Ce(IV)] show es
sentially negligible adsorption from HCI solutions 
and apparently also from LiCl solutions. However, 
separation of this group of "non-adsorbable" ele
ments from uranium and all other fission products 
cannot be achieved in a single pass of e.g., a concen
trated HCI solution through an anion exchanger. Al
though under these conditions uranium and most of 
the fission products will be retained, a number of 
other elements (e.g., As(V), Rh(III), Ag(I), Br) 
may also appear in the effluent. Of these "interfering" 
ions, As (V) poses the most serious problem, although 
it is removable when the solution volume is small 
compared with the column volume. Most of the other 
interfering ions may readily be removed by a second 
pass through the exchanger at low HCl concentration 
( e.g., 0.5 M) i.e., under conditions where these in
terfering elements show good adsorption. 

To achieve separations within this group on HCl
nonadsorbable-elements, other complexing agents are 
needed. Citrates and ethylenediaminetetraacetic acid 
( EDTA) have been used to good advantage. Thus the 
alkali metals show negligible adsorption from citrate 
solutions while Sr, Ba, Y, rare earths and, presum
ably, most other elements in the periodic table show 
good adsorption ( see also reference S-1 of Table I) . 
Thus citrate promises to become the basis of a very 
simple anion exchange method for the specific isola
tion of the fission products Rb and Cs. Other tech
niques ( e.g., cation exchange) will probably be neces
sary to separate these two elements from each other. 
A similar situation appears to occur with EDT A 
where Rb and Cs may be the only non-adsorbable 
fission products (see also reference S-7). 

Citrate and EDT A media may also be used for 
more detailed separations within this group of ele
ments. Thus, the separation of Ba from Sr has been 
reported for citrate solutions. Excellent separation 
of the rare earths from Ba ( and presumably also Sr) 
can be achieved with either citrates or EDTA (see 
Fig. 3). Further, partial separation of the rare earths, 
Pm(III) and Eu(III), has been reported (reference 
H-5 ). 

Zr and Nb 

Both of these elements are strongly adsorbed from 
concentrated hydrochloric acid solutions. Zr (IV) may 
be eluted, though with extensive tailing, at low HCl 
concentrations. At very low metal concentration elu
tion of Nb(V) at low M HCl may also be feasible. 
However, in view of the unfavorable hydrolytic pr~p
erties of these elements, particl;llarly Nb(V), the use 
of HCI media for separations does not appear attrac
.tive. Instead, operation in strong~r complexing solu-

K. A. KRAUS and F. NELSON 

tions is desirable. Successful separations involving Zr 
and Nb have been achieved in HF-HCI media and 
details regarding these separations have been de
scribed. The insensitivity of uranium(VI) adsorption 
to presence of HF at high HCI concentrations an<l its 
sensitivity at low M HCI permits its separation from 
these elements under a variety of conditions. 

Separations involving Zr(IV) and Nb(V ) have 
also been described for oxalate solutions (reference 
G-1, W-1). 

Mo and Tc 

Only the higher oxidation states, Mo(VI) and 
Tc(VII), have been studied. The adsorption func
tion of Mo(VI) in hydrochloric acid is very similar 
to that of U (VI) . This similarity precludes satisfac
tory separation of these elements in HC!. However, 
they may readily be separated from each other in IIF
HCl mixtures. 

Detailed studies on the adsorption behavior of 
Mo(VI) in oxalate, hydroxide and perchlorate solu
tions have also been reported ( reference F-1 , 
M-2). 

Tc(VJI) ( Tc04-) shows good adsorption in the 
range 0.1 to 12 M HCI. Adsorption decreases with 
increasing M HCl in a manner which appears to be 
characteristic for stable negatively charged ions. Un
fortunately, however, adsorption does not become low 
enough to permit simple removal in 12 M HCI. Elu
tion of Tc(VII) from anion exchange columns has 
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been reported with SC.t\· in connection with the sepa• 
ration of Mo and Tc (reference A-1). • 

Ru, Rh and Pd 
These elements in the various o.Kidation states 

studied show decreasing adsorption with increasing 
HCI concentration of the type characteristic for stable 

· negati,·ely charged complexes. The ehloro-complexes 
of Ru(IV), Rh(IV) and Pd(II) (and presumably 
also of Pd(IV)) are still strongly adsorbed at high 
hydrochloric acid concentrations and their removal 
from the anion exchange columns calls for special 
techniques. Displacement of the strongly adsorbed 
Pd(Il) complex by other strongly adsorbed chloro
complexes (U1ose of Zn(II) or Cd( II) has proven 
successful. Rh(III) (RhC10···) shows only negligible 
adsorption above 4 M HCl and hence it may readily 
be removed from columns. Further, the low adsorb
abilily of Rh(III) at high M HCl may become the 
basis of anion exchange separations iovolving this 
element. The chemistry of Ru has not been studied in 
sufficient detail to predict its behavior under most 
conditions apt to be encountered. Unquestionably de
tailed investigations involving this element in its mul
tiplicity of oxidation states and with its large variety 
of species (not in equilibrium with each other) must 
be carried out before it can be handled with confi
dence. 

The anion exchange behavior of the platinum met
als in several media including also hydroxides and oxa
lates has been described (reference B-3 ) . 

Ag 
This element adsorbs strongly at low M HCI and 

the distribution coefficients decrease with increasing 
M HCI. Adsorbability becomes negligible in concen
trated HCI. The anion exchange behavior of Ag(I) 
is sufficiently unusual to permit rapid isolation of this 
element, for most purposes in one adsorption-elution 
cycle, such as adsorption at low M HCI and elution at 
high M HCI. The relatively low solubility of Ag in 
chloride solutions does not appear to present difficul· 
ties a t tracer concentrations. 

Zn and Cd 

Adsorption of both of these elements from hydro
chloric acid solutions is already high in 0.1 M HC1, 
reaches a maximum near 2 M HCI and then de
creases with further increasing M HCI. Removal of 
these elements from anion exchange columns can 
readily be achieved at very low hydrochloric acid 
concentrations or with water. The differences in the 
adsorption characteristics of these two elements at 
low acidities are sufficient to permit their separation 
from ea.ch other (Fig. 4 ). Thus, Zn may be removed 
with 0.01 M HCI where D-,,n < 1 and where Dco is 
still ca 40. Elution of Cd(II) can then be carried out 
at M HCl < 10-3 M. 

The adsorption functions for these two elements 
are sufficiently unique to permit isolation of these 
elements usually in one adsorption-elution cycle. 

Ga and In 
Adsorption of Ga(III) from HCI solutions be

comes appreciable near 2 M HCI and rises rapidly 
to a maximum near 8 M HCI. Adsorption of In(III ) 
becomes appreciable near 0.1 M HCI, rises slowly to 
a shallow ma."imum near 4 M HCl (D = 23), and 
then decreases to D = ca 7 in 12 M HCI. A s de
scribed earlier, the separation of Ga from In may 
readily be achieved and the adsorption functions of 
these two clements are sufficiently unique to permit 
ready isolation from most fission products. 

Ge and Sn 
Adsorption of Ge(IV) becomes appreciable ncor 4 

M HCI and increases rapidly with increasing M HCI. 
The adsorption function is sufficiently different from 
those of the other fission products to make unique' 
isolation of this element feasible. However, the high 
volatility of Ge (IV) from concentrated HCI solu
tions and the resulting possibility of loss limits the 
usable hydrochloric acid concentrations to less than 
ca 8 M if no further precautions are taken. 

Both So(II) and Sn(IV) adsorb strongly from 
concentrated hydrochloric acid solutions. The ad
sorption function of Sn{II) decreases with increas
ing M HCl, whjle that of Sn(IV) shows a maximum 
near 7 M HCI. Elution of Sn(II) and Sn(N) with 
HCI is difficult since these ions hydrolyze at low hy
drochloric acid concentrations. However, the high 
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stability of the fluoride complexes, particularly of 
Sn(IV), suggests that elut1on may be carried out 
with HF-HCI mixtures ( see also reference F-4 in 
Table I). Actually, the use of HF-HCI mi>..-tures 
should prove advantageous for these elements and 
the elements of group V-A, as they had earlier been 
shown to be advantageous for separations involving 
groups IV-0 and V-B (see e.g., section on Zr and 
Nb). 

Separations involving Sn (I V) have also been re
ported for oxalate solutions ( reference L-2, S-4). 

As and Sb 
Adsorption of As(III) becomes appreciable above 

4111 HCI and increases with increasing M HCl to D = 
ca 25 in concentrated HCI. Adsorption of As(V), 
though appreciable even in 0.1 M HCI, never becomes 
very large, D remaining less than 4 even in concen
trated HCI. The differences between the two ions are 
sufficient for separation of the two oxidation states, 
and they both differ sufficiently from the other fission 
products and uranium(VI) to make their isolation 
relatively simple. 

Adsorption of Sb(III) is already high near 0.1 M 
HCI. Adsorption of Sh(V) becomes appreciable near 
2 M HCI. For both ions adsorption first increases 
with increasing M HCI. An adsorption maximum 
occurs for Sb(III) near 2 M HCI. In concentrated 
HCI both oxidation states are strongly adsorbed. 
Separations involvmg antimony are difficult in HCl 
alone since the rate of desorption of Sb(V) in dilute 
H CI is slow, possibly because of slow equilibria be
tween various Sb(V) complexts and since for 
Sb(III) hydrolytic difficulties appear at low M HCI, 
where desorption otherwise should be feasible. 

As with Ge and Sn, study of the adsorbabilities of 
these elements in HF-HCI media should prove profit
able for separations. 

Work on separations invoh•ing Sb(V) in oxalate 
solutions has been reported ( reference L~2, S-4). 

Se, Te, Br and I 

Se(IV) adsorbs only slightly in solutions of mod
erate HCI concentration. Distribution coefficients in
crease rapidly above 6 M HCI. Separations involving 
Se(]V) have been described (S-3) in which Se(IV) 
is adsorbed from 12 M HCI and eluted wilh 6 M 
HCI. 'Nork in this Laboratory, however, shows 
(K-15) that if Se(IV) is permitted to age several 
hours in concentrated HCI, selenium species form 
(possibly SeCl" or SeOCI:) which are not in rapid 
equilibrium with each other and which cannot easily 
be eluted with HCl solutions. However, rapid elution 
was achieved with methyl alcohol. 

Tellurium has not been studied in this Laboratory. 
Data on the adsorbability of Te(IV) from HCI solu
tions ( reference S-3) and oxalate solutions ( refer
ence S-4) have been reported. 

Br and I- adsorb strongly· from dilute HCI solu
tions, as is well known, and adJi_orbability decreases 
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rapidly with increasing M HCl. Since _I- (and to 
some extent Br) tends to be oxidized to the element 
in strong hydrochloric acid solutions and since the 
elementary halogens are strongly adsorbed l,y the 
resins, separations in these media, particularly at 
tracer concentrations, become complicated. Separa
tion of the halides in nitrate solutions are described 
in the literature ( reference A-1, R-1). 

Separation and ldentificotion of Different Oxidation 
States of the Same Elements 

As one might anticipate, different oxidation states 
of an element usually show considerable differences 
in adsorption properties. Jn many cases these differ
ences may be utilized for separation of the oxidation 
states from each other. As a corollary, they also per
mit identification of specific oxidation states. This 
latter application appears particularly attractive for 
studies at trace concentrations where the usual tests 
with more concentrated solutions cannot be used and 
where precipitation reactions leave a considerable 
margin of error because of cross-contamination ( car
rying) . Among the elements of inlerest here, useful 
differences in adsorption properties are shown in 
hydrochlor ic acid solutions us As(III) and As(V), 
Rh(III ) and Rh(IV), and U(IV) and U(VI). 

V. SOME CONSIDERATIONS REGARDING SPECIES 
IN SOLUTION 

Detailed discussion of the thermodynamic aspects 
of anion e.xchange cannot be undertaken here. For 
d ilute solutions the thermodynamics has repeatedly 
been d iscussed for cation exchange and the same 
considerations apply here. However, since a consider
able portion of anion exchange studies is carried out 
in concentrated electrolyte solutions where available 
discussions are inadequate, a brief rev1ew of the per
tinent considerations seems in order. vVithottt signifi
cant loss in generality we shall restrict ourseh·es to 
those cases where the eluting ion and the complexing 
ion arc lhe same as occurs, for example, in HCI 111edia. 

The mass action expression for the equilibrium 

may be written as 

where · · 

(9J!A
0 

- ")
0 r g,i.-4• 

G- ·-- - ----- (gMA
0 
- v)<> (g.ca)vr (4) 

Parentheses indicate concentration of species and sub
script r the resin phase. Where no subscript is given, 
the aqueous phase is implied. G is the proper activity 
coefficient quotient, g the activity coefficient of species, 
and K the ion cxchang~ constant, which may be set 
equal to unity with proper assignment of standard 
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states. Similar equil ibria may be written £or any 
species which distribute between the two phases. As 
pointed out earlier,13 these mass action e>.-pressions 
imply independent distribution of components, and 
hence. apply for both equivalent and non-equivalent 
exchange. 

The distribution coefficient D may be defined as 

(5) 

where (m.11), is the stoichiometric concentration of M 
in the resin phase ( irrespective of species) and where 
mJ/ is the concentration of M in the aqueous phase. 
In general, both 111u ancl ( 111,u )r represent sums of 
concentration of a nmnber of species. For example, 
for the aqueous phase, one may write 

m.u = (M· .. ) + (MA•~) + ... + 
(MAn-"') = ::;: (M.-t,•--"') 

• 
We shall assume for simplicity that 

(111Jr)r = (MA.-•), 

(6) 

(7) 

i.e., that only one species is adsorbed by the resin in 
significant amounts. Although this implies a consider
able loss in gener.tlity, somewhat more complicated 
equations involving many species in the resin phase 
may readily be derived. For present purposes, how
ever, most of the pertinent arguments can be made 
with equations derived with the restriction of Equa
tion 7. Under these conditions 

( MA-•) 
D = " r 

fltJr 
(8) 

Combinntion of Equations 3 and 8, after multiplica
tion of the numerator and denominator of Equation 3 

· by m.u", yields 

(9) 

Thus measurement of the distribution coefficients 
D permits, in principle, evaluation of (M A.-•/111» = 
P, the fraction of metal in the form of the comple..'\'., 
through measurement of the concentrations of A.,. 
in the aqueous and resin phases and estimation of 
K/G. 

Before discussing the implications of Equation 9 
for measurements in concentrated electrolyte solu• 
tions, a few limiting situations will be reYiewe<l. 

ft has become customary to assume that K/G is 
constant aml independent of medium in dilute elec
trolyte solutions if the Debye-Hiickel term vanishes. 
1£ we further restrict ourselves lo stable, negatively 
charged ions (i.e., where F. = 1) and to low loading, 
thus making (A-<>),= constant at low ionic strength, 
then the charge ., can be evaluated since 

d log D 
d log m,.-<> 

= -v/a (10) 

Typical applications of Equation 10 are given in 
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Figure 5. Determination of chorgc of ions by anion e«hono•• (A) 
a,· in l iCI; (8) lla(II) in (NH,), Cit. pH 8; (C) U(VI) in (NH ,).5O,, 

pH 3 

Fig. 5. For the "known" case 0£ tracer bromide ad
sorption the slope of a plot of log Dur v.r log muci has 
a slope of - 1 at low 111nc1, as anticipated, since here 
., = I and a = 1. Deviations from this straight line, 
howc,·er, become ser ious at high 111nc1, presumably 
primarily because of non-constancy of G. Curve B 
(Fig. 5) gives a plot of log D8 , vs log mc1t ____ The 
slope is approximately -1/3 nt low 1110,t-·-. S ince 
here a= 3, one may conclude that r = 1, ns expected 
for the complex BaCir. From measurements of 
U (VI) in (NH._):?S04 solutions, curve C was con
structed aud d log Ducv11/d log 111504 - • was found to 
have a slope of - 1 over a rather large range of sulfate 
concentrntion. Since here a = 2, one may conclude 
that ., = 2, i.e., that the complex probably has a 
charge of -2, suggesting the formula U02(S01)2--. 
The same conclusion can also be obtained from a plot · 
of log Du!\·ii vs log '11rc~so4 from adsorption studies in 
sulfuric acid. In this case the slope is approximately 
-2 in the range 0.1 to l M rhSO •. S ince here the 
eluting ion is probably HSO.-, i.e., a= l, one ohtains 
v = 2 in agreement with the proposed formula 
U02( so.)~--. 

Most important for applications in concentrated 
electrolyte solutions is evaluat ion of V!lriations of G 
with medium. If we assume that v and a are known 
and that F, = l, K/G may be evaluated from Equa
tion 9 through measurement of D, (A-) and (A-) ,. 

Distribution cocfficieuts have been measured for 
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tracer bromide in HCI and LiCI solutions and the 
concentration of Cl- in the resin phase determined 
analytically ( see also ref. 18). The values of D and 
the computed values of K / G are given in Fig. 6 for 
both LiCI and HCI solutions. Note that in this case 
K/G = D(Cl-)/(Cl-)r, It may be noticed that 
K/G is not constant even for this relatively simple 1 :1 
exchange. Further, K/G is different for LiCl solutions 
and HCI solutions. For both media log KJG varies lin
early with molality. The slopes (d log K/G)Jdm = 
-d log G/dm =b have different signs for the two 
media. Thus, b8 ,-(LiC1) = 0.019 nnd bll,-(HCI) = 
-0.021. These differences probably do not r esult from 
differences in the appropriate activity coefficient ratios 
in the aqueous phase, but probably principally reflect 
differences in the activity coefficients in the resin phase 
(y'nn,h'nc1 and yrLrn,hruc1), Considerably greater 

non-constancy of K/G had earlier been reportcd13 for 
the adsorption of Au(III ) (AuCJ. -) (bAu(UCI) = 
0.13), though, it now appears, for very different rea
sons. 

Recently a very large difference was found10 for 
the adsorption of a number of metal complexes from 
HO and LiCI solutions. Since then a more detailed 
study h:is been carried out on the adsorbn.bility of 
Au(ITI) :md log DAu(lll) was found to increase 
steeply with LiCl concentration which may be com
pared with the rapid decrease of D .Au(lll) in HCI solu
tions. Further, at least in the range l < muc1 < 10, 
log D (CI-;O -)r varies essentially linearly with 
mi:.;c1• Il was snggesled10 that this large difference in 
a<lsorbabilities in LiCl and HCI solutions could be 
caused either by unexpected differences in the activity 
coefficients in the resin phase or by rather extensive 
formation of undissociated comple..x acids at high HCI 
concentrations. Originally the former explanation was 
preferred, particularly in view ol the great generality 
of the "lithium chloride effect". The weight o( more 
recent evidence, however, makes the assumption that 
undissociated complex acids arc formed more prob
able. A study of the actiYity coefficients of lithium 
chloride in the resin phase in a manner analogous to 
the earlier studies18 of the activity coefficients of HCl 
revealed no large differences. Further, measurements 
of the di5tribution coefficients of Au (III) as a func
tion of acidity at constant total molality (m = 10) 
in LiCI-HCI mixtures have been carried out. The 
data could be fitted reasonably well by assuming the 
equilibrium 

HAuCI, :.= H+ + AuCI.- ( 11) 

with concentration quotient kh"' = ca 0.1 at this ionic 
strength though this quotient showed some not un
expected drift with composition. 

One may thus with reasonable confidence postu
late that those chloride complexes which show a pro
nounced lithium chloride effect form relatively weak 
complex acids. According to present data this includes 
the cbloro complexes of the fission products Zn(II), 
Ga(III) and Cd(II), but not Ag(I) . Actually, in .. 
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Figure 6. Adsorption of trace bromide from HCI and l iCI solullons 

the case of Ag(I ), adsorption from LiCI solutions 
is only slightly stronger than from HQ solutions, 
the effect befog of about the same order of magnitude 
as for Br adsorption. This implies that Ag(I) does 
not form undissociated complex acids to any large 
extent even in concentrated HCl, in agreement with 
the 1-..-nown acid insensitivity of the solubility of AgCI 
in chloride media.~0 

Although the differences in. the results in LiCl and 
HCI solutions throw considerable doubt on the earlier 
qualitative interpretations of the shapes of the adsorp
tion functions present, more detailed work with 
Ga(III) gives hope that these earlier qualitative in
terpretations might still be applicable. It bad been 
felt that the steeply rising portions of the distribution 
£unctions are due to the formation of lhe negatively 
charged complexes, i.e., reffect the rapid rise in F ., 
that the maxima occur (at high ionic strength) at 
approximately those HCI concentrations where the 
negatively charged complexes become predominant, 
and that the region of decreasing D which corre
sponds to a decrease in D (Cl-)"/(CJ-)/· at high M 
HCI, coincides with the region where the negatively 
charged complexes or complex; acids are essentfally 
completely formed. In the case of Ga(III) this con
clusion was confirmed in recent Raman work in HCI 
and LiCl solutions which was carried out in collab
oration with Young and Krawetz (UniYersity of Chi
cago). A Raman line apparently characteristic for 
GaCJ4- ( or HGaCl.1 ) was found to have essentially 
constant intensity above 8 M HCl, the position of 
the adsorption maximum. Further, a rapid. decrease 
in intensity of the line occurred with decrease in M 
HCI. Thus, the qualitative interpretations suggested 
appear to apply. One may, therefore, apparently 
classify the elements according to their tendencies to 
form negatively charged complexes from the position 
of the adsorption maxima. The order of stability, on 
this basis, for uranium and the fission products is as 
follows: 

1. Strong negatively charged comple..xes, essen
tially fully formed bel01v 1 M HCI: (Tc(VII) ), 
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Ru(lV) . Rh(III), Rh(IV), Pu(II), Ag(I), 
Sn(Il) ( ?) . 

2. Negatively char ged complexes formed in the 
range 1 to 12 M HCI (in decreasing order of sta
bility) .; Cd(Il) = Sb(III) ..., Zn(rI) > In(III) 
,_ Mo(VI) > Sn(IV) > Ga(IJI) > As(lli ) """ 
Sb(V)..., U(VI) (?). 

3. Negatively charged complexes not completely 
formed in 12 M HO: Ge(IV), Zr(I V), U(IV). 

4. No evidence for negatively charged complexes: 
As(V), Rb(I), Sr(IJ), Y(III), Cs(I), Ba(Il), 
R.E.(Ill). 

In several instances this order may appear surpris
ing. Most striking is the fact that Cd(ll) and Zn(JT) 
appear to form negatively charged complexes at ap
proximately the same HCI concentration, though un
questionably the pos-itively charged comple..x MCI• is 
much more stable for Cd(II) than Zn(Il) (sec also 
Fig. 4). Thus, as had already become apparent with 
other anion exchange studies, e.g., of the first row 
transition elements ( see ref. K-8, Table J ) , there ap
pears to be for many cases no simple relation between 
stability constants within a series of comple.xes MA,. 

The anion exchange results in general are of course 
susceptible to consid~rably more detailed and quanti
tative interpretation in terms of species formed and 
the corresponding equilibria, than given here. Most 
interesting in this respect wHI be interprelat.ions of 
the behavior of the metals in concentrated electrolyte 
solutions. As pointed out, these are intimately tied to 
evaluation of the activity coefficient term G, whose 
more e..xact determination is the objective of present 
research. It is to be hoped that these more quantita
tive interpretations will become feasible, at least in 
a few c2ses, in the not too distant future. 
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DISCUSSION 

The CHAIRMAN : As a result of the development of 
atomic energy, large numbers of radioactive isotopes 
have been placed in the hands of research ,·yorkers. 
Through the use of these radioactive isotopes as la
belled atoms, certain transformations in science and 
technology are taking place before our eyes, and, 
having once begun, this process will continue. l\fony 
isotopes are formed by the fission of the nuclei of 
uranium. thorium and other heavy elements. 

The whole of this spectrum of fission fragments 
can be determined only after very complicated chem
ical work in separating and isolating the isotopes, 
and here the chemist's work is particularly important. 
By radiochemical methods it is possible to determine 
the half-life, the nature of the radiation, the energy 
of that radiation, and the daughter products of the 
decay of radioactive chains. Accordingly, it is pos
sible to determine the mass number or atomic num
ber of a given isotope. This work of the chemist, 
which will be discussed in this session, is of excep
tional importance to an understanding of the chem
ical mechanism of the fission of complc., nuclei and 
of the structure of such nuclei, and has a consider
able bearing on the theory of this process. 

Mr. R P . HAMM:OND (USA) presented paper 
P /724 as follows : 

One of the principal characteristics of the nuclear 
power industry, as distinguished from con.ventional 
power , is that it is inherently a chemical industry. 
In addition to the production of electricity, each 
year tons of spent fuel elements must be reprocessed 
and tons of fission products separated, and these must 
be treated for disposal as waste or for sale as valu
able by-products. 

The magnitude of these necessary chemical opera
tions is increased IJy the need for remote control opera
tion and heavy shielding. Indeed the cost of this chem
ical portion of the industry may inso111ecases determine 
the economic feasibility of the entire operation. Now 
the most economical processing can be done if' con
centrated materials can be liandled, since the plant 
required is smaller, and the imestment and amount .. 
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of shielding are proportionately less \\'ith a higher 
capacity. A lso the cost of storage facilities and in
ventory charges are lower if we begin processing 
after the shortest possible cooling period. 

But this combination of high concentration and 
short cooling times gives high radiation intensity, and 
radiation damage from these radiation fields may 
cause failure of the chemical processes themselves 
and thus limit the success with which we can obtain 
the most economical processing. It will be the pur
pose of this paper to summarize briefly the American 
experience, very limited as it is, in this field of high 
intensity processing and to indicate to what extent 
processes will be limited by radiation effects. 

Table I. Energy Density of "Pure" Fission Products 
Based on Reactor Operoting ot 10,000 Watts 

per Gram of Fuel · 

I day 
I week 
I month 
1 year 

Apprq:<. cucrgy per gram 

20 watts 
10 
2 

0.2 

To compare various processes it is necessary to 
have some unit of dosage or deposition of radiation 
energy, and the watt-hour per gram has perhaps been 
the most widely used for this. lt compares with other 
possible units as follows: 
1 watt-hour per gram 

2.25 X 1022 electron volts per gram 
169 curie-hours per gram per Mev decay 

energy 
4.34 X 10s roentgen . (air) 1>er gram 

- 3.74 X J0-4 gram moles per unit G value per 
gram (unit G value is one molecule con
verted per 100 electron volts absorbed en
ergy) 

- 8.6 grams radium (in equilibrium) per gram 
Ne.-xt we 11111st consider what level of radiation in

tensities will be encountered when we stnrt processing 
highly concentrated fission products from a high-
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Slide 1. Oxidation-reduction 

power-density pile after short cooling times, and it 
will be seen from Table I on this page that the cool
ing time of one day gives a power density of about 
20 watts, in one week 10 watts, in a month 2 ,vatts 
and in a year 0.2 watt. It might be deduced from 
this that a chemical process which will not work suc
cessfully above 1 watt per gram may in some cases 
influence the success of attempts to get the most eco
nomical process because it will require an uneco
nomically long cooling period. 

There are six types of radiation effects which I 
should like to mention, and then I will try to give 
the extent to which the success or failure of these:: 
may be determined by chemical radiation dam:ige. 

The first effect ( S lide l ) is oxidation and reduc
tion. The products formed in irradiated material con
tain equivalent amounts of potential oxidizing and 
reducing agents. These can react with any substance 
in a solution which is capable of being oxidized or 
reduced, but the product formed must be stable in 
the existing environment if a net reaction is to be 
obtained. 

In the case of the cerium solution, the third equa
tion in Slide 1, the reaction can be in both directions. 
It will be predominantly in a forward direction until 
equipotential equilibrium is obtained. Thus, radiation 
is like an electro-chemical catalyst, but of the two it 
is a consumable catalyst. Its quantitative effrct is 
strictly proportional to the amount of radiation ab
sorbed. This points out the importance of the time 
of exposure in chemical processes since, by working 
quickly, even very sensitive materials can be proc
essed in high radiation fields. The last equation is only 
a hypothetical example because the·· reaction would 
go predominantly in a reverse direction. But if the 
tiny amount of precipitate in the equilibrium could 
be swept out of the solution to a region shielded 
from radiation a net for ward reaction might be 
produced. The conclusion is that radiation provides 
local oxidizing or reducing effects, which cancel each 
other unless a more stable form results, in one direc
tion, or unless the reaction is irreversible. In general. 
the disruption of organic bonds is irreversible. 

The second effect is gas evolution, which is one 
form of an irreversible process in most cases. In addi
tion to the chemical eflects of gas evolution, there 
may be profound physical effects on the chemical 
process. Because of the difference in effect of fission 
fragments and beta-gamma radiation on water, vari
ous reactors have d ifferent amount,:; of trouhle from 
gas evolution. The solid fuel water moderated reactor 
has essentially no gas evolution if the water is pure, 
whereas a homogeneous reactor with an aqueous fuel 
solution experiences a severe problem. 

In the United States there have been three main 
approaches to this problem: first, the use of external 
recombining apparatus; second, a dissolved catalytic 
ion apparatus; third, the use of a reactor temperature 
high enough for thermal recombination. The first 
method has been used at Los Alamos, in the \i\later 
Boiler, with a platinized aluminum catalyst. 

After several years of operation in which the cata
lyst received a dose of one-tenth of a watt per gram, 
the observed effects were nil. There had been no 
apparent damage to the catalyst. 

T he third effect is peptization or colloid formation. 
It can be quite disconcerting if the precipitate to be 
filtered becomes a stable colloid. The peptization can 
be related to the formation of gas within the crystal or 
solid. I t is observed infrequently at very high radia
tion density such an lanthanum fluoride at 230 watts 
per g ram. In this particular case there was some meas
ure of control of the effect by special techniques which 
reduced the water content of the solid. 

Three other effects of radiation are self-heating, 
destruction of organic compounds and hot-atom ef
fc::cts, which can only be mentioned at · this point. 

A chemical process consists of n series of reagent 
additions and phase separating s teps. 

I should like to talk about six such unit operations 
or steps at this time regarding their tolerance of radi
ation effect. Examples given are drawn from only 
a few high intensity processes and, since different 
processes will have different requirements and condi
tions, the numerical values given can be only a rough 
guide in other processes. 

F iltration is one of the most fundamental chemical 
operations, but it has been largely avoided up to now 
in remote control techniques. This is probably due 
to the lack of proper equipment since it is a difficult 
task to devise a reliable method for setting up and · 
cleaning a filter remotely an<l to handle separated 
solids. Equipment such as the chemical engineer is 
used to is obviously not quite suitable, but the use 
of a porous metal filter made of platinum or stain
less steel shows promise :md this type of apparatus 
seems well adapted to remote control operations as 
it can be cleaned or replaced with ease. Radiation 
effects are observed in filtration steps. Gas formation, 
peptization and oxidation-reduction may produce ef
fects calling for some variation in the regular tech
nique, hut such methods can get around most of the 
trouble. Polonium sulfate and hydroxide have been 
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filtered at 100 watts per gram. Lanthanum fluoride, 
which is a difficult material to filter even when aot 
radioactive, has been filtered successfully at 230 watts 
per gram. Filtration is probably nol limiled by radi
ation dTecls too greatly and I think it should be 
utilized perhaps more than it is at present 

The cup-type laboratory centrifuge has been adapt
ed to remote control operation, but I must report 
that it is severely limited by radiation effects. With 
about half a watt per gram, the gas formation dis
lodges the collected solid material as soon as the 
centrifuge stops, before decantation can be performed. 
This has been observed in both polonium hydroxide 
and barium nitrate. The obvious solution is the use 
of the more modem bowl-type centrifuge in which 
the liquid can be removed while the centrifuge is at 
speed. Such a centrifuge for a high intensity, moderate 
scale process has been designed at the Argonne Test
ing Station, and although it has not yet been tried 
out there is probably no reason why it should not 
be successful at almost any radiation intensity. 

Distillation, evaporation and ignition are three 
steps which can be considered together since all of 
them are aided by the self-healing of the radiation 
and nearly conventional equipment can be used. Evap
oration and ignition have been carried out success
fully at about two hundred watts per grain and, in a 
few cases, at 500. For those who think in terms of 
curies, this is 500,000 curies per cm3 . 

The observation on evaporation is that Lhe self
heated material wenl, in general, more smoothly with 
less bumping than externally heated material. 

The use of electro-deposition will probably be lim
ited to specialized cases in the high intensity process. 
However, since it has been regularly used for puri
fication of polonium, it has been observed at high 
radiation intensity-130 watts per gram. This is prob
ably near the successful limit, since hydrogen peroxide 
formation reduced the current efficiency and affected 
the completeness of deposition. Another interesting 
application of electro-deposition to high intensity 
processing is a method for purifying fission-product 
barium. To the solution of uranium slugs a consider
able quantity of lead salt was added, and when sul
furic acid was used to precipitate the barium, lead 
sulfate came down also acting as a carrier. Then the 
1ead was later removed from the barium lead solu
tion by electro-deposition, leaving the barium to con
·tinue the process. 

Solvent extraction by organic solvents has become 
:an important part of the atomic energy industry. 
However, because of the organic materials involved, 
it can hardly qualify as a high intensity process. Care
ful studies at Oak Ridge have indicated that some 
,of the best complexing agents can be exposed to only 
a ten thousandth of a watt per gram. The solvent 
extraction method will probably continue to be_ an 
importaol method of handling rndiation but this -will 
be by means of diluting the solution and allowing 

1onger cooling times. For large ~~ale work this means 
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a large shielded plant, but the simplified equipment 
of solvent extraction methods wi11 lo some extent 
offset the size of the plant. 

Ion-exchange techniques appear to hold a promis
ing position in the high level processing field. In the 
separation of radiobarium an organic cation exchange 
.resin has been exposed to two-tenths of a watt per 
gram. This was a sulfonated phenolic type resin. 
Anion resins are in general less stable than the cation 
exchange resins. An example of an inorganic extrac
tion process is in the separation of fission-product 
zirconium, using a silica-gel adsorption column. This 
column was opera ted at ¾oo watt per gram with 
no ill effects, and it is believed that this is far from 
the upper limit. 

In addition to the destruction of bed material, the 
limitation of column operation by gas formation may 
be observed, since the gas can plug the column. Vari
ous attempts have been made to control this by the 
use of horizontal columns, upwar d-flow columns, pres
sur ized columns, etc. 

The conclusion which may be reached from our 
experience with high intensity radiation processing is 
that, e..xcept for organic mater ials, chemical operations 
can be carried out successfully with fission products 
which are highly concentrated and with low cooling 
times. Efforts in this field should be continued so that 
the large scale development of nuclear energy will 
not be handicapped by lack of economic procE!ssing 
techniques. 

Mr. F. R. BnucE (USA) presented paper P/719 
as follows: 

\Vhen organic solvents such as methyl isobutyl 
ketone and tributyl phosphate are equilibrated with 
aqueous nitrate solutions containing fission products, 
the fiss ion products distribute themselves in a char
acteristic manner between the two phases. The ratio 
of the concentration of the fission product in the 
organic phase to its concentration in the aqueous 
phase is defined as its distribution ratio. 

Table II on this page shows typical values of fis
sion product distribution ratios in methyl isobutyl 
ketone and tributyl phosphate e..xtractions. 

Tobie II. 

Fi.ssion 
~rod'"et 

Cesium 
Total rare 

earths 
Gross beta 

emitte rs 
Cerium 
Zirconium 
Ruthcniwn 

Extraction of Important Fission Products 
by Solve-nts · 

Distrib.-rion ratio ( rr-rgonic/aqMeCHCs) 

Jf Dt~yli1ob,.tyl knon•• T ributyl J>/uup/,_11,t 

<10"' <10"' 

0.01 0.000-t 

0.03 0.001 
0.03 0.01 
0.04 0.01 
1.0 0.001 

• 1.5 .M Al (NO,).- 0.25 M HNO.i. 
t 3 M HNO, -JO% TEP' (80% saturated with uranium). 
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Cesium is an example of a very non-cxlractable 
fission product. Others that fall in this category are 
barium and strontium. The total rare earths, exclu
sive of tetravalent cerium, exhibit distribution ratios 
of 0.01 and 4 X 104 in methyl isobutyl ketone and 
tributyl phosphate.. The total fission product beta 
activity of 90-day cooled irradiated uranium exhibits 
distribution ratios of 0.03 in methyl isobutyl ketone 
and lQ-3 in tributyl phosphate. Cerium and zirconium 
exhibit approximately equal extractability to the 
gross beta-emitting fission products in methyl isobutyl 
ketone and approximately 10-fold higher extractabil
ity than the gross beta-emitting fission products in 
tributyl phosphate. Ruthenium exhibits a methyl 
isobutyl ketone distribution ratio of t w1dcr highly 
acidic aluminum nitrate solutions in metal and n 
distril,ution ratio of 10..:i with tributyl phosphate ex
traction. \N'ith tbc C.'<ception of ruthenium, zirconium, 
niobium, cerium, and iodine, the fission products may 
be readily separated from fissionable material by sol
vent extraction. In this paper the c:hemislry o( only 
ruthenium, zirconium, niobium, cerium, and iodine 
in me1hyl isobutyl ketone and tributyl phosphate ex
tractions will be considered. 

Methyl isobutyl ketone extraction of fission prod
ucts is dependent on the concentrations of nitric acid 
and metal nitrates in the nqucous phase, as shown 
in Slide 2 (Fig. 1 of P /719). 

increasing the aluminum nitrate concentration at 
constant acidity results in increasing the extr::iction 
of gross gamma-emitting fission products. Fission 
product extraction exhibits about second power de
pendence on nitrate ion concentration over all of the 
acidities studied. At constant aluminum nitrate con
centration increasing the ni tric acid concentration 

· from 0.1 M acid deficient to 0.1 M acid results in n 
SO-fold increase in fission product extraction. H ere 
we define an acid deficient solution as one which con
tains less nitrate ion than a solution of stoichiometric 
salt, U1at is, it contains hydrolyzed species. Fission 
product extraction e.."Xhibits :'I. marked dependence 
on acidity in the neighborhood of zero-free acidity. 
This is believed attributable to the fact that a fission 
product extraction involves species whose valences 
arc fully satisfied with nitrate ion, and in the neigh
borhood of zero-free acidity the concentration of 
fission product nitr.ite is changing most rapidly with 
change in acidity. The pattern for individual fission 
product extraction is qualitatively the snmc as tbe 
behavior indicated for the gross .gan1ma-emitting 
mixture shown here: 

Zirconium and niobium C.'<traction arc also very 
dependent 011 acid concentration. They are believed 
to be hydrolyzed and present as non-extractable col
loids in solutions of low acidity. When the acidity 
is increased, the proportion of zirconium or niobium 
nit rate increases, with a corresponding increase in 
metal extraction. 

Ruthenium may exist in the plus 3, plus 4, and 
plus 8 valence states in aqueous solution, although 
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we believe the tetravalent state predominates. In 
addition, it may be present ns 11itrosyl complexes in 
solution. Its existence in multiple Yalence states and 
as comple.xes contributes to the comple..'C solvent ex
traclion chemistry of ruthenium. The lower valence 
states of ruthenium are less extractable than the 
higher. F or cxamj.lle, ruthenium e.'Ctraction by methyl 
isobutyl ketone is 4-fold less from a solution reduced 
with ferrous ion than from a solution oxidized with 
dichromate ion. The striking effect of acadity on ru
thenium extraction by methyl isobutyl ketone is 
shown in Slide 3. 

Increasing the acidity from 0.2 M acid deficient to 
0.4 M acid results in a 265-fold increase in ruthenium 
extraction into the organic solvent. Formation of sol
vent-soluble complexes of ruthenium m,iy be uti lized 
to increase r uthenium separation from fissionable ma
terial. The ruthenium is converted to a highly ex
tractable compound by the addition of a solvent-solu
ble complexing agent, such as dephenyl tbiourca to 
the methyl isobutyl ketone. When this is done 98 per 
cent of the ruthenium, instead of following the fission
able material, remains in the methyl isobutyl ketone 
phase when the fissionable material is back-extracted ' 
into water. Although the solvent extraction chemis
try of ruthenium has been studied extens iYely, it is 
not yet thoroughly understood. Simple control of 
nitric ncid nnd aluminum nitrate concentrations are 
most useful for inhibiting ruthenium e>-.1:raction. 

Cerium may exist in the tri- nnd tctrnvalent states. 
However, the tetravalent state is reduced by methyl 
isobutyl ketone to the moderately inextractlble tri
valent state. The solvent extraction chemistry oE 
cerium in tl1e presence of dichromate ion is particu
larly interesting in two respects. 

As Slide 4 (Fig. 8 of P /719) shows, the addition 
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of cerium in macro quantities to the system results 
in the effect shown. When the aqueous phase is 0.012 
M in inactive trivalent cerium, the distribution ratio 
is decreased to a value of 0.008 from an original value 
of 0.3 in the absence of inactive cerium. An explana
tion of this inverse relationship between the cerium 
distribution ratio and cerium concentration is posh1-
late<l as: 

An equilibrium constant may be written for the 
Redox reaction for the oxidation of trivalent cerium 
to tetravalent cerium by dichromate ion. The con
centration of hydrogen ion, dichromate ion and water 
may be considered constant under the conditions of 
interest, and therefore dropped from the expression. 
Since the concentration of reduced chromium equals 
one-third of the concentration of trivalent cerium, 
this substitution may be made to give a relationship 
for the Re<lox reaction constant in tem1s of cerium 
concentrations. The distribution coefficient, /,, for 
tetravalent cerium agrees with the previous defini t ion 
of a fission-product distribution coefficient. Since the 
extraction of trivalent cerium is negligible cornpared 
to that of tetravalent cerium, the observed distribu
tion ratio of total cerium, trivalent plus tetravalent, 
DR', is also defined. The tetravalent cerium term may 
be eliminated from this expression by substituting 
values for it from the relationships for the Redox 
reaction constant, K', and the definition of the dis
tribution ratio, k. This yields the last expression. 
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Since the fraction of total cerium oxidized is quite 
small over most of the experimental conditions, the 
value of concentration of trivalent cerium is very 
nearly equal to the total cerium concentration. There
fore, the value of the observed distdbution ratio is 
inversely related to the one-fourth power of the total 
cerium concentration. The cerium distribution ratio 
is also markedly dependent on the dichromate ion 
concentration, as shown in Slide 5. 

The maximum distribution ratio occurs at a sodium 
dichromate concentration of between 0.002 and 0.003 
M, where the distribution ratio is about 6000 times 
greater than at a dichromate ion concentration of 10-4 

M. This effect does not involve the simple oxidation 
of trivalent cerium to tetravalent cerium and extrac
tion of the higher valence state, since it is not ob
served with permanganate and bismuthate ions, which 
are stronger oxidizing agents than dichromate. A 
reasonable explanation of this effect may be outlined 
as follows. Increasing the dichromate ion concen
tration from a concentration of 10-4 M to about 2 X 
10--3 NI results in enhanced oxidation of non-extract
able trivalent cerium to the extractable tetravalent ceri
um. At concentrations above about 0.002 M, dichro
mate or chromate complexing of tetravalent cerium be
comes more important, yielding a non-extractable 
specie, with a resulting decrease in the cerium distri
bution ratio. vVe believe that the complexing reaction 
has a higher power dependence on chromate ion con
centration that the oxidation reaction. 

Tributyl phosphate extraction of fission products 
is brought about through formation of a co-ordina
tion compound involving the fission product ion, ni
trate ions, and tributyl phosphate molecules: 

FPa/" + a(N03).q- + b TBPoro :.= 
[FP(NOa),. · b TBP]oro 

k _ [FP(NOa),. • b TBP].,9 

\, - (FP..a)aq (NOa-)aq0 (TBP)orpb 

A fission-product ion of valence +a combines with 
a nitrate ions and b TBP molecules to form the ex
trattable compound FP(N03)" • b TBP. The equi
librium constant for the reaction may be written in 
the usual way. We have defined the distribution ratio 
of a fission product as the ratio of its concentration 
in the organic phase to that in the aqueous phase . . 
Therefore, the reaction constant for the extraction 
may be written in terms·of the distribution ratio and 
the nitrate ion concentration and the TBP concen
tration. This enables us to define the distribution 
ratio of a fission product in terms of the extraction 
reaction constant k, nitrate ion concentration and tri
butyl phosphate concentration. 
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Although most experimental data have been ob
tained in systems of high ionic strength-where it is 
difficult to treat the results rigorously-we find tha t 
the coefficient (1 is usually equal to the valence of the 
fission-product ion, and b is numerically equal to the 
difference between the co-ordination number of fis
sioii product and its valence. In this expression for 
the distribution ratio, TBP 0, 11 is the concentralion 
of uncomplexed tributyl phosphate. As available tri
butyl phosphate is complexed with extractable ions 
such as uranium or thorium, the quantity of solvent 
which is Cree to e..xtract fission µroducts decreases 
and fission-product extraction decreases. 

This effect is shown in Slide 6 (Fig. 10 of f'/719) 
where distribution ratios are plotted as a fu nction 
o f uranium saturation of the solvent. The ruthenium 
distribution ratio, for example, is decreased about 
50-fold by increasing lhe solvent saturation from 37 
per cent to 90 per cent. 

Ruthenium extraction by tributyl phosphate is 
markedly dependent on nitric acid concentration, as 
shown in Slide 7. In the region betwcm I M acid 
deficiency and zero free-acicl, ruthenium extraction 
increases as a result of fom1ation of a solvent-soluble 
ruthenium nitrate species. At acidities above zero, 
a significant fraction of the available tributyl phos
phate is being co111plcxed with nitric acid nnd is un-
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Slid• 7. Effect of odd conu,ntrotion on ru1henium e xt·rodion 

available for ruthenium complexing. This effect is 
observed with most fission products that do not e.x:
hibit high tributyl phosphate extractability. 

There are two reproducible methods for reducing 
ruthenium extraction by tributyl phosphate: ( 1) di
gestion in nitrate solutions of very high ionic strength, 
and (2) reduction of ruthenium to a lower, less ex
tractable valence state. Digestion of 4.5 M thorium 
nitrate at LS0°C for one hour, for example, results 
in an 8-fold decrease in ruthenium e.'ttraction after 
the solution is· cooled and diluted to approximately 
1 M thorium nitrate. Likewise, reduction wjlh ferrous 
ion of a thorium nitrate solution containing ruthe
nium results in an approximately 8-fold decrease in 
ruthenium extraction. 

The tribulyl phosphate extraction behavior 0£ zir
conium differs from that of ruthenium and of most 
of the other fission products in that no ma."imum 
is observed when the acid concentration is increased 
to 12 M. This may be attributed to the fact that zir
conium is more extractable than nitric acid and is 
preferentially complexed. Zirconium extraction is also 
complicated by the fact that the tributyl phosphate/ 
kerosene solvent mixture may contain contaminants 
which increase zirconium extraction. The most im
portant of these contaminants are mono- and dibu1yl 
phosphates, which are powerful extractants for zir
conium. In addition, butanol, aromatics. and olefins, 
which react with nitric acid to give .nitration products 
forming solvent-soluble complexes with fission prod
ucts, may be present. 

Relatively few data have been collected on the be
havior of iodine in solvent extractfon processes since 
its short half-life makes it unimportant in processing 
long-decayed material. It has been obser:ved. however, 
that iodine is highly extractable into methyl isobutyl 
ketone and tributyl phosphate. The mechanism of ex
traction involves formation of addition compounds 
between iodine and unsaturated compounds in the 
solvent, as well as simple e.xtraction. These addition 
compounds are not backwashed when fissionable ma
terials are stripped with water, nor a re they removecl 
from the solvent by washing with caustic or acid. 
P rior treatment of the solvent with concentrated 
sulfuric acid for removal or unsaturatcs results in 
substantially less iodine extraction. Reduction of 
iodine to the iodide also reduces its extraction mark
edly. Iodine promises to be ::i major problem in sol
vent-extraction processes handling short-decayed m;a
nium or plutonium. 

Mr. KRAUS (USA) presented paper P /837 as 
follows: 

During the last ten to twenty years, as synthetic 
organic ion exchange resins of high stability became 
readily available, the popularity of ion exchange as a 
tool in inorganic and analytical chemistry increased 
tremendously. Most of these ion exchange studies 
involve cation exchange resins, resins which can ex
change positive1y charged ions. On the other hand, 
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Slide 8 

studies involving an ion exchange resins, that is resins 
which exchange negative ions, have lagged greatly, 
although it now appears that at least in the fields of 
inorganic and analytical chemistry, not to speak of 
hydro-metallurgy, anion exchange holds at least as 
great, if not greater, promise than cation exchange. It 
is now possible, by complexing with various ligands, 
to convert almost any normally positively charged 
metal into an anionic species which then may be 
absorbed on anion exchange resins. 

Slide 8 illustrates the conceptual difference between 
anion exchange and cation exchange of metals. The 
positively charged metal ions and their positively 
charged complexes, in principle, are adsorbable _on 
cation exchange resins which have fixed negative 
charges, such as suHonate ions. The negatively 
charged complexes, in principle, can be adsorbed on 
anion exchange resins with their fixed positive 
charges which may, as in our case, be quaternary am
monium ions or other amines. We used a commercial 
polystyrene divinyl benzene resin of high cross-link
ing with quaternary amine functional groups. 

Regarding the complexes which may be adsorbed, 
it is convenient to consider two different types. One 
type would include the ferro- and ferri-cyanides and, 
to some extent, the chloroaurates, chloroplatinates, 
etc., which are very stable either because of slow 
rates of interconversion of species or because of high 
thermodynamic stability. These complexes can be ad
sorbed by anion exchange resins but for many pur
poses they are less interesting than the less stable 
negatively charged complexes which can rapidly be 
interconverted from one species to another through 
a simple change of medium. 

A typical example of a metal forming rapidly inter
convcrtable comple."<es is cobalt which, although it is 
not a fission product, lends itself to demonstration 
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Slide 10 

readily ( Slide 9). At low HCI concentration, cobalt 
is pink. At higher HCl concentration it turns blue. 
The pink color is usually associated with the simple 
ion Co••. The blue represents chloride complexes 
which may be formed. Dilution of a blue solution 
with water will immediately change the color to pink; 
similarly, the addition of HCI will immediately change -
the color to blue. When cobalt is in the blue form, 
it may be adsorbed strongly by anion exchange resin. 

If one adds a solution of cobalt in strong HCI to 
an anion exchange column, which in most of our work 
was of the small type illustrated in Slide 10, the 
cobalt will adsorb in a tight band at the top of the 
column, limited mainly by capacity considerations. 
In this particular example, we also added nickel to 
the solution. It was found that nickel, which is an 
element usually considered to be very similar to 
cobalt, does not absorb but immediately "drops" 
through the column and can be caught purified from 
cobalt, while the cobalt is retained by the exchanger. 

In this separation, one could continue after having 
added all the sample, by washing out the interstitial 
nickel with 9 M HCI, and then remove the cobalt 
rapidly by elution with weaker HCl or water. 

Slide 11 shows a beaker with purified nickel. The 
interstitial nickel was removed with.a 9 M HCl wash 
and the final beaker contains the cobalt which had 
been removed, let us say with 1 M HCI, where the 
cobalt does not adsorb significantly. In favorable 
cases, this type of separation can be made extremely 
rapidly. It can often be carried out in a few minutes 
and has even been adapted to separation of short
lived radioactive daughters,_ with half-lives of the 
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Slide 11 

order of a second or less from Jong-lived parents. 
Columns of the type illustrated here may be used 

not only for separations but also to obtain quantita
tive information regarding the adsorbability of ions. 
If a small amount of a metal is placed on the top of a 
column in a specified medium and elution carried out 
with the same medium, the metal will eventually ap
pear in the effluent in a typical Gaussian distribution 
of concentrations ( see Slide 12). 

The position of the elution maximum in terms of 
column volumes directly gives the distribution coeffi
cient on a volume basis, D,,, provided the fractional 
interstitial space i of the column is estimated. In gen
eral, i = ca 0.4, meaning that 40 per cent of the 
.column is "void." 

T he same information may be obtained by so-called 
"shaking" or equilibration experiments which are of 
the sa1,ne type as in any other two-phase equilibrium. 
One can equilibrate a small amount of resin and 
solution and determine the equilibrium concentra
tion of the metal in the resin, and in the solution, 
and compute the distribution coefficient D, as ( amount 
per kg resin)/(amount per liter solution) . This dis
tribution coefficient obtained in shaking experiments 
is readily related to the distribution coefficient ob
tained in column experiments. The ratio is given by 
an easily determined quantity, the bed density, p = 
0.45 (kg dry resin)/([ bed), and D = p Df)• 

Jn general it had been our plan to study adsorb
abilities of the elements over a relatively wide range 
of conditions and in this way to search for media 
in which the distribution coefficients of a given metal 
may be high for good adsorption, or low for good 
elution. Of course, the characteristic shape of the ad
sorption functions also forms the basis of interpreta
tions in terms of the pertinent complex equilibria. 

A typical set of such adsorption functions for 

U(VI) is shown on Slide 13 (Fig. 2 of P/837). The 
distribution coefficients are plotted on a logarithmic 
scale versus the molarity of the acid. If we trace 
through the hydrochloric acid data we may note that 
the adsorbability of U (VI) increases rapidly with 
HCI concentration. It reaches values of the order 
of 2000. I would like to remind you that according 
to an earlier slide this implies that about 1000 column 
vol11mes can .be processed before 50 per cent break
through would occur, provided of course capacity 
limitations of the column resin are not exceeded. 
Uranium(VI) in nitric acid behaves very similarly, 
although the adsorption function docs not rise as 
dramatically. In the case of sulfuric acid the situation 
is reversed-adsorbahility decreases with increasing 
sulfuric acid concentration. At very low sulfuric 
acid concentrations of the order of 1000 column vol
umes might be processed and elution could be 
achieved with ca 2-4 M sulfuric acid, where the dis
tribution coefficients become approximately unity. 

It should be noticed that for this type of operation 
the resin always remains in the same form through 
both adsorption and elution cycles. One may of 
course also effect elution by a switch in medium. For 
example, one may adsorb U (VI) from sulfate solu
tions and elute with chloride or nitrate if one is pre
pared to consume reagents and to wait until the col
umn is converted from the chloride form. 

The striking adsorption characteristics of U(VI) 
may be used to effect directly a very large number 
of separations. They also form, as will be discussed 
in other papers, the basis of processes for the re
covery of uranium from ores. One may, for example, 
separate uranium in hydrochloric acid from a large 
number of non-adsorbable elements by the simple 
device of passing the mixture in, e.g:, 9 M HCI 
through an anion exchange column. The technique 
would be exactly the same as in the nickel-cobalt 
separation previously described. 

One may readily extend such a separation scheme 
to other fission products. 

Slide 14 (Fig. 4 of P/837) gives results (distribu
tion coefficients) for zinc and cadmium. You may 
notice that best adsorption, distribution coefficients 
of the order of 1000 occurs around 1-2 M HCI, i.e., 
in that range of HCI concentrations where uranium 
does not adsorb. Elution can he carried out for zinc 
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column) 

in the vicinity of 0.01 M and for cadmium in the 
vicinity of 10·3 M HCI. 

vVe may combine this type of information into a 
typical separation (Slide 15). A mixture of Eu (a 
typical rare earth), U, and Zn in 8 M HCl was passed 
into a small column. On elution with 8 M HCl the 
rare earth appeared immediately in the effluent in a 
sharp band. Uranium(VI) and zinc were retained. 
The U (VI) was removed with ¾ Jv[ HCI, where it 
does not adsorb. Zinc is returned by the column. The 
.zinc was removed, as I pointed out before, with 0.01 
M HCI. Had cadmium been present in the same 
sample it would have stayed behind on the column 
but could have been removed in another band with 
0.001 M HCI. In this particular experiment U(IV) 
was also added, which, like U (VI), adsorbs from 
strong HCI but can be removed at an intermediate 
HCl concentration. We have chosen, however, in 
this case to remove it with a mixture of HCl and HF 
because I wanted to point out that a small amount of 
fluoride will drastically affect the adsorbability of 
U(IV) but not of U (VI) at high HCI concentrations. 
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During the last seven years or so we have tried 
to make a relatively complete study of the adsorption 
behavior of most metals, including most fission prod
ucts. Most of 1his work has been carded out in I-IC! 
solutions. 

Slide 16 (Fig. 1 of P /837) is a summary of these 
results. 

This study looks like a rather dramatic effort with 
its coverage of the major part of the periodic table. 
However, with modern techniques, and particularly 
with radioisotopes and modern counting equipment, 
this is not anywhere near as heroic a job as might 
appear at first glance. The most time-consuming task 
normally is the analytical work involved in the de
termination of the distribution coefficients. This ana
lytical problem now vanishes, since one or two min
utes of counting may take the place of elaborate 
analyses which might otherwise be necessary. 

Slide 17 is an enlarged section of Slide 16 (Fig. 
l of P /837) with distribution coefficients plotted 
vertically on a logarithmic scale and molarity plotted 
horizontally. The large difference in the adsorbability 
of the clements shown is typical for many other ele
ments. Simple separation techniques are implied, al
though some caution is necessary with tin and anti- · 
mony because these elements having rather high dis
trilmtion coefficients at low HCJ concentrations, may 
be at low HCJ concentrations (Sn) or may have slow 
rates of interconversion of species (Sb). 

Slide 18 illustrates how such data may be used fQr 
separations. The separation of arsenic(III) and ar
senic(V) is given, based on the different adsorb
abilities of the two oxidation states. The separation 
of germanium and arsenic is also illustrated. 

Slide 19 is taken from the central part of the 
periodic table. In this part of the periodic table the 
cnlon cle complexes are strong. T hese elements show 
a characteristic decrease in adsorhahility with in-
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crea_sed molarity of HCI. Although the adsorption 
functions all have the same characteristic shape, J 
would like to point out that certain elements have 
very low adsorbabilities at high HCI concentration, 
such as rhodium(III), iridium(III) and silver(!) . 
This implies an extremely simple method of separa
tion c5f these elements from the other platinum ele
ments shown. 

Of course, no single reagent can be hoped to be 
satisfactory for complete separation of all fission prod
ucts. For example, molybdenum(VI) and U (VI) 
are very difficult to separate in HCl solutions (see 
Slide 20) since, at low HCl concentrations where 
elution is feasible, the distribution coefficients are too 
similar for rapid refining. 

However, in the presence o[ HF, molybdenum 
and uranium differ widely (Slide 21) and scpar.:itions 
can be achieved. For instance, uranium can be eluted 
with 2 M HCl-1 M HF, leaving molybdenum still 
on the column. Mo(VI) may then be removed with 
dilute HCI with absence of HF. 

Separation of the HCl-non-adsorbable elements at 
first also appeared to be a rather difficult problem. 
But there are now complexing agents available such 
as citrates or versenates, which permit anion-ex
change separation rather readily (Slide 22, Fig. 3 of 
P/837). 

From the thermodynamic point of view, anion 
exchange may be considered a two-phase equilibrium 
and the ,1dsorption data should thus be usable, with 
caution, for the elucidation of the properties of the 
two phases. 

At low ionic strength a number of simplifying as
sumptions may be made and the interpretations be
come straightforward. However, at high ionic strength 
this is not the case because there the pertinent ac
t ivity coefficient quotients will vary rapidly with 
composition. \Ve had originally hoped, and I believe 
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that it is still true to a certain extent, that as long 
as the distribution coefficients increase with concen
tration of HCI, the negatively charged species are 
being formed. When the distribution coefficients de
crease, the negatively charged complexes are essen
tially completely formed. However, this qualitative 
picture may now have to be revised on "the basis of 
newer data. 

For example, it was found ( see Slide 23) that 
there is an enormous difference in adsorbability from 
lithium chloride and hydrochloric acid solutions. Dis
tribution coefficients are of the order oi a thousan<l
fold higher in concentrated lithium chloride than in 
concentrated HCI. 

Similar results have been found for a large mun
ber of elements, though surprisingly not for silver. 
I would like to point out that in some cases the dis
tribution coefficients are now becoming truly fan
tastic. For Ga(III) they are reaching towards 108, 

which also implies considerable complications in ob
taining accurate measurements. Our present belief 
is that the large difference between the HCI and 
lithium chloride results are caused by the formation 
of undissociated complex acids in strong HCl solu
tions and that only in lithium chloride solutions are 
we really dealing with the negatively charged com
plexes themselves. This conclusion is not unambigu
ously established at the present time and work is 
continuing. \Ve hope that in the not too distant future 
it will become possible to add more definite state
ments regarding equilibria in concentrated electrolyte 
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solutions to our present data on separations with 
anion e..'Cchange resins. 

DISCUSSION ON PAPERS P/726, P/719, P/837 

Mr. C. M. NICHOLLS (UK): Mr. Hammond has 
given some very useful guiding criteria for the radia
tion limitations in various types of chemical equip
ment. I wonder whether he could give similar limita
tions for the use of the fully fluorinated plastics such 
as Teflon, to use American terminology, or PTFE, 
to use British terminology. I have in mind the ap
plication of such materials in pump components and 
the like. 

Mr. HAMMOND (USA): I do not have any exact 
numbers for the radiation stability of plastics. I be
lieve they are available in published literature. I do 
know that Teflon, as you mentioned, is attacked very 
readily by radiation and is not the best choice. Also, 
when it is attacked, it gives off hydrofluoric acid 
which is another corrosive agent. 

Mr. V. G. TIMOSHEV (USSR): Mr. Bruce, I am 
interested in how the nature of the solvent influences 
the distribution of the fission products. Various par
affin fractions, carbon tetrachloride and other solvents 
may be used. To what degree does the use of one 
solvent rather than another affect the distribution of 
the fission proch1cts? 

Mr. BRUCE (USA): The total subject of solvent 
selection and the effect of solvent selection on the 
distribution of fission products has been studied quite 
extensively. There is no good generalization which 
can be made about the distribution of fission products 
in various classes of solvents. However, we have 
observed that as a general thing the solvent extrac
tion of fission products increases with increasing 
water solubility in the solvent. We do not know what 
the fundamental significance of this is. As I indicated, 
methyl isobutyl ketone and tributyl phosphate show 
a very, very great difference in the extractability of 
fission products. 
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solutions 

to comment on one or two points in Mr. Bruc~'s 
paper; firstly, with regard to the influence of the 
valency of ruthenium on extraction by organic sol
vents. It may be of interest to state that our experi
ence is that when rnthenium is in the 3, 4, or highe~ 
states in nitric acid solutions, we find no significant 
extraction by organic solvents. It is only when it is 
converted to the nitrosylruthenium form, in which 
ruthenium can be, strangely enough, considered di
valent, that there is appreciable or considerable ex
traction by organic solvents. This leads to two effects 
with reagent such as nitrous acid, or sodium nitrite. 
If the ruthenium in the first place is in the 3 or 4 
valent state, it is converted by the nitrous acid or 
sodium nitrite to the extractable nitrosylruthenium 
type of complex. But among the nitrosylruthenium 
complexes there are very many possible types, all of 
which give different distribution ratios with various 
organic solvents. There is a second e_ffect of nitrous 
acid by which it converts one nitrosylruthenium com
plex to a nitro one. Mr . Bruce also mentioned the 
effect of heating with reagents such as ferrous sul
phamate. We find in this case that the reduced ex
tractability in this case is directly connected with 
elimination from the nitrosylruthenium group. 

The second point which I would like to ask Mr. 
Bruce is, if in his experiments on the extractability 
of ruthenium he studied the influence of time. Our 
experience is that {mlike other metals and all the 
other fission products, for ruthenium, the distributio11 
ratios and the performance of extractors seem very 
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dependent on the hold-up time in the extractors. 
Therefore, it would be of interest if he could give 
us some idea of the time facto, in the expe,iments 
that he desc,ibed. 

Mr. BRUCE (USA): The times which were de
scribed were about 5 minutes. In connection with 
Mr. Fletcher's comments on the valence state of the 
e..xtractable ruthenium compound I would like to 
make a few observations. First, we have observed 
that the effect oi fe.rous sulfamate on the reduction 
of the ruthenium extraction is greater than the effect 
of the sulfamate ion alone. Since sulfonic acid is a 
specific reagent for a nitrite ion, which presumably 
is involved in the extraction of ruthenium, we feel 
that we are observing a valent state effect. To sub
stantiate this we also note that the addition of an 
oxidizing agent such as sodium dichromate to the 
system enhances the extraction of ruthenium. 

There are some interesting points which one can 
make about the effect of time on the extraction of 
ruthenium. We have observed, for example, that if 
one dissolves irradiated uranium in nitric acid and 
then divides the solution in two parts and extracts 
one immediately with tributyl phosphate and allows 
the other solution to sit for several days before ex
traction, the solution which has been allowed to sit 
for several days will show approximately IO-fold 
greater extraction than will the one which is freshly 
dissolved and extracted. 

Therefore, I think that Mr. Fletcher's point is 
very good. The time element here is a very impor-
tant point. · 

The CHAIRMAN: We will take three questions to 
Mr. Kraus together. 

Mr. J. SHANKAR (India): I was wondering 
whether l\fr. Kraus had studied the temperature co
efficients. Tn the studies in the ionic active resonance 
i~ some of our work we find that the temperature 
coefficients are quite large. I wonder if he would com
ment on this? 

Mr. GLUECI<AUF (UK) : I should like to ask Mr. 
Kraus whether he could say a few words about the 
application of anion exchange methods to the separa
tion of neptunium from fission product solutions, with 
specific reference to nitrate solutions. 

Mr. D. I. RYABCHII<OV (USSR) : Hitherto, many 
authors have undeservedly paid less attention to 
anion exchangers than to cation exchangers for sepa
ration purposes, whereas in a number of cases prefer
ence might actually be given to anion exchangers. 

As regards the separation of uranium from other 
accompanying elements, it is pertinent to note that 
uranium and these elements yield a variety of com
plex compounds with very many reagents in which 
the atom of these metals can, under suitable condi
tions, appear in the form of an anion complex. There 
is a wide variation of complex-forming reagents 
which yield with different metals complexes of dif
ferent stability. This diversity is considerably in-

creased by the influence of the medium on the sta
bility of the complex forms. Accordingly, it can be 
anticipated that under certain selected conditions it 
should be possible in practice to solve any problem 
relating to the separation of any particular clement 
from a number of other accompanying elements. 

In conchision, I should like to indicate briefly one 
other broad possibility in connection with anion e.."<.
cbangers, which has not yet been achieved in prac
tice. What I have in mind is the possibility of their 
conversion into different anionic forms. By this means 
it is possible to form specialized anion exchangers 
which will exercise a selective action in relation to 
individual elements. 

Mr. KRAUS (USA) : I should like to comment 
first on the question regarding temperature coeffi
cients. We have done relatively little work on tem
perature coefficients, but there are two problems which 
we shall have to keep in mind in this study. In the 
region where the complexes are being formed, the 
observed temperature coefficient will include both 
the temperature coefficient of the ion exchange equi
librium and the temperature coefficient of the com
plex equilibria. Regarding the temperature co·effi
cient of the ion exchange equilibrium, our indication 
is that it is relatively small, while the temperature 
coefficient of the complex equilibria may be quite 
large. But we have relatively little data on this ques
tion. We have done some work on uranium in sulfate 
solutions at various temperatures, but the purpose 
mainly was to increase the rate of desorption, which 
is rather slow at room temperature. 

Regarding the application of ion exchange to work 
on neptunimn in nitrate solutions, I am sorry to 
report that we have done practically no work on 
this. We have used other systems in our studies of 
neptunium. \Ve have some data on Np in fluoride 
and chloride solutions and, in general, find that nep
tunium behaves similarly to uranium. 

I should like to refer Mr. Glueckauf to a paper by 
Hyde which, I presume, will go into more detail on 
available work at the Berkeley laboratory in the 
United States, but I understand that he also finds 
that neptunium and uranium are very similar pro
vided the same oxidization states are compared. 

I am not sure that I understood all the comments 
by the Soviet Union representative, but I do agree 
with him that it does look as though it should become 
possible to isolate almost any element by anion ex.~ 
change from all other elements with relatively little 
effort. I know of only three exceptions, the heavy 
alkali metals. The light alkali metals can be com
plexed, e.g., with ethylene diamine tetraacetic acid. 
\?.le have reported lithium, sodium and potassium in 
this way, but the separation of the heavy alkali metals 
has not to my knowledge yet been achieved by anion 
exchange. On the other hand, anion exchange with 
EDT A should permit isolation of the heavy-alkali 
metals in a single pass. 
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We ourselves have done no work on building groups 
into resins which can cause specific complex forma
tion. I understand that work of this sort is going on 
at various places. We ourselves have had little in
terest in it because I, personally, am convinced that 
the inorganic chemistry of the elements is sufficiently 
different, if one only searches for these differences, 
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to make it in most cases unnecessary to have special 
resins. It has been our approach to work with a 
simple, commercially available resin and ·relatively 
simple ligands, and in this way to by-pass the need 
for special resins. The special resins undoubtedly 
do have their place for special applications in chem
ical processing. 
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The Chemistry of Ruthenium 

By J. M. Fletcher and F. S. Martin,* UK 

The utilisation ol the energy liberated in the proc
ess of fission has led to extensive chemical investiga
tions of the actinide elements. It has also focused 
attention on certain fission products, e.g., elements 
such as promethium and technetium which do not 
occur naturally, and on others such as ruthenium and 
zirconium which pn:scnl difficulties in chemical sepa
ration proces$eS or effluent disposal systems. Al
though there are references in Gmelin1 to about 500 
ruthenium compounds, only three are relevant to the 
behaviour exhibited by fission product ruthenium 
when irradiated uranium is dissolved in nitric acid: 
of these, one, nitrosylruthenium trinitrate,2 prior to 
1950, had not been obtained in a solid form, and had 
only once been mentioned since its original forma
tion in J 899 by Joly: the other two', the sodium and 
potassium salts of the anion [RuNO(N02)4(?~]2-
have hitherto8 been incorrectly assumed to be mtn tcs 
of Ru(IU) . 

This gap in the k-nowledge of the chemistry of 
ruthenium has proved a considerable handicap not 
only in the development o[ prima~y process~, which 
involve nitric acid, for the separation of fLSs1on prod
ucts from uranium and plutonium, bttt also in an
cillary stages involving further purification, evapora
_tion, ion exchange, precipitation and effluent disposal. 
The difficulties are accentuated by certain similarities 
of the ruthenium compounds to those of uraniwn and 
plutonium; yet whereas the behaviour ?f the latter 
elements has been reasonably reproducible, the be
haviour of fission product ruthenium has varied due 
to slow changes between a wide variety of com
pounds, such as occurs with C in orgauic chemistry. 

As a result of worlc undertaken at A.E.R.E. or 
sponsored by this establishment, it has become clear 
that the nithenium compounds arising from the dis
solution of irradiated fuel in nitric acid, are mainly 
t r ivalent nitrosylrutheniurn, (RuNO) (III) , deriva
tives which display the characteristics of octahedral 
s ix coordination complexes with d2.sp3 orbitals, asso
ciated for example with Co(III) or Pt(IV) . With 
these particular complex<:$, the penultimate shell has 
18 electrons. There are numerous references in the 
literature to amino, halogen, cyano, etc. complexes 
of (RuNO). 

• Atomic Energy Research Establishment, Harwell, nr. 
Didcot, Berk.._ 

NITROSYLRUTHENIUM COMPLEXES IN AQUEOUS 
N ITRIC AND NITROUS ACIDS 

In aqueous solutions containing only nitric and 
nitrous acids, i.e., with the ligands N03-, NO:!-, OH
and H~O available, it is possible to postulate a consider
nblc numl,er o[ combinations by which these four 
ligands occupy the five coordination positions avail
able in a mononuclear (RuNO) compound, the sixth 
position being occupied by NO. Examples, with com
pounds so far identified are given in Table 1. The 
number of compounds possible is further increased, 
(a) when spatial considerations are considered.- e.g., 
[RuNO(N03 ) 3 (H20)2] could exist as shown in 
Fig. 1, ::md (b) if bi- a11d polynuclear species e.'<ist. 

~ .. , ~ ~re, • ~ .. , 
~,L-/7 ..,.~ .. ,~ 

"':' "" ~:: "•·"" ... ::::: 
..!!!... "· ~, ..,. 

Oi' o• 
c:-.. , . """'........ • 

Figure 1 

Polynuclear formation occurs in the later stages of 
hydrolysis of the nitrato complexes; thus a hemini
trate, represented with a diol bridge as 

OH 

I~ RuNO • N03 • OH • H:!O r, / R uNO(OH)2H20 

141 

OH 

has been isolated.3 Binuclear oxygen-br idged com
pounds, e.g., Ru2NGO15,3 also exist as in other ru
thenium compounds, e.g., ~[Ru2Cl100]H20.5 

Hydroxid e , 

The parent of these hydroxoaquo complexes of 
(RuNO) is nitrosylruthenium hydroxide, empirically 
RuNO(OH)s, for which a simple method of prepa
ration, minimising its tendency to fonn colloidal solu
tion, has been found.3 TI1e conditions necessary for 
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Table 1. Examples of Possible Mononuclear Six Coordinalion Complexes Composed of 
(RuNO) ond the Ligands N03-, N02-, OH·, H20 

Liaonds Possibl, conaPlt:t: 

OH,H,O 1. RuNO(OH).(H.O), 

2. [RuNO (NOa) •f· 

Erist~uce 

As polynuclear derivatives;• 
nitrosylruthenium hydroxide, 
brown, amorphous solid. 
Unknown NOa 

NO.,OH 
NO., II,O 

3. [RuNO(NO.),OH] 2
• 

} 

Not yet isolated, but formed 
in organic solutions of high 
nitrate concentration' 4. [RuNO(NO.),H,OJ-

5. [RuNO (NO.).(H20)). With additional 2H.O as rose-
red hygroscopic solid'·• 

6. [RuNO(NO,).(H,O)s)• 

} 

For med in solution from 5: 
evidrnce from ion exchange 
r~sins, pH measurtments etc.3 

7. [RuNO (NOo) (H,0),)2• 
NO.,H,O,OH 8. [RuNO(NO,).OH • H.oJ-

9. RuNO(NO,).OH(H.O): 
} 

Red to brown mixtures 
i,olated' 10. RuNO · NO,(OH),(H:0). 

11. Anionic and cationic 
fonns of 9 and 10 

12. [Ru NO (NO,).]'· Unknown NO, 
NO,,OH 13. [RuNO(NO,) ,OH]•· Na and K salts as orange 

crystaltine solids' 
NO,,n.o 14. [RuNO(NO,) ,I-1,0]· Unknown but may exist in 

solution of 13 
15. RuNO(NO,).(H,O). Unk,iown 

NO,,H,O,OH 16. RuNO(NO,),OH(H,0), Yellow solution obtained, solid 
not )'Ct isolated•· ' 

17. RuNO • NO,(OH).(H,0): e1c. Unknown 
N02, NO, 
NO,,NO.,OH 

18. [RuNO (NO,).(NO.),]'· etc. Unknown 
19. [RuNO(NO,),(NO,),OH]'· etc. Unknown 

NO,, NOa, HD 
NO,, NO,, OH, H,O 

20. RuNO • NO,(NO.):(H,O), Orange crystalline solid' 
Unknown 21. RuNO • NO,•NO.·OH(H,O), 

its formation from nitrosylruthenium complexes indi
cate the usual order for the stability of this type of 
complex, viz. Cl04, F < N03 < OH, Cl < N02. 

Nitroto Complexes 

These have been prepared from ruthenium tetrox
ide2•3 and from ruthenium alloys8 by treatment with 
oxides of nitrogen and nitric acid. In dilute HN03, 
nitre complexes are first formed: boiling with con
centrated nitr ic acid converts these to the nitrato 
complexes; the trinitrate and mixtures of lower ni
trates have been isolated from these solutions by 
evaporation under reduced pressure. In solution in 
water or dilute nitric acid, the trinitrate is hydrolysed 
at a measurable speed at room temperature to the di
and mononitrato complexes; at pH 5-8. hydrolysis 
proceeds to a crude form of the hydroxide which 
retains a small proportion of complexed nitrate 
groups.3 The reaction, trinitrate complex ➔ dini
trate complex is first order with respect to [Ru] in 
nitric acid solution over the range 10-2 to 1 o-0 M.4 

Doth anionic and cationic exchange resins remove 
ruthenium species from aqueous solutions of these 
complexes.3 The trinitrato comp1e..'< is readily ex
tracted from aqueous solution by a variety of organic 
solvents; if these contain additional nitrates ( e.g., 
nitric acid, quaternary ammonium nitrates) , condi
tions exist for the formation of nitrato complexes 
with [N03 ] : [RuNO] > 3; but if.the organic phase 

contains a high ratio of [H20] : [N03J, hydrolysis 
occurs as in a purely aqueous phase.4 

Some or all of the nitrato groups of the nitrates 
are readily displaced in warm dilute acid solution by 
(N02) groups using NO-N02 mixtures,{ by (SH) 
using hydrogen sulphide,3 by Cl using hydrochloric 
acid,3 by (S04 ) using sulphuric acid and by (C20~) 
using oxalic acid.3 

The spectrophotometric absorption spectrum of a 
solution of the trinitrate in aqueous nitric acid shows3 

a broad band between 435 and 590 mµ; this band is 
less prominent with the lower nitrates. Regularly 
spaced peaks (at about 1000 cm-1 intervals) which 
are scarcely distinguishable in aqueous solution, be
come more pr ominent with organic solutions; the in
tervals are attributed to the fundamental vibration 
frequencies of the Ru-N-0 bonds (cf. the 727 cnr 1 

interval in organic solutions of uranyl nitrates6 ). 

Nitro Complexes 

These have.been obtained either as yellow to orange 
crystalline solids or in aqueous solution.M Recrys
tallisation of salts of the tetranitro anion from water, 
acetone or alcohol is feasible. The dinitro complex is the 
stable form in warm dilute mineral acids; two further 
nitro groups can be introduced using sodium nitrite 
at pH~7, but when boiled in alkaline solution 
(pH> 11) all the nitro groups are displaced and nitro
sylmthenium hydroxide is formed. As with the ni-
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NO NO 
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Ru ~ Ru 

N02 __ N0
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H2o N02 
OH OH 

Charge 2 - Uncharged 

figure 2 

trato complexes, hydrogen sulphide forms an insolu
ble nitrosylruthenium hydrosulphide.3 

The displacement of two of the four nitro groups 
from [RuNO(N02)4QH]2- by warming with dilute 
nitric or perchloric acid illustrates the importance of 
spatial distribution on the reactivity of these com
plexes, by the operation of the "trans-effect" .7 ,8 These 
reactions lead one to suppose that the structure of the 
(RuNO(N02)40H]2- anion is that of (IV), giving, 
due to the high trans-effect of the (N02) group, the 
cis dinitro complex (V) ( see Fig. 2). 

The absorption spectrum of an aqueous solution 
of the tetranitro complex shows no prominent peaks 
in the visible region, but prominent peaks in the infra
red region are found. Bands common to both this 
complex and to Na3 [Co( N02)ol are found at 1420, 
1338, 1270, 841, 826, 636 and 619 cm-1 ; a further 
strong band at 1907 cm-1 arises from the N =0 
stretching vibration of the nitrosyl group, and there 
is another weak one at 3617 cm-1 in agreement with 
the presence of a hydroxyl group.9 

General Properties (Oxidation, Reduction, etc.) 

When heated with strong oxidising agents in acid 
solution ( e.g., periodic acid, Ce(IV), K~1n0~, ozone 
and boiling concentrated nitric acid) these nitrosyl
ruthenium complexes are slowly oxidised to ruthe
nium tctroxide. \,\'hen heated in a stream of hy<lrogt:n 
the metal is formed, and when fused with alkaline
nitrate mixtures, the nitrosyl group is eliminated; the 
latter reactions form the basis of analytical methods 
for estimating ruthenium in these comple..'Ces. Many 
of these compounds explode violently when evap
orated from solutions in organic solvents.3 

CHLORO COMPLEXES 

These complexes are relevant to the field of nuclear 
energy since trace quantities of fission product ru

thenimn may appear in sea-water or in the digestive 
systems of mammals. Their stability is intermediate 
between the weak nitrato and strong nitro complexes. 
The hydrolysis of the pentachloro and trichloro com
plexes has received detailed study10 and in principle 
resembles that of the trinitrato complex. The acid 
of the tetrachloro complex, Hz[RuNOCl,OH], has 
been isolated and found to be relatively solnble in 
lower alcohols and ketones.3 

RELATION OF (RuNO) TO O THER FORMS OF RUTHE
NIUM AND OTHER METALS 

The general properties of the nitrosylruthenium 
comple..--ces show a marked difference from those of 
Ru(IV). Nitrato complexing of Ru(IV) is very 
weak and the behaviour of solutions of Ru(IV) ni
trates11 have been interpreted in terms of proton 
transfer between aquohydroxo ions, e.g., rRu(OH h
(H20)1]2• ➔ [Ru(OH)s(H20)a]• + H •. In this 
respect the behaviour of Ru(IV) is related to 
Zr(IV), U (N), etc., but is very different in degree 
on account of the small ionic radius of Ru4

• . In these 
quadrivalent metals fluoride complexing is strong,12 

whereas with (RuNO) it is very weak,3 just as it is 
e.xceptionally rare with Co(III) and Pt(IV) . In the 
presence of oxides of nitrogen, other forms of ru
thenium are readily converted to (RuNO). The con
siderable stabiUty of the nitrosyl group in these com
pounds can be interpreted as strengthening of the 
covalent bond between Ru(II) and NO', i.e., 
Ru~ N-0, by ,,--bonding in which the metal donates 
two d1r electrons.13 The trans-effect of the nitrosyl 
group is likely to be even greater than Jhat of (N02 ), 

and provides the reason for particular differences ob
served between (RuNO) complexes on the one 
hand, and Co(III ) and Pt(IV) complexes on the 
other hand : it can be related, for example, to the 
predominance of the rRuN'O(NH3 ) .1X) type of com
plex amongst other amino complexes of (RuN0)/4 

it being likely that X occupies the position trans to 
(NO), and thereby is readily substituted between 
monovalent ligands such as Cl-, Br, N08-, OH-, etc. 

IMPLICATIONS ON EFFLUENT TREATMENT 

Due to the stability of the nitro group, the forma
tion of an insoluble nitrosylruthenium hydroxide does 
not occur when mixed fission product solutions con
taining these complexes are neutralised with alkali. 
Although this hydroxide is formed more readily from 
the (N03 ) complexes than from the (N02 ) com
plexes, it is colloidal under many conditions. In view 
of these properties, it is not surprising that in experi
ments with mixed fission products originating from 
nitric acid solution, ruthenium rarely follows one and 
only one course. Normal methods of effluent treat
ment (e.g., precipitation, ion exchange, microbiologi
cal treatment) usually fail to remove fission product 
ruthenium completely. The ultimate fate in nature 
of traces of ruthenium from effluent plants has led 
to investigations on its behaviour in mammals, fish, 
plants and algae.15 
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Some Chemical Properties of Technetium 

By J. B. Gerlit, USSR 

As early as 1877 Mendclyev predicted from the 
periodic law which he had previously formulated, a 
number of the physical and d1emical properties of 
elements with atomic weights of approx.imately 100 
and 187.1 Later, Kem2 announced the discovery of 
an clement with an atomic weight of 100 and de
scribed some of its chemical properties. Kern's data 
were confirmed by Mallet? but these works were un
deservedly neglected. Reports by Noddak and Nod
dak" •5·6 on their discovery of an element with an 
atomic number oi 43 also have not been finally con
firmed. Comparison of the chemical and physical 
properties of masurium and technetium reveals great 
similarity between their characteristics, quite obvious 
in their characteristic roentgenographic spectra. Thus, 
~ccording to Noddak, Noddak and Berg,• the spec
trum of masurium is characterized by lines Kati = 
672, Ka12 = 675, K p11 :::: 601, while the spectrum 
of technetium, according to Burkhardt and co-workers7 

is Ka11 = 673.5, K<J/2 = 677.8, Kp11 = 601.4 and 
K/J/ ! = 589.9 X-units. · 

Detailed study of the properties of element 43 be
came possible after its isolation first radiochemically 
from irradiated molybdenum,8,9,10 nnd then in weigh
able quantities from slag left after plutonium produc
tion. n ,12,ia At present 19 isotopes of this element are 
known with half-]jves ranging from a few seconds to 
hundreds of thousands of years, H and in the interval 
of mass numbers 92 to 107. Tbe most interesting 
among them ar e isotopes with atomic weights of 97, 
98 and 99. The first two have not been studied at all, 
but appear to have long half-lives.15 The isotope 99, 
having a half-life of 2.15 X 105 years, is obtained 
with an extremely large fission yield of uranium and 
plutonium (6.3 to 6.57c,).'6 

Recently the presence of technetium has been estab
lished, not only in the abnospheres of the sun and 
young stars,18•19 but also in tbe cmst of the earth,'0 

therefore it is very tempting to determine its origin. 
However, its chemical and analytical properties, of 
great importance for studying the· geochemical be
haviour of this clement, are comparatively little 
known. 

The corrosion resistance of technetium and the 
small cross section of isotope 99 for thermal neutrons 
permits the use of this element both in reactor tech
niquen and in otber fields of industry. 

Original laniruage: Russinn. 

145 

This paper contains results of our studies on the 
analytical chemistry of this element. 

METHODS OF EXTRACTION AND TECHNIQUE OF 
MEASUREMENT 

A study of the chemical properties of technetium 
was carried out using the 6.1-hour isomer Tc00m ob
tained by the reaction Mo(n, y, /J)Tc:99111• A test of 
known methods for separating technetium from 
molybdenum showed that the best results can be 
obtained by the methods of J acobi21 and Bein bridge 
and co-workers,22 based on coprecipitation and distil
lation. However, after we had established the possi
bility of C.."<tracting technetium from alkaline and acid 
media, more appropriate methods were worked out 
by which the isolation of technetium was subsequently 
conducted. 

Since the isomeric transition from Tc99m to Tc09 

is accompanied by the emission of soft y-rays, the 
activity of prep:uations was detcmJined with ,..-count
ing apparatus. According to a number of aulhors,z:1,u 
the y-ray spectrum of the isomeric transition is dtar
acterized by the emission of 2.0, 140.3, 142.3 and 181 
kev, but according to Baranov, the transition of 181 
kev was not observed. · 

The counting device consisted of an argon-methanol 
Geiger-1\Iueller co,mter with a copper cathode, a high 
voltage amplifier, a scaler and mechanical counter. 
Due to the necessity for measuring the soft y-radia
tion, the lead-iron block of the counter was screened 
with thick black paper to avoid e..xcitation of the 
counter by light quanta. For measuring, the prepara
tions were placed in similar test tubes made of molyb
denum glass and fixed rigidly in the Ple.xiglas holder 
in a manner ensuring geometrical constancy. Io all 
the tests only the relative activity of the samples was 
determined by comparing with Tc09m standards. The 
radiochemical purity of the isolated preparations was 
controlled by the half-lives. Approximate measure! 
ments of the contamination of the technetium samples 
by radioactive molybdenum were made with a lead 
filter of 4 gm/cm2 which completely absorbed the soft 
y-radiation of the isomeric transition and was deter
mined by the formula 

1110 :::: a I, 

where luo is the approximate activity of the molyb
denum, 11 is the intensity of the hard radiation of the 
preparation, determined in the presence of a filler, 
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and a is the ratio between the intensity of the ;,-radia
tion of molybdenum after complete separation of 
technetium, measured without a filter, and the inten
sity of the radiation determined in the presence of 
the filter. 

The a was calculated according to the decay scheme 
suggested by Medicus and co-workers,23 and also de
termined experimentally. The maximum differences 
did not exceed 3.5'7'0. Statistical errors did not exceed 
± 2.5%, the activity of samples being about 5000 
counts per min. Considering that the alteration of 
the decay constant due to the nature of the chemical 
compound of Tc99"' isomer is less than the calculated 
error22 

( 
AJ{TcO~ - ,\Tc m•Ul • 1QQ """ Q.J o/o ) 

ii.Tc metnl 

this value was usually ignored. 
For studying the behaviour of rhenium in a number 

of reactions, the isotopes Re180 and Re188, obtained by 
( n, y) reactions, were used. The properties of ru
thenium were studied with the aid of Ru100, being in 
equilibrium with Rh108 isolated from fission products. 
Owing lo the presence of hard radiations in their 
y-spectra the activities of the rhenium, ruthenium 
and molybdenum preparations were measured on the 
apparatus described above, using a lead filter of 4 
gm/cm2• The degree of purity was checked by the 
hardness of the /]-radiation, estimated by absorption 
in aluminum. 

STUDIES ON CERTAIN PROPERTIES Of HEPTAVALENT 
TECHNETIUM 

Coprecipitation 

For concentrating traces of technetium the most 
convenient methods are coprecipitation, electrolysis, 
extraction and ion exchange. As radiochemical inves
tigations have shown, in a munber· of cases at the first 
stage of separation of microcomponents, the method 
of coprecipitation on isotopic or nonisotopic carriers 
is most suitable. Among the methods of coprccipita
tion of technetium, its coprecipitation with rhenium, 
copper, bismuth and platinum sulphidesS,t0,21 has 
been studied in detaiL However, a difference exists 
between these processes in hydrochloric and in sul
phuric acid solutions. Thus, coprecipitation does not 
occur in 9 N hydrochloric acid, which J acobi21 ex
plains by the solubility of the technetium sulphide 
under these conditions. vVe have established that hy
drochloric acid reduces heptavalent technetium to 
the tetravalent state; experiments were conducted in 
this connection to determine the valency form of the 
non-coprecipitated technetium during the precipita
tion of rhenium sulphide from 9 N hydrochloric acid. 
The data obtained showed that practically all the tech
netium was tetravalent. Investigations on the pre
cipitation of rhenium sulphide from a hydrochloric 
acid solution containing known tetravalent techneti- ·· 
um, showed that in this case no coptecipitation occurs. 

USSR J. B. GERLIT 

Table 1. Coprecipitation of Technetium (VII) with Cer
tain Insoluble Salts of Perrhenic ond Perchloric Acids 

Solwbilit,i of CoJ,rtcititatio11 
tof>rt'tipitont of techr.etium, 

No. Ct>J,reciJ>itant at 2Q 0
, M/1 in% 

I Nitron perrhenate 0.0026 99.8 
2 Cesium perrhcnale 0.0040 85.7 
3 Rubidium pcrrhenate 0.0061 81.2 
4 Potassium perrhenate 0.038 23.8 
5 Thallium perrhenate (1) 0.0035 91.4 
6 Nitron perchlorate 99.7 
7 Cesium perchlorate 0.0069 83.2 
8 Rubidium perchlorate 0.0050 85.4 
9 Potassium perchlorate 0.012 28.2 

10 Ammonium perchlorate 14.6 

The experiments also showed that technetium sul
phide may be precipitated with rhenium as a carrier 
from 3 N sulphuric acid solutions by potassium thio
sulphate, the coprecipitation proceeding considerably 
faster and more thoroughly than with the use of hy
drogen sulphide. The same takes place when copper 
salts are used as carriers. The above method may be 
recommended for quick concentration of technetium 
traces. Usually insoluble perrhenates8 are also recom
mended for the same purpose, but there is almost 
no literature on the quantity of coprecipitation of 
technetium except for precipitation with nitron per
rhenate. It is also known that the structures of the 
ReO-1_-, l\lnO-1_- and CIO4- ions are very similar. 
Therefore it may be supposed that to a certain degree 
insoluble perchlorates must be coprecipitants for tech
netium. Owing to the absence in print of even pre
liminary data on the question, it was desirable to 
obtain rough semiquantitative values without detailed 
consideration of the mechanisms of coprecipitation 
processes, and to compare the behaviour of techncti
tnn during precipitation of perrhenic and perchloric 
acids by nitron, cesium, rubidium, potassium, and 
monovalent thallium. All experiments were conducted 
with perrhenate and perchlorate ion concentrations 
of 0.018 M. Precipitation of nitron perrhenate and 
perchlorate and thallium perrhcnatc was conducted 
from an acetate medium, and of cesium, rubidium 
and potassium perrhenates and chlorates from a neu
tral medium. Table I shows the results of these ex
periments, demonstrating that the most complete co
precipitation of technetium is observed in the case of 
less soluble pcrrhenates and perchloratcs. 

For practical purposes the use of perchlorates has 
the advantage that there is no need of further sepa
rating technetium from rhenium. 

Extraction of Technetium Compounds 

Data have been published on the extractability of 
tetraphenylarsonium perlechnetiate by chloroform~s.20 
from neutral media and of sodium pertechnetiate by 
pyridine from alkaline media.30 [ t seemed desirable 
for developing rapid methods of separating tech
netium from a number of elements to determine the 
possibility of e..xtracting it fro!'° acid, neutral and alka-
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line solutions, as wel) as to explore the thoroughness 
of its extraction by means of various reagents and 
to compare its behaviour with that of such elements 
as molybdenum and ntthenium. The e.xperiments 
showed, as reported in Table II, that both rhenium 
and technetium are extracted from neutral media with 
compafatively small coefficients by a number of alco
hols, ketones and amines ; from alkaline media they 
are extr:i.cted by ketones, pyridine and piperidine; 
and from acid media they are extracted by certain 
alcohols with somewhat higher distribution coeffi
cients. Molybdenum and ruthenium are e.--ct racted 
frolTI alkaline media by amines with comparatively 
small distribution coefficients (from O.Ql to 5.7), and 
Crom acid media by tributylphosphate. Comparison 
between the behaviour of technetium and rhenium 
during their extraction from acid, neutral and alkaline 
media by alcohols shows that the distribution coeffi
cient has a definite tendency to increase in more acid 
media; for ketones this is true in the case of alkaline 
and neutral media; and for aniline and dimethyl
aniline only in neutral media. Since technetium solu· 
tions in various acids are the most common, investi
gations were made on the effect of concentration and 
the nature of the acid on the distribution coefficient. 
The results are shown in Figs. 1 and 2. The most 
complete extraction of technetium and rhenium is 
achieved from sulphuric acid media (Fig. 2). The 
decrease of the technetium extraction coefficient ( as 
opposed to that of rhenium) from hydrochloric acid 
media is explained by partial reduction which is con
firmed by the presence of tetravalent technetium in 
the water phase. 

Analysis of extractions from neutral and alkaline 
media yielded the results shown in Fig. 3. 

It is noticeable that the distribution coefficient of 
·technetium and rhenium in aniline and dimethylaniline 
decreases with increasing alkaline concentration, 
whereas with ketones the coefficient increases sharply. 
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Figure 2. Effect of the concentration and nature of Iha a cid on tho 
extraction of technetium and rhenium by isoomyl alcohol 

All this indicates a difference in the mechanisms of 
the process of extraction. To find out in which form 
rhenium, and by analogy technetium, are extracted 
by ketones and amines from neutral media, the ratio 
K :Re was worked out for the solvent phase for the 
extraction of an aqueous solution of potassium per
rhenatc. The results of the analyses showed that in 
the case of extraction by methylethylketone this ratio 
is 1 ± 0.17, while in the case of aniline, potassium 
was not detected in the organic solvent phase. Evi
dently, in the extraction by aniline, rhenium passes 
into the solvent phase in the form of an "ammonium" 
compound31 of the type (Re04J- [H3 N - C0 H5 ]+ 
which is not formed in alkaline media because of the 
suppression of the dissociation of the "anilinium" hy
drate [CoH5NH3 ) •OH-. 

In the extraction of technetium and rhenium from 
acid and alkaline media by oxygen-containing sol
vents, the respective acids or salts are evidently dis
solved. This assumption is confirmed, on the one 
hand, by direct experiments, conducted with radio
active rhcnic acid and potassium perrhenate, and on 
the other, by spectrophotometric data ( Fig. 4) on 
the behaviour of the perrhenate ion in neutral, acid 
and alkaline media. 

As will be seen from Fig. 4, the absorption spec
trum does not change appreciably in the above media. 

vVhen the crystalline acid was treated with iso- , 
amyl alcohol and methylethylketone, active rhenium 
was found in large quantities in both solvents ( up to 
55%), but potassium perrhenate on treatment was 
found only in the methylethylketone. In addition, as 
Fig. 5 shows, foreign ions in the solution also in
fluence the coefficient of extraction of technetium. 

Evidently, the presence of large quantities of salts 
leads to the "salting out" of sodium pcrtechnetiate 
on extraction of methylethylketone, and sharply de
creases the extraction by aniline due to competition 
in the formation of "anilinium" salts. 



Table II. Extraction of Technetium(VII), Molybdenum(VI), Rhenium(VII), and Ruthenium(IV) from Alkaline, Neutral and Acid Media 

Coefjicie11t of distrillution 

Extraciing agent SN NnOH NNdYol medium 2N H,.SO, 

Tc Mo Re R" Tc Mo Rt R" Tc Mo Re R11 

Isoamyl alcohol < 0.001 <0.001 <0.001 <0.001 0.82 < 0.001 0.56 <0.001 7.8 0.1 7.0 <0.001 

Isobutyl alcobol < 0.001 < 0.001 <0.001 < 0.001 

B~nzyl alcohol < 0.001 <0.001 <0.001 <0.001 0.26 <0.001 0.17 O.Ql 6.6 < 0.001 5.8 "" 0.002 < 
Hexalin 1.7 0.02 1.5 < 0.001 4.5 <0.001 3.2 0.022 13.5 0.2 10.2 o.os 0 

: 
Furfural 1.0 <0.001 0.75 <0.001 3.0 0.001 2.8 

~ 
Methylethylketone 49 0.2 46 < 0.001 1.04 = 0.005 0.72 <0.001 2.9* < 0.001• I '* < 0.001* .:, 

Diethyl ketone 41 0.05 37 < 0.001 0.93 0.001 0.67 <0.001 5.3 0.005 3.7 < 0.001 .,, 
Mtthylisobutylketone 17 <0.001 8.2 < 0.001 0.28 = 0.003 0.008 <0.001 6.9 0.01 3.8 ' 0. 

Diethyl ether Does not extract :::! 

Diisdpropyl ether Does not extract 

Ethylacetate Does not extract C 

Tri-n-butylphosphate 6.4 8.5 3.7 1.2 17.5 21.6 13.2 8.5 ~ 
;;v 

Pyridine 39 0.88 24 5.7 Phases are not separated 

Piperidine 27.2 0.79 18.6 4.2 Phases arc not separated ~ 

Aniline 0.15 <0.001 0.008 0.7 5.6 4.3 !J1 

D imethy Ian ii inc < 0.001 <0.001 < 0.001 < 0.001 0.33 0.25 Gl 

N-bcniylpyrrole Does not extract 
~ ,-

Cyclohexane 
=i 

Does not extract 

Chloroform Does not extract 

·Heptane Does not extract 

Dichlorethane Does not extract 

* For 0.5N H,SO,. 



CHEMICAL PROPERTIES OF TECHNETIUM 149 

Tobie Ill. Extraction of the Thiocyonote Compound of 
Technet ium by E1her 

No. Or-dt, of addf,,o r,agcnls 
A M.d toncefl• 
trati<>N# MIi K,_ 

I TcO,- +KSCN +HCI 0.1 14.3 
2 Teo.- +KSCN +SnCI. +HCI 0.1 3.0 
3 Teo,- +HCI +Sn'Cb +KSCN 0.1 0.14 
4 Teo.- +KSCN + HCI 1.0 13.9 
s Teo,- +KSCN +HCI +SnCI, 1.0 0.03 
G Teo,- +HCI +SnCI, +KSC'.'l 1.0 0.001 
7 Teo,- +KSCN + HCI 3.0 8.7 
8 Te0, +HCI + SnCl: + KSCN 3.0 0.001 

Table 2 shows that neither rhenium nor technetium 
is extracted by non-polar solvents. The e..'<periments 
also showed that mixlures of oxygen-containing and 
non-polar solvents do not extract these elements if 
they can be almost quantitatively extracted by oxy
gen-containing solvents alone. We took advantage 
of this property to reextract rhenium and technneti
um from the organic solvent phase into the water 
pha..."e. 

O n the bases of the above data, methods were de
veloped £or separating technetium from molybdenum 
and ruthenium by cx:lraction with ketones from 3 to 
5 N solutions in alkali or alkaline metal carbonates, 
with subsequent reextraction into the water phase by 
chloroform, and for its separation from rhenium by 
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the extraction of rhenium from sulphuric acid solu
tion by isoamyl alcohol, the technetium being pre
viously reduced to its tetravalent state by hydrazine. 

Data on the extractability of the thiocyanate com
pound of technetium are contradictory.8 ,SZ This is 
probably because certain authors used the method 
developed for separating rhenium, i.e., they con
ducted this rea1:tion with large amounts of stannous 
chloride and hydrochloric acid present. Experiments, 
results of which are given in Table III, have shown 
that in the absence of reducing agents, extraction by 
diethyl ether proceeds with a rather satisfactory dis
tribution coefficient (see Table III) . 

The decrease of the technetium extraction coeffi
cient with the increase of HC! concentration and 
addition of SnCl2 is most probably connected with the 
reduction of technetium to its lower valence states. 
The difference between the conditions ior forming 
complex compounds was utilized for developing the 
method for separating rhenium from technetium. 

In addi tion it was estabUshed that technetium 
may be extracted from acid media in the form of a 
dicthyldithiocarbamate compound by chloroform and 
cer tain other solvents ( see Fig. 6). 

Rhenium, molybdenum and ruthenium under sim-, 
ilar conditions arc also extracted with rather good 
distribution coefficients. Technctic acid, like rhenic 
acid, may be extracted by chloroform and oxygen
containing solvents from acetate solutions in the form 
of a compound with nitron. 

PRODUCTION AND STUDY OF THE PROPERTIES OF THE 
LOWEST VALENT FORMS OF TECHNETIUM 

After comparison between the potentials of the 
systems MnO,2-/MnO. - and ReO42-/Reo.- in alka
line media, which equal -0.567 and +0.7 volts re-
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spectively,33 it may be assumed that under similar 
conditions the potential of the system TcO/-/TcO~
must be about +0.2 to +o.s volts. Therefore, the 
sesquivalent state of technetium must be fairly stable 
in alkaline media, although according to Boyd and 
co-workers,34 in aqueous solutions it should be dispro
portionate. 

Experimental data have shown that with weak re
ducing agents like hydrazine hydrate in an alkaline 
medium in the cold, technetium is reduced to its 
lowest valency and is extracted by neither ketones 
nor pyridine, nor is it precipitated on ferric hydrox
ide, but is quantitatively coprecipitated with molyb
denum oxyquinolate and silver and lead molybdates, 
which suggests the sesquivalency of the element. 

It is of interest also that, while as a result of irra
diation of salts of molybdic acid by neutrons, hepta
valent technetium is formed, in the case of the irra
diation of molybdenum blue, subsequently dissolved 
in concentrated alkalies, technetium, on the contrary, 
will be sesquivalent. 

When an alkaline solution of sesquivalent techneti
um is diluted to an OH- ion concentration of about 
0.02 to 0.05 N, a change occurs in time in the tech
netium valency and it becomes septivalent and tetra
valent. After equilibrium is attained the ratio of 
Tc(VII) to Tc(IV) is about 2 :l (from 1.74 :1 to 
2.3 :1) and the sesquivalent technetium almost com
pletely disappears. 

Thus, the process of disproportionation evidently 
goes on as in the case of rhenium and manganese as 
follows: 

2TcO4
2- + H 2O ➔ TcQ4- + TcO3- + 2 OH

ZTcOa= ➔ TcOl- + TcO2 

The sesquivalent form of technetium can be ex
tracted by chloroform and other non-polar solvents 
from weak alkaline media in the form of complexes 
with dioximes. 

In addition to the method of reduction by potas
sium iodide in a hydrochloric medium, described 
elsewhere,35 the tetravalent form of technetium may 
easily be obtained, as experiments have shown, both 
from acid and alkaline media. In a sulphuric acid 
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medium technetium may be reduced to the tetravalent 
form by hydrazine, hydroxylamine, ascorbic acid and 
SnCl2• In alkaline media reduction proceeds with 
these reagents only with prolonged boiling. Reduction 
of technetium by concentrated hydrochloric acid 
proved to be very interesting. A study of the reaction 
kinetics showed that the reduction depends on the 
temperature and concentration of the hydrochloric 
acid. T ims, at 20°C in 5 N HCI it can be observed 
in three hours, while in 13 N acid it takes place quan
titativelv in one hour. At 75°C in a 4 N solution it 
can be ~bserved in one hour, while in a 9 N solution 
it takes place quantitatively in half an hour. 

In sulphuric acid media tetravalent technetium is 
apparently present in the fom1 of a hydrated dioxide; 
in alkaline media, as a hydrate. This is confir med by 
its quantitative coprecipitation with similar rhenium 
compounds. It seems that an anion TcCla2- is present 
in hydrochloric acid media, since technetium precipi-. 
tates quantitatively with thallium chlorrhcnites and 
a - a' dipyridyl and does not coprecipitate with cup
ferronates, phosphates and phenylarsonates of tetra
valent cations. 

Tetravalent technetium is easily oxidized by nitric 
acid and hydrogen peroxide, and in alkaline and 
sulphuric acid solutions by atmospheric oxygen. 

A method was developed on the basis of the above 
mentioned data for the rapid separation of techneti
um from rhenium, consisting in the reduction of the 
former by concentrated acid with heating for haH an 
hour and precipitation on ferric hydroxide. After 
thorough washing with a solution of hydrazine sul
phate, the precipitate was dissolved in a minimum 
volume of concentrated nitric acid, the technetium 
oxidized to the heptavalent form. The iron was sepa
rated by pi:ecipitation as the hydroxide by a small 
excess of ammonia. 

Reduction in concentrated hydrochloric acid solu
tions by zinc resulted in a new valency state of tech
netium, thus behaving differently from the quantita
tive precipitation of rhenium in the form of Re~O • 
XH20. In this form technetium is not coprecipitated 
either from hydrochloric acid media with thallium 
chlorrhenite, or with oxalates of rare earth and alka
line earth elements in weak acid and neutral media, 
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or with copper sulphides and zinc sulphides in weak 
acid media, but it is quantitatively precipitated with 
iron, manganese and zirconium hydroxides and with 
the sulphide and oxyquinolate of divalent manganese. 

These appear to be properties of bivalent tech
netium, which oxidizes easily with atmospheric oxy
gen, -t1y<lrogen peroxide, nitric acid and other oxi
dizing agents. 

CONCLUSIONS 

Studies conducted with labelled atoms have con
firmed the assumption of a greater similarity between 
the properties of technetium and rhenium than be
tween technetium and manganese. This similarity is 
especially characteristic for the valency states 7, 6, 
and 4. 

The assumed similarity between the bivalent com
pounds of technetium and manganese is still to be 
investigated. A more detailed check should be made 
with weight quantities of the element. 

I t is also necessary to obtain spectrophotometric 
data on 6, 4, and 2 valent compounds of technetium 
as well as to study the kinetics of the disproportion
aticn of the sesquivalent form and to determine the 
presence of 5-valent technetium in this process. 

Studies on the extraction properties of technetium 
and rhenium in their higher oxidized states indicate 
the different nature of the processes taking place 
when using oxygen-containing solvents and amines. 
The conditions for the extraction of thiocyanide and 
diethyldithiocarbamate complexes of technetium have 
been described. Several methods have been· evolved 
for extracting this element and separating it from 
rhenium, molybdenum and ruthenium. 

From the study of the conditions of the coprccipi
tation of technetium sulphide with rhenium sulphide 
in hydrochloric acid media it is evident that the possi
bili ty of reducing technetium to tetravalency is of 
great importance in this process. It has been found 
that insoluble chlorates of alkali metals may be used 
as carriers for concentrating traces of technetium. 
As in the case of insoluble perrhenatcs, the less solu
ble the respective carrier, the greater the amount of 
coprecipitated technetium. 
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Determination of the Half-Life of Tc102 

By J. Flegenheimer and W. Seelman-Eggebert,* Argentina 

In the isotope tables a value of "less than 25 sec
onds" is given for the half-life of technetium-102, 
the parent substance of which is the 11.5-minute 
molybdenum, which is found in fission products.1 In 
order to measure such a short half-life, a chemical 
method was designed to make it possible to effect a 
very rapid separation ; the measurements were made 
with equipment especially designed by Fraenz for 
measuring short half-lives.2 

The chemical method consisted of separating pure 
molybdenum from the fission products by the methods 
already described3 •4 and then dissolving the lead 
molybdate in a mixture of tartaric and hydrochloric 
acids. The tartaric acid forms a complex with the 
molybdenum and inhibits its precipitation by tetra
phenylarsonium chloride. Previous precipitation of 
the technetium was carried out by adding perrhenate 
ion and an excess of tetraphenylarsonium chloride, 
filtering on a colloidal filter from which the solution 
was obtained ready for the precipitation of the tech-

0 
Figure 1 

netium by the addition of a few drops of perrhenate 
ion. The solution thus obtained was passed through 
a Buchner funnel ( of the type which can be dis
mantled, using a colloidal filter mounted on a vacuum 
filtering tube as shown in Fig. 1. In the absence of 

Original language: Spanish. 
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vacuum, the filter does not pass the liquid. A GM 
tube, connected to the measuring circuits, was mount
ed over the bowl as close to it as possible. At a 
given point, a few milligrams of rhenium were added 
to the liquid in the bowl, vacuum was applied; the 
bowl was removed after filtration had ceased and the 
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figure· 2. Absorption Mo fission: Eman. Tci,CQ 

measurements were started. With such a procedure, 
only S to 6 seconds elapse from the time at which 
rhenium is added to that at which the measurements 
are begun. The technetium precipitate does not ac
count for the whole of the technetium present at the 
time the reagent is added, and it retains some of the 
molybdenum, but the major part of the latter is sepa-

152 
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rated, and since it settles at the bottom of the tube, 
it influences the measurements very little by reason 
of the distance which separates it from the counter. 

Figure 3 shows the decay curves of the technetium 
fraction. The average of the values found for the 
short half-life observed is 5 :!: 1 seconds. The tails 
·correspond to the absorbed technetium-101 and 
rnolybdenu1n-102. 

For the determination of the energy of technetium-
102, the molybdenum absorption curve from the fis
sion products was drawn. The beca radiation of the 
molybdenum-technetium-101 series is almost com
pletely stopped by an aluminum plate 3000 microns 
thick. If the gamma radiation corresponding to the 
series of 101 isobars also is subtracted, a half-life of 
approximately 11.5 minutes is then observed, corre
sponding to molybdenum-102. With a greater A l 
thickness, the hard betas due to 5-second technetium 
are partly absorbed as shown in Fig. 2. Total ab-

sorption of the beta particle$ is obtained with 8000 ± 
500 microns Al, which corresponds to a maximum 
energy of 4.2 ± 0.3 Mev. This value is in good agree
ment with other figures published earlier.5.C 
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Determination of the Half-Life of Tc105 

By J. Flegenheimer and W. Seelman-Eggebert, * Argentina 

Tel05 can be obtained only as a fission product. Its 
half-life is given as "short" in the table of isotopes.1 

The value of approximately 15 minutes was published 
in 1947.2 

While the other technetium isotopes found in fis
sion processes (mass numbers 99, 101 and 102) dis
integi-ate by the emission of electrons to give stable 
isotopes of ruthenium, the 105 isotope disintegrates 
into ruthenium-105 having a half-life of 4.5 hours 
which can readily be measured. 

Advantage was taken of this property to measure 
the half- life since it is difficult to do it directly. This 
is due to the fact that teclmctium-101 which has a 
similar half-life and greater activity also · appears in 
large yield in fission processes. 

In order to obtain the fission products, a few grams 
of ammonium diuranate were e.xposed to the neutron 
beam from a 1.2 Mev cascade accelerator for IO to 
15 minutes. The diuranate was dissolved in hydro
chloric acid and, after copper had been added as a 
carrier, copper sulfide was precipitated by means of 
a rapid flow of hydrogen sulfide. The copper sul
fide retains t he activities of the elements of the second 
analytical group, among which molybdenum and tech
netiwn are to be found. 

The copper sulfide was redissolved in hydrochloric 
acid with a small amount of bromide, adding molyb
date, perrhenate and ferric ions as carriers. By add
ing ammonia, ferric hydroxide was precipitated, and 
retained the activities of tin, antimony, ruthenium, 
selenium, tellurium and possibly rhodium and palla
dium. T he molybdenum and technetium passed to the 
filtrate from which lead molybdenum was precipi
tated by acidifying with acetic acid and adding lead 
acetate. The lead molybdate can be obtained in this 
fashion within 5 minutes if the filtrations are carried 
out under a vacuum. The technetium ( with a rheni
um carrier) is found in the filtrate of lead molybdate. 

The solution was divided into three equal parts. 
In each one, technetium was coprecipitated with 
rhenium by means of tetraphenylarsonium chloride 
at 10 minute intervals. In Fig. 1 on the left-hand 
side, the three disintegration curves of Tc101 can be 
seen. They showed that the precipitations were nearly 
complete. After decay of the Tc101, the various 
preparations were measured again in order to deter
mine the Rul05 content of each one of them. Plotting 
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the activities of Ru105 at appropriate intervals on 
semilogarithmic paper gave a half-life of 10.5 min
utes for technetium-105 ( Fig. 1 on the right) . 

This way of proceeding is correct only if there is 
no coprecipitation of the ruthenium with the tech
netium preparation. In order to confirn1 rhis, a radio
active mthenium tracer was added (Ru106 ) to the 
technetium solution before the precipitations were 
carried out. Two weeks after the test, the technetium 
preparations ,~ere measured again in order to deter
mine their Ru106 content. In all cases, coprecipitation 
of ruthenium with technetium was less than 2 per cent. 
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The Condition of Fission Product Iodine 
in 1·rradiated Uranium Metal 

By G. N . Walton, B. Bowles and I. F. Croall, * UK 

Very few observations have been published on the 
chemical condition of any of the fission products in 
irradiated uranium metal before dissolution in acids. 
Before the first pile was built in 1943, F. H . Spedding 
and co-workers studied the diffusion of fission prod
ucts from irradiated uranium metal and oxide. Re
ports of this work have recently become available1 

and no comparable work has since been published. 
This type of information, however, is still required 
particularly for designing fuel elements in which a 
high burn-up is proposed. In their experiments they 
observed that the major products diffusing from irra
diated sintered uranium metal heated at 400°C and 
1000°C in a vacuum were active isotopes of rare 
gases, iodine, and tellurium. 

As considei:able information is available on the 
molecular and atomic condition of iodine a study of 
this fission product might be expected to give clues 
as to the general conditions prevailing· inside irra
diated metal. Iodine is the most electronegative of all 
the longer lived fission products, and if for instance 
any compound formation between the different fission 
products took place iodine might be expected to be 
involved. 

The direct approach was taken of treating with 
different solvents a large surface of highly irradiated 
enriched uranium metal freshly exposed by grinding, 
to find out into which the iodine was preferentially 
extracted, and to compare its behaviour under these 
conditions with that of other fission products. 

EXPERIMENT 

Grinding Irradiated Metal 

The apparatus used is shown in Figs. l and 2. It 
consisted of a polythene mould in which the uranium 
pellet was sealed by Marco Resin "SB 28C" (Scott 
Bader Co. Ltd., 109 Kingsway, London W. C. 2) on 
to the end of a tufnel rod. The latter was then un
screwed from the mould, removed from the lead cell 
in which it had been mounted, pushed through the 
lead shielding of a second cell and screwed into the 
sealing bush shown in Fig. 2 so as to bear against the 
emery wheel. As the resin and its contained metal 
pellet was ground down, the rod was screwed in fur
ther until all the metal had gone. Viewing was car-

+ Chemistry Division, A.E.R.E., Harwell, UK 
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ried out by means of a telescope and moving mirrors. 
The emery wheel rotated in the tube filled with sol
vent through which dry argon was continuously 
flushed so as to maintain an oxygen free atmosphere. 
After the grinding the metal and solvent were blown 
by argon pressure through the central tap on to a 
fine glass sinter ( no. 4 porosity) through which the 
solvent was run. The latter was passed on through 
a glass spiral exposed to a GM counter and recorder, 
and from thence to a sampling flask containing car
riers for the fission products to be measured. The 
metal and the whole apparatus was then washed 
through with further quantities of solvent until the 
counting rate recorded as the solvent passed through, 
showed that the bulk of the activity had been re• 
movc.d. A second solvent was then introduced and the 
metal again washed repeatedly until the activity pass
ing out was low. This was continued until the final 
solvent of nitric acid dissolved the metal completely 
and cleared the apparatus of activity. Each solvent 
was bulked separately (normally to 250 ml) , sam
pled and analysed for the various fission products and 
for uranium, according to the following scheme. 

Analysis for Ru, Cs, Bo, Sr, Te, and Ce 

An aliquot of the solvent was made up to contain 
10 mg each of Ru and Te as chlorides, and Cs, Ba, 
Sr, Ce, as nitrates. The solution was evaporated to 
dryness in a nickel crucible and fused at 500°C for 
2 hours with alkali so as to ensure isotopic exchange, 
particularly in the case of ruthenium. The residue 
was leached with water and then with acid. 

From these solutions the elements were separated 
and purified by standard methods,2 weighed on filter 
papers, mounted on aluminum trays and counted in 
an end window counter for ,B-activity. 

Iodine Analysis 

In carbon tetrachloride and hexane, iodine carrier 
was added as molecular iodine in the solvent con
cerned. This was allowed to stand for about one week 
and the iodine was then washed out into water by 
reducing it with S02. It was purified by repeatedly 
back extracting into carbon tetrachloride, and water, 
( 3 cycles), and mounted, weighed and counted as 
silver iodide. This method only estimated those 
forms of iodine that exchanged with molecular iodine. 
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In ethyl alcohol a small aliquot of the alcohol ( con
taining molecular iodine carrier) was diluted with 
water and treated with potassium pcriodate to give 
10 mg of iodine. SO2 was blown in which reduced 
the periodate through its valency states down to 
iodide. This was then oxidised to molecular iodine 
with nitrous acid, extracted into carbon tetrachloride 
and purified as before. 

FOLJTl:[ENE SEALING eysil 

,STA!NLESS)TEELeiisH . 

G. N. WALTON ef cf. 

In water and nitric acid solutions, the periodate 
method was used as for alcohol. 

Zirconium Analysis 

A photo peak due to the y-activity of Zr95 (0.73 
Mev) and Nb95 (0.76 Mev) is clearly differentiated 
in a mixture of activities by a sodium iodide crystal 
y-scintillation spectrometer. Aliquots of the solutions 
containing zirconium carrier were therefore evap
orated to dryness and the areas of the photo peak 
compared to give the relative proportions of the zir
conium activity in each. This was done four months 
after the chemical separation when the Nb and Zr 
would be approaching their radioactive equilibrium 
condition. Calibration curves were run to give the 
height of the photo peak for different ranges of the 
spectrometer as a function of the size of aliquot taken. 

Activities of the various fractions for each fission 
product were counted at the same time and were 
therefore directly comparable for estimating the pro
portions present. For Ru, Cs, Sr, Te and Ce, alu
minium absorption curves were plotted to ensure 
that the activities measured in the different samples 
were comparable. For !131 and Ba140, decay curves 
were followed for about 3 half-lives. 

Uranium Analysis 

\iVhere the uranium was present at low concentra
tions it was analysed by the microffuorirnetric method 
using the standard addition technique3-the meary 
of eight observations being taken on each sample. 
At high concentrations it was analysed spectrophoto
metrically. 

Results 

Before each grinding e..xperiment the apparatus was 
dried out by heating in a current of ai r . It was then 
assembled and dry argon run through for 24 hours. 
In the preliminary experiment irradiated natural ura
nium was ground in carbon tetrachloride. In the main 
e.xperiment normal hexane was used in order that 
there should be no possibility of a uranium-chlorine 
reaction. The uranium metal was enriched to 25% 
with U235 and consisted of a cut cast pellet weighing 
120 mg. It was irradiated in a pile until 0.4o/o of the 
uranium atoms had undergone fission. During irra
diation it was surrounded by sodium metal at 320°C 
in a sealed steel capsule. 

Table I shows the results that were ootained. These 
are expressed as the percentage extracted in each 
solvent relative to th~ total amount present. Each 
analysis was··carried out in duplicate and the uncer
tainties are the differences from the mean. In most 
cases counting rates were of the order of 10,000 cpm 
and the statistical error was negligible. 

Extraction of Fission Product Iodine from Uranium 
Metal Powder into Hexane 

Natural uranium metal powder prepared by cal
cium reduction of uranium oxide and kept in an argon 
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Table I. Preferential Extraction of Fission Products in 
Highly Irradiated Metal 

Preliminary Experiment 

Amount £1.xt,acltd Amount 
1 sotope Ji~shlv,:d by 

meaS1'red CCI• Et OH H•O HNO• 
% % % % 

Ru"" 0.67 7.34 0.36 91.6 
fl>t 1.9 22 0.31 95.5 
Ba1"° 0.07 0.57 8.7 90.6 
Total f,y 0.22 8.92 7.56 83. 
Uranium 0.01 2.35 3.4 94. 

Moin Experiment 

Hexon11 Et OH H•O UNO• 

Sr .. 0.011 ±.001 0.68 ±0.07 2.07 ±0.04 97.2±0.9 
Zr'"''" <0.002 0.20 ±0.01 0.03 99.8::!:3.0 
Ru10• 0.020±0.001 3.68 ±0.03 0.221±0.004 961±0.8 
Tc"" 0.14 ±0.0l 0.52 ± 0.05 0.141±0.007 99.2:!:4.0 
JU1 o.61 ::!:0.12 0.032::!:0.002 0.10 :t0.01 99.4::!:0.8 
Cs,., <0.001 0.070±0.001 1.73 ±0.04 98.2±0.09 
Ba" 0 0.61 ±0.004 0.46 ±0.02 9.9 ±0.3 89.6±0.8 
Ce"' 0.003 0.30 ±0.01 0.37 ±0.005 99.4:!:l.0 
Total/'l"t 0.003 0.77 ±0.01 0.87 ±0.01 97.5±0.5 
u 0.01 0.98 ±0.03 0.28 ±0.01 98.7±2.0 

atmosphere, was filled into small silica amponles 
also under argon. These were evacuated, heated and 
sealed. They were then irradiated for one hour in a 
flux of about 1.6 X 1012 n/cm2/sec and kept for one 
week to allow all the !131 to grow. The ampoules were 
opened and the contents extracted in an enclosed 
Pyrex apparatus. This was first completely dried out 
by heating in air, assembled, and flushed with dry 
oxygen free argon for 24 hours. The ampoule was 
then crushed by shifting an iron filled glass weight 
inside the apparatus with a magnet. Hexane, dried 
with magnesium perchlorate and sparged with argon 
was introduced and stirred with a magnetically ro-

. tated stirrer on a sintered glass filter. The hexane 
was then blown through the filter into a flask con
taining carrier iodine in hexane, and the extraction 
procedure was repeated at definite time intervals. 
Each sample of the iodine was extracted into water, 
purified by three cycles of extraction into carbon 
tetrachloride, and eventually mounted, weighed and 
counted as silver iodide. The uranium powder was 
finally dissolved out in hydrochloric acid and ana
lysed for ! 131 which was rr.ounted and counted in the 
same way as that from the hexane. 

Figure 3 shows the results obtained and the vari
ous conditions used. The ampoules were irradiated 
and extracted in pairs so as to compare an air filled 
ampoule with an evacuated ampoule, and a moist 
sample with a dry ·sample. When the rate of extrac
tion was established dry air was allowed into the 
apparatus to see if there was any change in the rate. 

A preliminary l--cperiment in which an evacuated 
ampoule containing U 30 8 was irradiated is also re
corded in F ig. 3. 

Some experiments with special "spec-pure" normal 
hexane showed no significant differences from those 

with the laboratory reagent hexane and it was con
cluded that hexane impurities were playing no major 
part in these effects. 

Adsorption of Molecular Iodine from Hexane onto 
Uranium Metal Powder 

The adsorption of molecular iodine onto uranium 
po,';der was studied by shaking mechanically flasks 
containing known amounts of uranium metal powder 
and known amounts of molecular iodine in hexane. 
For higher concentrations the iodine was measured 
by its violet colour with a "Spekker" absorptiometer 
(filter no. 4 ), and for lower concentrations the iodine 
was measured by counting after labelling it with 
active !131 • Samples were taken, centrifuged to re
move any suspended material, measured and re
turned to the flask on the shaker, allowances being 
made for any small changes of volume that occurred 
during measurement. 

Figure 4 shows the adsorption of iodine from 
hexane at different concentrations. The full lines 
show "Spekker" measurements and the dotted lines 
acth•ity measurements. The latter did not agree with 
the former, and this was found to be due to the .fact 
that the active solutions had been made up in contact 
with aqueous solutions, whereas the inactive solutions 
were dry. Moisture had a very marked effect and 
Fig. 5 shows some results for wet and dry conditions. 
Here measurements were made both by absorptiom
etry and by counting on the same solutions, and good 
agreement was obtained. A drop of water added to 
a flask in which the violet hexane solution had re
mained for many days with uranium was sufficient 
to decolorise it in a few minutes. 

State of Molecular Iodine Adsorbed from Hexane onto 
Uranium •Metal Powder 

A solution of iodine in hexane (0.5 rug/ml) was 
shaken until it was completely decolorised with ura-

,co 

- M otolPO-'tr 
····•Ut'Ol'll ta'ftc.lde 

- -~--_....~., dryolr 

In dry cir' 

200 
Time ot ltloktng M iM U 

Figur& 3. Extraction of llll from uranium powder irradiated under 
vorious conditions 
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Figuro 4. Adsorption of molecular iodine at difforent concontrations in hoxano by uranium metal powder 

nium metal powder. The components were then 
tested as follows : 

(a) The decolorised hexane was shaken with acid 
silver nitrate solution, but no visible precipitate of 
silver iodide was formed. The violet colour could 
not be regenerated by shaking with nitrous acid and 
it was concluded that no iodine was present as iodide 
or as molecular iodine in the hexane. 

(b) The uranium powder was washed with hex
ane, dried in air, and extracted with water. To the 
water nitrous acid was added. This released iodine 
which could be extracted into hexane and compared 
with the original iodine solution. The recovery was 
found to be quantitative and some results are shown 
in Table II. 

Table II. Recovery of Iodine Adsorbed on Uranium 
Metal Powder by Extraction into Water 

I• befoYc 0-d.s<>rptit>11, b ofter adso-rpt►<J-n, [# recovc,,,.e-d , 
mg/,n/ mg/ml mg/ml 

0.488 
0.488 
0.227 

0.284 
0.284 
0.125 

0.179 
0.188 
0.101 

% t'ICOVN'Y 

95.7 
97.4 
99.7 

(c) The uranium powder with adsorbed iodine 
was washed with water and the water washed with 
carbon tetrachloride. No coloration was observed. 
Again no coloration was observed when the uranium 
metal was washed with carbon tetrachloride. Less 

than l % ( 4µg/ml) of the iodine in the original solu
tion would have been observed in these circumstances, 
and it was concluded that if any of the iodine was 
adsorbed in the molecular condition it was less than 
1 'fo of that present as a water soluble form. 

(d) The aqueous extract containing the desorbed 
iodine was tested for uranium, and found to contain 
i;: in amounts equivalent to the iodine. Table III 
shows the results of analyses carried out on 4 separate 
aqueous extractions. The constancy of the ratio sug-

.. 
0 

MEXA.N(: COVIUORAT'C-0 w,TH WATER 

UR~NIUM AND ~EXAN:E ORIEO 

.. It : X. A8SORPTIOMET£R ME.A.$VAEMENTS 

& 0 0 /I AC"flV ITY MtASVIU!MeNT$ 

2 3 A $ 
TIME OF SHAKIN G. DAYS 

7 

Figure S. Effcd of moisture on rote of adsorption of iodine from 
hexane on to uranium metal powder 



FISSION PRODUCT IODINE IN URANIUM 159 

Table Ill. Rotia of Uranium to Iodine in Aqueous 
Solution Containing Desorbed Iodine 

C0Hce,dra11•on of 
u. 

gram uow~/litre 

l.8J X io·• 
:1-10 X 10 .. 
0.744 X 10·• 
0.460 X 104 

Co•unlratlon of ,. 
gram atoms/Utr, 

J.90 X JO"• 
t.33 X 10·• 
0.752 X 10·• 
0.439 X 10"" 

1-04 
1.02 
1.01 
0.95 

gests that some compound of uranium and iodine is 
being desorl>ed although in the expected compounds 
U02Iz, or UI" the ratio is greater than unity. 

DISCUSSION 

Figure 6 gives the results in Table I plotted to 
show into which solvent the fission products prefer 
to go. They are seen to fall into gro11ps. Caesium, 
barium, and strontium, in that order, are extracted 
mainly by water; ruthenium, zirconium, and ura
nium itself turn up mainly in the alcohol, while 
cerium l'llld the total /Jy activity fall half way. Unlike 
the other elements, iodine, and to a lesser extent, 
tellurium, are extr:icted by hexane preferentially. 

These are the same two elements that Spedding ob
served to diffuse from the metal into a vacuum prefer
entially. 

As seen in Table IV the order of extraction is the 
same as the order of the first ionization potential .. of 
the elements, iodine being hight>st, and cacsuim low~ 
esL The data are hardly sufficient to come to a finn 
conclusion; for instance as shown in Table IV again, 
the order may ·be connected with ionic size. The ionic 
sizes of Sr, Da, and Cs are outside the 14o/o rule for 
solubility of met'a!s, and Ru, Zr, Ce have ionic sizes 
close to those for uranium. 

The manner in which iodine is separated from the 
alkalis suggests that no appreciable proportion of these 
elements had associated to fonn salts. 

This extraction of iodine from freshly exposed 
metal appears to contradict the results shown in Figs. 
'1 and 5 where molecular iodine is seen to be ad
sorbed by the metal. At high concentrations Fig. 4 
suggests that the surface becomes saturated and a 
limited amount is adsorbed, but at lower concentra
tions nearly all the iodine is inilially taken up. Com
plete adsorption could not be demonstrated and _this 

PERCENTAGE OF TOTAL 
EXTRACTED PRIOR TO 
DISSOLUTION OF METAL. 
IN NITRIC AC ID AS GIVEN 
IN TAB LE \. 
SYMBOLS IN BRACKETS 
REFER TO THE PRELIMINARY 
EXPERIMENT IN CCl4. 

0 
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~ ----+------lf--------------------------80 ?:-
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figure 6.' PrtferenHcl t,xlraction of fission products by cllfl•rent solv•nh 
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Table IV. Extractability of the Fission Products 

CrysMl st,.ucture a·nd io,-.ic 

Solve11t 
1st ioni:rat.ion radii cf elementsf 

Orllfl' of J,ote-ntiat ----"---~~ - = 
ut,actio1' volts Within 14% Outside 14% 

Hexane Iodine 10.6 
Tellurium 8.96 

Alcohol Ruthenium 7.7 
Zirconium 6.92 

(Uranium) (5.7) 

Cerium 6.54 
Water Strontium 5.67 

Barium 5.19 
Caesium 3.87 

of ttran,'um of 1iran-ium 

ortho 2.70 
hex. 2.86 

o.p.h. 2.64 2.70 
b.c.c. 3.12 

{ b.c.c. 2.98 
complex 2.8 ( 3.3} 
f.c.c. 
f.c.c. 
b.c.c. 
b.c.c. 

(3.40) 

3.63 
4.29 
4.34 
5.24 

appears due to the back reactions in which air oxi
dises the uranium, or moisture hydrolyses it, while in 
the absence of moisture the forward reaction becomes 
exceedingly slow. Similar observations have_ b:en 
made by Gindin and Pavlova0 who showed that 10dme 
in benzene catalyses the corrosion of iron in air and 
moisture by a process in which Fel2 is formed and 
decomposed continuously. 

Table V shows the heat (Mi) and entropy (~S) 
changes that have been reported to occur at room 
temperatures (298°K) in the reactions between ura• 
niun1 metal and different forms of molecular iodine 
to give the iodides UI4 and U I3 in their crystalline 
form.7 

Table V. Data for Uranium-Iodine Reactions 

L:>H L:>S 
Reaction kcal/mcl~ cal/mole/" 

U + 212➔ UI, - 156.7 -71.6 
gas 

U + 2I,➔ UI. -139 
(CCI, soln) 

U + 21,--> UI, -127 - 283 
(solid) 

U + '/• I• ➔ UI. -137.0 -50 
gas 

These figures show that the equilibria for all the 
reactions lie completely in favour of the uranium 
iodides. For instance the free energy change in the 
formation of UI4 is such that the theoretical partial 
pressure of molecular iodine above UI1 and metallic 
uranium at room temperature is 10· 00 atmospheres 
which is quite negligible even in comparison with the 
very low concentrations that are detectable by fission 
product counting techniques. Ul1 is the stable form 
at room temperature, but the negative entropy causes 
UI8 to be the more stable form at higher tempera• 
tures. Iodine is released in the change over, but none 
would be expected to be emitted in the presence of 
excess metal. 

Table VI gives some heat and entropy changes in 
r eactions with oxygen or water leading to the release 
of iodine.7 

Reactions of the type shown in Tables V and VI ·· 
have in fact been observed.8•8•10•11 · 

G. N. WALTON et al. 

In the grinding experiment the iodine, including 
the other fission isotopes 1127, !120 , was present in the 
metal at a concentration of 24 parts per miJljon by 
weight.12 Oxygen impurity was of the order 50 parts 
per million in the argon. Moisture was carefully ex· 
duded and could not have been greater than an 
amount of this same order. At such dispersions of all 
three reactants no rapid mutual interaction would 
be expected which would enable iodine to be released 
from the metal as soon as it was exposed. The effect 
of the resin in which the metal was embedded was 
however unknown. 

Figure 3 shows that when no resin is present, and 
under dry and air free conditions, iodine is still 
released from irradiated metal into hexane. The metal 
powder used was not entirely free of oxide, and the 
oxygen content of comparable samples was of the 
order 60 parts per million by weight. Oxide on ura
nium does not normally form a protective film and 
would not be expected to prevent the iodine reacting 
with the free metal. vVhen moisture is present, which 
from Fig. 5 would have been expected initially to 
promote retention, the release of iodine is greater. 
This is probably due to the increased surface result
ing from oxidation or hydrolysis of the metal during 
irradiation. No satisfactory control of this factor was 
achieved as indicated by the three different curves 
for air irradiations in Fig. 3. \i\Then air was intro
duced to a sample which was slowly emitting iodine, 
as shown in F ig. 3, the latter was not, as expected,' 
released more rapidly, and no effect could be de
tected. In Table I the iodine is seen to be extracted 
preferentially relative to uranium and the other fis
sion products into hexane, and it is not extracted 
appreciably into water, whereas the experiments de
scribed earlier show that iodine adsorbed apparently 
as an iodide, is not released into he.xane but is rapidly 
dissolved by water. These observations suggest the 
conclusion that fission product iodine in irradiated 
uranium metal is not present in the same chemical 
form as in uranium iodide. 

The thermodynamic data of Tables V and VI as
sume that at some stage the iodine is able to form 
molecules. The atoms of iodine are however formed 
in fission individually. The rate of recombination of 
iodine atoms has been measured by Marshall and 
Davidson and others, in the gaseous statel3 and in 
non-polar solution14 and in the latter case the data 
suggest that there is no activation energy or steric 
factor for recombination, and that this occurs when
ever the iodine atoms meet. The combination reaction 
in a liquid or solid medium may be written 

I+ T -> 12 

. d [Il 
for which -----;JI"" = -2k [Ip 

and k=1rDu 

( 1) 

(2) 

where [I) is the concentration of iodine, D is a dif
fusion constant and u is an effective collision diam-
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Table VI. Data for Uranium Iodide-Oxygen Reoctions 

Reaction. 

UI, + 0,(gas)➔ 2I,(gas) + UO. 
Ul, + ';. 0, gas-+ 2!,(gas) +UO, 
UI, + Zrl,O ➔ UO, + 4HI 

-113.3 
- 145 
-59.9 

t,S 
,al j,nolt/0 

+29.2 
+ 10 
+24.2 

eter.15 No measurements have been reported of D in 
fissile material during irradiation. Lomer16 has made 
some estimates for the diffusion of ion vacancies in 
irradiated copper, and for the experiment recorded 
in Table I, the value of D at 320°C might be expected, 
from his figures, to be between 10-23 cm2 /sec and 
10-19 cm2/sec-say 10-21 cm2/sec. The value of <T 

may be calculated from Marshall and Davidson's 
workH to be 10.7 X 10-s cm. In the case of a pile 
irradiation the concentration of iodine atoms ( con
sisting mainly of stable ones) steadily increases at a 
constant rate, f, and Equation 1 should be written 

d ~!] = f - 2/l [I J2 

The integrated form for the condition 

[I] = 0 when t = 0 

is 

(3) 

(4) 

where [I] 1 is the concentration of free iodine atoms 
after time t. The total number of iodine atoms com
bined and uncombined [I)o at time t is given by 

[I]o = ft (5) 

Substituting in Equation 4 from Equation 2 and 
using the above value for D, the proportion of uncom
bined iodine atoms in the uranium used for the grind
ing experiment may be calculated to he : 

[I],/ [I]o = 90% 

A comparable result would be expected for the inter
action of any two major fission product elements. 

In the Table I experiment and also in the short 
irradiation experiments, most of the iodine atoms 
therefore will have remained isolated. These in their 
formation will be expected to be initially positively 
charged. The theory of fission recoil17 predicts that 
recoil fragments have ini tially abo_ut 20 positive 
charges and gather in electrons as they slow down. 
In the isomeric transition of Te131m, over 60% of 
the y-rays are reported to be internally converted and 
this process is known to lead to high positive charging 
which Wexler and Davies have found to be as much 
as 10 for Br80"' -> Br8°.18 In the recoil from y-emis
sion without internal conversion, positive ions are 
also formed as has been shown by Davies.19 In the 
decay of Te131 {,-rays of 1.35 and 2.0 Mev are given 

off, and these would lead to a recoil of about 20 ev20 

together with a loss of electrons due to excitation 
following the change of charge on the nucleus. The 
extent of this positive charging is in doubt21 but the 
emission of a /3-ray in itself leaves the atom posi
tively charged. 

We have then to consider what happens to an iso
lated positively .charged iodine ion in uranium metal. 
Initially the ion may be either inside the metal grains, 
or in the grain boundaries, but in any process of ex
traction which does not dissolve the metal, the ex
tracted ions must inevitably pass through the metal 
surface. The electron affinities of positively charged 
gaseous iodine atoms, and also that of the neutral 
ato1-:. are shown in Table VII. The ionization poten
tial of neutral uranium atoms, and work function for 
the removal of electrons from the surface of uranium 
metal are also shown. These figures suggest that posi
tively charged iodine atoms are able to remove elec
trons from the metal surface to become neutral, but 
a neutral iodine atom has insufficient electron affinity 
to become a negative ion, i.e., the following reaction 
has a positive heat change: 

Umcta1 + I0a, -4 U•metal + I-11 .. AH positive 

The isolated iodine atom would therefore not be 
expected to exert a strong coulombic force either be
t ween itself and the electrons of the metal, or between 
itself and the uranium ions of the metal, and would 
in fact be expected to behave like a rare gas atom in 
the lattice. The neutral atom might, however, asso
ciate readily with a non-polar solvent such as hexane 
and be removed from the surface of the uranium as 
observed. 

Chackett and Chackett26 have made ol>servations 
on an analogous system, i.e., the chemical form of 
phosphorus P82 formed in aluminium metal by bom
bardment with N 14 6+ ions. They also conclude from 
the products formed on dissolution in water that the 
phosphorus atoms may be present with zero charge. 

CONCLUSION 

Considerations of diffusion and ionization suggest 
that fission product iodine arises as isolated neutral 
atoms in irradiated uranium which exert no strong 
attractive forces with the metal. Although there has 
been no entirely unambiguous proof that air or mois-

Table VII. Electron Affinities of Iodine Atoms and 
Uranium 

Reaction 

·e· + I.,... ➔ I,.,+ 
e- + r, ...... ➔ r, •. 
e- + I, •• ➔ 14 ... -u ... -+ u,.,+ + e· 
0 .. . , .1 ➔ U .. u,01• + e· 
U ... .. ,.: ➔ Um.icu"' + e-
U ... 1c11➔ Um.,,,+ + e-

Electrqn afliniey$ 
k€'al/qr(lm•atom 

-6827 

- 24Z' 
-75.6' ·22 

+ 131 Ionisation potential'" 
+84 Photoelectric work function" 
+83 Thermionic work function" 
+75.2 Thermionic work function of 

very pure metal"' 
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ture are not responsible, this is supported by the fact 
that fission product iodine is released from the same 
metal surfaces that readily adsorb macro amounts 
of molecular iodine. There is also no evidence to show 
that an appreciable fraction of the iodine combines 
with the other fission products under the conditions 
of these experiments. 
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Emission of Active Rare Gases from Fissile Material 
During Irradiation with Slow Neutrons 
I. Experimental Technique and Identification of Gases 

By F. J. Stubbs and G. N. Walton,* UK 

The detection and estimation of krypton and xenon 
.emitted from fissile material during irradiation with 
slow neutrons affords a direct means of studying the 
manner in which fission products originate. The rare 
1;<tscs that recoil from the surface of the metal either 
-escape into the surrounding atmosphere or become 
embedded in nearby solid material. The rare gases 
formed within the bulk of the metal ( either remaining 

.as single atoms or coalescing with other rare gas 
atoms to form tiny pockets) will diffuse to the sur
face. T he contribution of each mode of release will 
be expected to depend on the haH-life of the species 
measured and on the temperature and other experi
mental variables. This report describes a new experi
mental technique for studying these effects and gives 
some preliminary results. 

T he measurement of rare g:ises by mass spectrom
etry is precise but most of those fonned · in fission 
a re active, have very short half-lives, and are present 
in amounts too small for easy detection hy mass 
;dmtilication. The active rare gases can, however, 
be readily detected in very small concentrations by 
counting techniques. 

The active rare gases were first studied by p-count
ing using differential decay and chemical separation 
to distinguish them. Irradiated uranium metal was 
dissolved in nitric acid and the liberated gases were 
passed into a counting cbamber.1.!! In this way the 
half-life, (3-energy and -y-energy were obtained for the 
longer lived gases. The method was quantitative and 
enabled fission yields to be calculated.3 

The shorter lived rare gases were studied by pass
ing them up a long tube and their decay products 
were collected on a central wire, negatively charged.4 

From the distribution and rates of now the half-lives 
were determined. Raynor5 has described a gas sweep
ing apparatus for large scale collection of fission 
products ( from a solution of uranyl nitrate that was 
being ir radiated) us ing this technique. Irradiation 
of aqueous solutions in an atomic pile has many dis
.advantages however and radio-chemical analysis of 
the products deposited on the wire is tedious, and 
gives rather indirect information about the gaseous 
precursors. 

• a,cmistry Division, Atomic Energy Research Establish
ment, Harwell, Berk s, UK. 
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Overstreet and Jacobsen6 irradiated a uranium 
plate with deutcrons and using argon as carrier gas 
measured the half-lives of several fission product 
gases by this charged wire technique. Sugarman7 has 
directly measured the gross radioactivity introduced 
into a circulating helium stre:im by fission products 
recoiling from uranium under neutron irradiation. In 
this way the total activity (gas plus solid ) was regis
tered but no analysis to find the contribution of each 
species was possible by th.is method. 

Recently the y-scintillation spectrometer has been 
used successfully to identify fission products by their 
y-activity.8 The pre.sent work describes how this 
instrument can be used to identity individual active 
fission product gases in the mixture immediately after 
formation. The fissile material in the form of a metal 
foil was irradiated by slow neutrons in an atomic 
pile. The emitted rare gases were carried away and 
their y-spectrum obtained. In this way the formation 
of the active rare gases was followed quantitatively 
over a period of time long enough for their precursors 
to have attained equilibrium concentrations. The 
limiting factor has been the complexity of the y-en
ergy spectrum obtained when o. mixture of some 
twenty active rare gases was examined 20 seconds 
after formation. T he -y-ener gies of most of the short 
Jived active gases have not been detem,ined and this 
presents an interesting though formidable problem for 
the future. 

By utilizing s lower helium Row rates only the 
longer lived gases were measured and this report 
deals mainly with the quantitative determination of 
.KrS~m, Xe133 and Xe18~. The measured rate of forma
tion can be correlated approximately with the mle of 
production by recoil calculated theoretically. T his will 
indicate the efficiency of the technique employed ahd 
provide information on the mode of release of fission 
product gases from metal from the point of view of 
reactor fuel studies. 

EXPERIMENTAL TECHNIQUE 

A diagram of the apparatus used is shown in Fig. 1. 
The fissile material in the form of a foil (surface 
area 10 cm2 ) was suspended in a si lica cell (volume 
135 cm3) having ground flanges held together with 
spring clips. The silica cell was surrounded by an 
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electrically heated furnace, the temperature of the 
foil being measured by a thermocouple inserted in 
the thermocouple pocket shown. This equipment 
(Fig. la) was mounted at the end of an aluminium 
tube (6 metres long) which was lowered into aver
tical experimental hole in the atomic pile (B.E.P.O.). 
Helium from a cylinder was purified by passage over 
uranium turnings at 350°C and its rate of flow into 
the apparatus was accurately measured by a cali
brated flowmeter. The helium was passed from the 
top of the pile down the silica inlet tube to the cell 
and carried with it any rare gases through the outlet 
tube and then, any condensed matter was removed 
by passage through a lambswool filter. The gas 
finally passed through the counting chamber (volume 
70 cm3 ) which could be mounted at various fixed 
distances from the y-scintillation unit as shown in 
Fig. lb. The unit was mounted within a lead castle 
for shielding against stray ,,-radiations. 

The y-scintillation spectrometer had a sodium io
dide crystal (2.5 cm thick) mounted on a photomulti
plier tube which was connected to a pulse amplifier. 
The output pulses were analysed with a single chan
nel kick sorter incorporating a sweep recording unit 
and this resL1lted in an automatically drawn spectrum. 
By switching out the sweep recorder and setting the 
instrument at a particular y-energy a decay curve 
was automatically drawn. The output pulses could 
also be fed to a multichannel pulse analyser. 

,,00 
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Figure 2. Effect of temperalure 

They-scintillation spectrometer was calibrated with 
standard sources having well established _decay 
schemes. These were sealed in small glass ampoules 
and supported in holders which could be mounted in 
the same position as the gas counting chamber. 

The silica cell was made gas tight by melting sul
phur on the ground flanges and allowing it to solidify 
with the flanges held together. This proved most ef
fective since it was not affected by radiation and 
could be taken apart easily. 

EXPERIMENTAL RESULTS 

Preliminary experiments were carried out using a 
piece of natural uranium foil ( 10 cm2, 0.01 cm thick) 
and with a helium flow rate of 500 cm3 /minute. Little 
y-activity was found in the region above 1.5 Mev but 
from 0.1 to 1.5 Mev there was an appreciable amount. 
A blank experiment using the same apparatus but 
without the uranium foil showed that there was no 
observable activation of helium or its impurities and 
no ;--activity was observed. 

Increase in temperature of the uranium foil had 
little effect at first but from 200 to 400°C there was 
an over-all increase in activity as shown in Fig. 2. 
(The y-activity was measured at 0.8 Mev but the 
same relative increase was observed over the whole 
energy range.) When the temperature was returned 
to 100°C the gas output was greater than before heat 
treatment. A second heat treatment had a similar 
effect and so had a third. After three successive heat 
treatments the activity at a particular y-energy was 
increased by a factor of 3.5. In each heat treatment 
the foil was only maintained at the experimental tem
perature long enough to reach a thermal equilibrium. 
All subsequent measurements at 100°C gave con
sistent results. 

The volume of the cell and connecting tubes to 
gas counting chamber was about 300 cm8 and with a 
helium flow rate of 500 cm3/minute any active gas 
produced reached the counting chamber in about 30 
seconds. A typical y-energy spectrum for a helium 
flow rate of 500 cm3 /minute and cell temperature of 
100°c is shown in Fig. 3 together with the position 
of the ruthenium-106 and caesium-137 used as stand
ards. Peaks were observed at 0.25, 0.46, 0.76, 1.0 
and l .2 Mev. By stopping the helium flow and trap
ping the active gas in the counting chamber the decay 
at various ;--energies was determined. The decay 
curves were of a composite nature showing com
ponents of half-lives from 30 seconds to several hours. 
It was advantageous therefore to identify the longer 
lived components first before studying the short liYed 
activities. 

By allowing the active gas to accumulate in the 
silica cell (in a static atmosphere of helium) and then 
sweeping it into the counting chamber, the longer 
lived components predominated. Figure 4 shows a 
y-energy spectrum obtained in this way using a multi
·channel pulse analyser. Two peaks predominate and 
over a period of 20 hours thes_e peaks gradually di-
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minished and their decay curves were thus obtained. 
At 0.25 Mev (channel 16) the half-life (t112 ) was 9.2 
hours identifying the gas as xenon-135. Al 0.15 Mev 
( channels 5/6) 1112 was 4.4 hours identifying this 
active gas as krypton-85111. At first sight it might ap• 
pear t~at the 0.15 peak was the "Compton continuum" 
of the 0.25 Mev photo-peak, but at a y-energy of 025 
Mev the "Compton continuum" is very small. 

In a similar experiment a sharp peak was obtained 
at 0.084 Mev. (Calibrated against thulium-170 source 
which also has a y-cnergy of 0.084 Mev.) Decay 
measurements over 15 days gave t1;2 of 5.2 days 
identifying the gas as xenon-133 ( cf. current litera
ture values y = 0.081 Mev, 111, 527 days) .9 

xem is the daughter product of !133 (t11z 21 hr) 
and Xel 8~ is the daughter product of JUG (ti12 6.7 hr) . 
The Xc133 and Xe13J continue to be produced from 
their iodine precursors after irradiation of the ura
nium foil has ceased. Sweeping up an accumulation 
of active gas under these conditions gave a simple 
y-energy spectrum with very distinct peaks at 0.084, 
0.25 and 0.52 Mev. The decay of the 0.52 Mev 
peak (over a period of 45 minutes) gave a half-life 
of 15.2 minutes identifying the active gas as Xe180"'. 

When the original foil was removed from the ap
paratus after some 1500 hours of irradiation in the 
atomic pile it was found to have flaked somewhat 
and was very brittle due probably to oxidation by a 
trace o( oxygen in the helium. Tn subsequent experi
ments the helium was purified (by passage over ura
nium turnings at 350°C) and a new foil of tl1e same 
dimensions was used and maintained at 100°C. 

For a quantitative delerminalion of these active 
gases a continuous helium Oow must be used. vVhen 
the flow rates are high (as in Fig. 3) the concentra

. tion of a particular active species diminishes and be
c-tusc the time taken to reach the counting chaml.Jcr 
is shorter, the contribution from shorter lived active 
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gases becomes greater and the mixture of active gases 
is composite. 

With a helium flow rate of 1 cm3/minute the 
active gaSl:!S take some 5 hours to reach the counting 
chamber by which time the short-lived components 
have decayed away. Distinct y-energy peaks were 
observed at 0.084 Mev (Xe133), 0.15 Mev (KrSGm) 
and 0.25 Mev (Xe135) and these were calibr~ted 
c.gainst Tm170 (y 0.084) , ee1u (y 0.145), Hg~03 (y 
0.279) . By trapping in the counting chamber a sam
ple from a continuous helinm flow of 1 cm3/minutc 
it was shown that they-energy peak at 0.25 Mev de
cayed away with a half-life of 9.2 hours showing it 
to be entirely Xe18". Similarly the contribution at 0.15 
Mev was :ill due to KrBGm and that at 0.084 was en
tirely d11e to Xe133• 

The y-energy spectrum of the active gases in a con
tinuous helium flow of l cm3/minute showed a distinct 
peak at 1.30 Mcv with accompanying "Compton con
tinuum" ( Fig. 5) . This was calibrated against a 
cobalt-60 source (l.l7 and 1.33 Mev). Decay of a 
trapped sample showed that there were two com
ponents and subtraction of the longer lived component 
( t11~ 264 minutes, 28% of total) , gave a shorter lived 
component of half-life 82 minutes (72o/o of total). 
T he 28% component w:is shown lo lie a solid deposit 
because, in another experiment, sweeping out the 
counting chamber with pure helium removed the 
peak at 1.30 Mev but left behind a y-activity 28o/o of 
the original peak height. Interposing a trap immersed 
in a freezing mixture at -127°C between the outlet 
of the apparatus and gas counting chamber caused no 
diminution of peak height indicating that ihe active 

-o.., ....... 

..., 
f igure S. 'Y-spectrum of active rare go,os In He Aow of 1 cm'/mln 
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gas was not a xenon isotope (boiling point -107°C). 
In other experiments the trap was immersed in liquid 
oxygen (boiling point -183°C). There was an ap
preciable diminucion in the height of the known xenon 
and krypton y-encrgy peaks and a similar reduction 
::i.t 1.30 Mev. This indicated that the new peak was a 
krypton isotope (boiling point - 153°C) and was 
not due to argon-41 {boiling point - 186°C). (The 
incomplete removal of xenon and krypton by liquid 
oxygen is probably due to the very minute partial 
pressure of these gases in the helium carrier. A y
spectrum of the condensate showed very sharp peaks 
at the known y-energies.) 

Argon-41 (formed from atmospheric A •0 by ( n, y) 
reaction in pile) also has a y-energy peak at 1.30 Mev. 
This has been demonstrated by passing a stream of 
air (0.94%A) through the apparatus while in the 
atomic pile but without the uranium foil present. 
However, as described previously similar blank ex
periments with helium showed there was here no 
y-energy peak at 1.30 Mev. Krypton-87 bas a listed 
half-life of 78 minutes (from f3 counting) .10 The bro
mine-87 precursor (t112 56 seconds) decays away 
quickly when irradiation of the uranium foil has 
ceased and in fact no y-energy peak at 1.30 Mev was 
found under these conditions. It is probable then that 
this y-energy peak at 1.30 l\Iev is due to krypton-87. 

Interesting experimental results were obtained in 
studying the gas evolved at the time when irradia
tion ceased (pile shut-off) and for a subsequent 
period. F igure 6 shows that when equilibrium has 
been attained the amount of -y-activity at 0.25 Mcv 
(Xe18;;) remains constant while the pile power re
mains at 6.0 Mw. (The helium How in this experi
ment was 1 cm0/minute, the active gas taking 5 hours 
to reach the cotmting chamber.) ,Vhile the pile was 

shut off, the activity of 0.25 Mev decayed away with 
the half-life of its iodine precursor (1135, 11;2 6.7 
hours). Back-extrapolating the 6.7 hours half-life 
to a point 5 hours after pile shut off shows that more 
than 90% of the Xc130 removed continuously comes 
from the iodine precursor ( cf. literature value of 
95%).11 

The uncertainty of the above experiment with a 
helium flow of only 1 cm3 /minute was the exact time 
taken for the active gas to reach the counting cham
ber. v\'ith a helium flow or 600 cm8 /minute this time 
was 0.5 minutes and the actual response could be 
studied. F igure 7 shows how, when the pile was 
shut off, the pile power dropped away to zero to be 
followed just over one minute later by a closely paral
lel fall off in the y-activity at 0.25 Mev. The y-activity 
diminished almost to zero, but thereafter, it was due 
only to Xe13~ and over several hours decayed with 
the 6.7 half-life of its iodine precursor. The rapid 
response when the pile was shut off was due to the 
short-lived rare gases which cease to be produced 
"vhen irradiation ceases and also their short-lived pre
cursors which decayed away rapidly. \/\Tith a flow 
rate of 600 cm3/minute the Xe13·; was diluted so 
much that its contribution at 0.25 Mev was only O. l 5'0 
of the total. 

Other experiments with fast flows at varying pile 
power showed that the y-activity at a particular en
ergy was proportional to the pile power. 

On the lambswool filter before the gas counting . 
chamber traces of the following iodine precursors 
were identified. 

y-cncrgy f1;'!. 
!131 0.36, 0.2S, 0.64 Mev (S.l day) 
P 33 0 .53 Mev (21 hr) 

A few experiments using nitrogen as carrier gas 
showed that under identical conditions the over-all 
y-activity brought up by the nitrogen was abont 509'0 
greater than with helium. A blank experiment with 
nitrogen showed no y-activity. 

DISCUSSION 

The results quoted above have shown how the 
y-seintillation spectrometer can be used to measure 
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active . rare gases emitted from uranium foil during 
irradiation with slow neutrons. \Vith rapid helium 
flow rates the short-lived rare gases can be detected 
but as their y-cnergies have not been established and 
the mixture is complex no quantitative conclusions 
can be made at this stage. 

No cdnclusions can be drawn from the observations 
on the effect of heat t reatment, apart from observing 
that changes do occur. Heating will be expected to 
increase the diffusion of rare gases from the foil 
possibly making the uranium surface more porous 
and thus facilitating further diffusion, whereas tem
perature should have no primary effect on the recoil 
process. 

More precise results were obtained with a helium 
flow of 1 cm3/minute Kr85"', Xe188 and Xe135 were 
identified from their known y-energies and half-lives. 
Furthermore, when irradiation ceased the amount of 
the xenon isotope produced fell off with the half-life 
of its iodine precursor. Back extrapolation of these 
decay curves enables, in principle, the independent 
yield of a particular active gas to be determined. Un
fortunately, the independent yields of Xe133 and 
Xel3• are very small and no precise value has yet 
been obtained. 

From the observed intensity of y-radiation re
corded the actual number of atoms of a particular 
active rare gas emitted from the surface of the ura
nium foil during irradiation was calculated as follows : 

Let V = volume of cell and leads to counting cham
ber, cm3 ; J = flow rate of helium carrier gas, cm3 

/ 

sec; v = volume of gas counting chamber ; .No = 
number of atoms oE active gas produced/sec; N , = 
number of atoms of active gas reaching counting 
chamber/sec ; t = time taken by active gas to reach 
counting chamber, sec ; A = disintegration constant 
of active gas, sec·1 ; p = efficiency of y-scintillation 
sp~ctrometer; b = correction_ factor fo: internal con
version of electrons and cham branchmg; and I = 
intensity of y-radiation reaching counter. 

Nt = No e· >-VIJ 

Effective concentration of active gas m counting 
chamber is 

Actual number of disintegrations is .. 

'A } • No c-)..1'/f 

Apparent number of disintegrations as mcusured on 
,-scintillation spectrometer is 

V 
I= pbJ... T • N,, (J" ),.Vlf (1) 

Thus 

N _ ...!1.... e~v11 
0 

- pb'Av 
(2) 

Differentiating Equation l with respect to f shows 
that from any one isotope a maximum of intensity 
is registered when J..V = f and this has been con• 
firmed by experiment. 

The measurements were made with a helium flow 
of l cm3/minute after the foil had been irradiated 
for 140 hours ( co·rresponding to 99.So/o equilibrium 
concentration of P 33 ). The efficiency of the y-scin
tillation spectrometer was detem1ined by calibration 
against standard sot1rces (calibrated by /3-couuting). 
Corrections were applied for internal conversion of 
electrons and branching ratios of standard sources 
and active rare gases.121 The results are recorded in 
Table I. 

The observed rate of emission of active rare gases 
can be compared with the number of atoms recoil ing 
from the surface c.i.lculated theoreticallv. The recoil 
of fission fragments is taken to occur within 5 X 10-4 
cm from the surface of the foil. 13 A factor of 0.25 is 
introduced to account for recoils originating in this 
volume which fail to reach the surface.14 The capture 
cross section of U 235 is of the order 550 X 10-2<1, 
its abundance in natural uranium is 0.7% and the 
pile neutron flux was 1.6 X 10l2 neutrons/cm2 / 

sec. The percentage fission yields oE Kr80"", Xe133 

and Xe135 are taken as 1.9, 6.3 and 5.9 respective
ly.15·16·11 The results are recorded in Table I. 

Tobie I. Number of Atoms of Active Rare Gas Emit1ed/ 
Second from 10 cm2 Uranium Foil during Irradiation 

with Slow Neutrons 

A,llve r<1rc gas 

Kr"~ 
Xe•03 

Xe'" 

Calc><latcd from fiufrm 
::,,,'e-lds 

1.2 X 10' 
4.5 X 10' 
4.2 X 10' 

Detc-rmiucd b3, 
<--rfcrin,c11I 

0.15 X 10' 
3.6 X 10' 
0.45 X 10' 

The observed rate of emission of Xe133 is only 
slightly less than that calculated theoretically whilst 
the KrSom and Xe135 occur only to about one tenth 
of that expected. The theoretical value of the Xe133

/ 

Xe135 ratio is 1.05 which is much Jess than the ap
parent experimental value of 8.0. The anomaly could 
be due to an inaccurate decay scheme, but this seems 
unlikely and there are other possible explanations. 
Xe135 has a high capture cross section but calculation ' 
shows that only about 5% could be removed by neu-

t Some difficulty was experienced in determining the ef
ficicnc)' of the 'Y-scintill:>.t ion spectrometer at O.OS4 _.Mev 
since Tm"" gave an anomalous resuit_J)robably duet<;> ma~.: 
curacy in the decay scheme. An addthonal check with I. 
w:1s not conclusive since the contribution oE 0.080 Mev ,s 
only 4% of total and the higher energy -r-r~ iation m1;1st 
contribute at lower energies. There was no difficulty with 
Ce'" (0.145 Mev) and Hg'°" (0.279 Mcv) '.1nd a cu_rve be
tween these points extrapolates to a value intermediate be
tween that given by Tm'"' and rm. 
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tron capture under the experimental conditions. In 
the theoretical calculation it has been assumed that 
all recoiling atoms which escape from the surface are 
carried away in the helium. The recoil path length 
in helium at 1 atmosphere is about 8 cm17 though 
for atoms recoiling part of the distance within ura
nium it will be less. In the silica cell the foil was 
about 2 cm from the wall and many recoiling frag
ments would be expected to be embedded in the cell 
wall and not measured. Thus in experiments with 
nitrogen as carrier gas the measured activity in
creased by SO'lo because the path length being in
versely proportional to the density was then about 
2 cm.18 If a factor is introduced to account for these 
losses it would bring the theoretical yields of Kr55m 

and Xe135 toward the observed values. The high pro
portion of Xe183 must now be accounted for. 

In the theoretical calculation only those atoms re
coiling from within S X 10-'1 cm of the surface have 
been considered. The uranium foil is about twenty 
times thicker than this distance and so a considerable 
number of the active rare gas atoms formed in fission 
will be trapped in the body of the uranium. These 
will slowly diffuse to the surface and escape to be 
measured with the recoiling atoms. The KrSiim Ctv2 
4.4 hr) and Xe135 ( t112 9.2 hr) will decay appreciably 
while they diffuse to the surface but not so the Xe138 

( t 112 5.2 days). For Xe133 there will be a much 
greater contribution from diffusion and its yield will 
therefore appear high. Further experimental work 
on, for instance, very thin foils where the diffusion 
contribution will be minimised, is necessary to make 
these conclusions quantitative. 

A few measurements were made on the amount of 
Xe1 35

"' formed. Several hours after irradiation had 
ceased and with a helium flow rate of 20 cm3 /minute 
the Xe13am formed per second was 1.8 X 105 atoms. 
An observation on Xe135 (0.25 Mev) under the same 
conditions gave a value o f 17 X 105 atoms/sec. 
Applying a correction for the XeL3Jm which has de
cayed into the Xe12v it appears that !13 ~ gives about 
10% Xe135m and 90% Xe135• This agrees with Glen
denin and Metcalf10 but not with Peacock, I3rosi and 
Bozard 20 who quote 30% and 70% respectively. 

It is probable that the peak at 1.30 Mev is due to 
Kr87

• Thulin21 has obtained the y-spectrum of Kr87 

( electromagnetically separated from other rare gas 
isotopes). He reports peaks at 0.40, 0.89, 1.6 and 2.1 
Mev but there is no indication in the present data that 
an observed peak at 1 .3 Mev could be compounded 
of energies 0.89 and 1.6 Mev. 
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The Chemistry of Ruthenium 

By 0 . E. Zvyagintsev, USSR 

Radioactive ruthenium is obtained as a result of 
nuclear reactions. The yield of ruthenium among the 
other products of uranium fission constitutes approxi
mately 6 per cent of the total. The ruthenium isotope 
with atomic weight 106 belongs to the long lived 
group of fission products and its isolation from solu
tions left after treatment of uranium rods is an im
portant problem. This, however, presents consider
able difficulties; having a variable valency ( from 0 
to 8), ruthenium gives rise to many different com
pounds, the nature of which has nol been completely 
established. 

The dissolution of uranium rods in nitric acid is 
accompanied by intensive oxidation of ruthenium, 
the compound produced having the highest valency 
and being RuO4 • Possessing a low boiling point, 
ruthenium tetroxide may partly be carried away with 
the gaseous products of the reaction. However, the 
dissolution of uranium gives rise to large quantities 
of the oxides of nitrogen, which start reacting with 
RuO4 and reduce the ruthenium to its tri- and bi
valent state. Martin (19S2), by reacting NO with a 
RuO4 solution in nitric acid, obtained a compound 
to which he ascribed the following structural formula : 
RuNO(NOah • 4H~O and the origin of which he 
assumed to be trivalent ruthenium. The author, to
gether with Starostin and Artykbaev, obtained bi
valent ruthenium compounds of the following com
position: RuNO(NO3)2 • 2H2O and RuNO(NOa)z 
• 3H2O. 

The experiments were carried out as follows. The 
RuO4 was distilled into a lOo/o solution of nitric acid, 
in the presence of a stream of NO. The coloured 
solution of the compound formed was evaporated to 
a thick syrup, which was cooled and lhe solidified 
salts t reated with acetone. The pure salt was recrys
tallised from acetone solution. On distillation of the 
RuO,. if the stream of NO was sufficiently strong, 
and its passage was prolonged for one hour, the re
sulting compound of RuNO(NOs)2 • 3H2O was 
obtained in good yield. If the strea~ of NO was 
moderate and short, the result was the formation of 
RuNO(NO3 )z • 2H2O, the ' yield being generally 
small (not more than 25%). The residue after dis
solution in acetone contained other compounds as 
yet unknown. 

The nitroso-nitrates crystallise in dark-brown col
oured crystals. 

Original language: Russian. 

The determination of ruthenium in these com
pounds, as in those described below, was carried out 
radiometrically with the aid of radioactive ruthenium 
isotope Ru100• The use of the radioactive isotope con
siderably shortened the time required for analysis, 
made the results of analysis considerably more precise 
and permitted the use of smaller samples. 

Nitroso-nitrates are diamagnetic, which indicates 
that the ruthenium is in the bivalent form. The salts 
are readily soluble in water, ethyl alcohol and acetone 
and produce intensely coloured red-brown solutions. 
Caution is required in drying the salts, as they are 
readily inflammable, a blue spongy mass of oxidised 
metal remaining after combustion. · 

These compounds of bivalent ruthenium are inter
esting because it is impossible to detect ruthenium 
in them by the aid of chemical reagents, while pre
cipitation with such precipitants as thionalid, 2-mer
captobenzothiazole, is impracticable. The nitroso
nitrates of ruthenium react with ammonia. A solu
tion of RuNO(NO3)2 • 3H2O does not produce any 
precipitate and does not change colour when acted 
on by a concentrated solution of ammonia. But its 
properties nevertheless change. Thiourea precipitates 
a dark amorphous substance from it while the solution 
becomes lighter coloured; 2-mercaptobenzothiazole 
produces a white precipitate which darkens in light. 
However, ruthenium is not completely precipitated 
from ammoniacal solutions even by 2-mercaptobenzo
thiazole and thionalid. 

Excess acid, acting on RuNO(NOa)z • 3H2O, 
may result in the nitrate-ions being substituted by 
other acid radicals, such as sulphate, acetate, oxalate, 
etc. Thus, when the RuNO(NO3)2 • 3H2O is 
treated with an excess of concentrated acetic acid, 
a new compound ruthenium nitroso-acetate RuNO 
(CHaCOOh is obtained. This compound is red
brown in colour and almost completely insoluble in 
water. It was subjected to chemical analysis, with the 
determination of its molecular magnetic suscepti
bility; the salt is diamagnetic which is true for even
valent ruthenium. The compound is almost insoluble 
in water but readily soluble in an e..xcess of acetic 
acid, evidently with the formation of a nitroso-ru
thenium-acetic acid. With CH3 • COONa the ni
troso-acetate produces a salt (NaRuNO (CHsCOO )a 
• H2O) readily soluble in water and alcohol but not 
soluble in acetone. 

Like the preceding salts it is red-brown in colour 
and is diamagnetic. Determination of its molecular 
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weight shows that it is monomeric, while tests of its 
molecular electric conductivity show that in aqueous 
solution the salt ionises. Its formula should, there
fore, be written as follows : 

A similar substance may be obtained by the action 
of oxalic acid on ruthenium nitroso-nitrate or by the 
reaction between a solution of ruthenium tetroxide 
and oxalic acid. The nitroso-oxalate is light pink in 
colour and almost insoluble in water. 

Taking into account the results of this part of our 
work, we may state that the compound previously 
mentioned which was obtained by Martin, has the for
mula H[RuNO(N03 )s] • 4H20 and not RuNO 
(N03)a • 4H20, suggesting an acid complex: of 
bivalent ruthenium. The compound is produced ac
cording to the equation : 

RuNO(N03 )2 + HN03 = H[RuNO(NOa)3] 

This is confirmed by the existence of salts of this 
acid extracted by us- Na[RuNO(N03 )3) and 

(NH4 ) [RuNO(N03 ) 8 ]-which are intensely col
oured compounds readily soluble in water. 

It is noteworthy that it is impossible to precipitate 
r uthenium completely from nitroso-nitrate solutions 
with reagents which readily precipitate it from other 
compounds. VI/ e have carried out experiments to 
obtain the nitroso compounds of ruthenium just de
scribed using Ru100• The action of various adsorbents 
and precipitants on these solutions did not result in 
removal of all the Ru 1°6. It is extremely difficult to disti l 
ruthenium in the form of its tetroxide from nitroso
compound solutions using NaBr. The presence of 
ruthenium cannot be detected in solutions of nitroso 
compounds of bivalent ruthenium with the use of 
thiourea ( light-Llue colouration). 

So it may confidently be stated that the reason 
for the difficulty in the industrial purification of ru
thenium solutions lies in the formation of nitroso 
complexes of bivalent ruthenium. Clear understand
ing of this point will assist the further development 
of practical measures directed at overcoming diffi
culties encountered in separating solutions from radio
ruthcnium. 



Notes on the Half-Life of 1131 

By F. Barreira and M. Laranjeira, * Portugal 

The oxidation of the iodide ion has been a subject 
of preoccupation to many workers who use !181, 

since the release of the volatile element causes con
tamination of instruments :ind further leads to a 
faster decay than that due to disintegration.1•2 

The difficulty is aggravated by the fact that the 
apparent decay is dependent on external conditions 
such as humidity, pressure and temperature. 

In order to obviate this draw!Jack, use has been 
-made, among the iodides, of silver or cuprous iodide, 
according to the mass thickness of sources used.1 ·2•8 

In this paper we shall study the stability of !131 

tagged cuprous iodide in sources prepared by various 
techniques, and stored under varying conditions. We 
.shall consider specially the influence of humidity. 

EXPERIMENTAL 

Cuprous iodide was always prepared from a solu
tion of !131 potassium iodide by precipitation with 
-cupric sulfate, according to the reaction: 

2 CuSO4 + 4KI ➔ 2 K2SO~ + Cu2I2 + T2 

(n) Since the use of this salt is justified for sources 
-0f fairly substantial mass, for which silver iodide 
is not to be advised in view of its granular condition, 
this type was the first one studied. 

A mixture is made, in a lest tube, of 1 cm~ o[ pai 
potassium iodide (concentration; 1.05 mM/1) and 1 
em3 of a cupric sulfate solution (0.824 rnM/1 ) . T hus, 
there is an excess of the latter. 

The liquid and the precipitate are poured into a 
filtration tube which can be dismantled, equipped 
with a filter-paper disc {Whatman 542) on which 
the precipitate is deposited by suction. 

Original language: French. 
• Nuclcar EncrSY Research Center (Physics Laboratory), 

Lisbon. 

The precipitate· is washed with water until every 
trace of iodine is removed, and then treated with 5 
cm3 of acetone ; the paper disc which e,1rries the 
precipitate is mounted in an aluminum source carrier, 
0.7 mm thick, and dried by infra-red lamp. 

The precipitate is distributed over a 2.69 cm2 sur
face, giving a 37.2 mg/cm 2 thickness. 

Eleven sources were prepared and "arious lots 
were formed with them, in order to study the in
fluence of temperature and pressure. Activity was 
measured each day with a Geiger tube equipped with 
a mica window 4 mg/cm2 thick, in a lead vessel. 

The activity cunes, as a function of time, arc 
straight lines, showing lhe absence of any other de
tected radioelement . 

In Table J, the storage conditions for each lot of 
sources arc shown, as well as the data obtained for 
the effective half-life. 

T he values obtained for the effective half lift: of 1181 

unuer those conditions arc somewhat high as com
pared with lhose found by various authors.1•4•5 •7 In 
our estimation, they guarantee lhe stability of the 
cuprous iodide prepared and kept as described. 

( b) Sources having a substantial mass may lead to 
erroneous conclusions, due to the retention of the 
released iodine, so that we were led to study the 
behavior of thin sources. 

The preparation technique must be different, since 
we do not have the necessary amount of precipitate 
for the operations described above. 

We endeavoured to use direct precipitation on the 
source carrier by reducing the iodine formed by 
sodium sulfite in an acid medium. Due to the reac
tion of the medium. we used a plastic source carrier. 
The sources were stored in various manners and, in 
all cases, we were led to finding a natural half-life 
of 1131, this being due to the existence of free iodine 

Tobie 

I 
2 
3 
4 
s 
6 
7 
8 
9 

10 
II 

Storog, tondi.tior;1 

Ordinary laboratory T ,.8•C 
Ordinary laboratory T .. s·c 
Ordinary laborutory T .S•C 

40°C incubator 
40°C incubator 
40°C incubator 

Ordin.iry labora1ory 
Ordinary laboratory 
Desiccator (3 cm Hg) 
Desiccator (3 cm Hg) 
Desiccator (3 cm Hg) 

171 

Half-life, d•Y• 

8.l 
8.3 
8.2 
8.2 
8.2 
8.1 

.8.0 
8.13±0.018 
8.12 :±: 0.024 
8.13 ± 0.014 
8.11 ± 0.018 

Obscrootions 

Graphical determination 
Graphical dclcnnination 
Grar,hical determination 
Graphical determination 
Grat)hicat determination 
Graphical determination 
Graphical determination 
Analytical determination 
Annlyticnl determination 
Analytical determination 
Analytical determination 
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which was not reduced by the sulfite and which sub
limes progressively. 

An increase in the quantity of sulfite is not to be 
advised, since it would lead to an increase in the 
amount of inert material in the source. 

In order to obtain a source having a small mass, 
it is necessary to resort to another technique, which 
will be described below : 

The quantity of potassium iodide required to give 
10 mg of cuprous iodide is placed in a centrifuging 
tube, and precipitation obtained by adding an excess 
of a saturated cupric sulfate solution. Following cen
trifugation, the supernatant liquid is separated. This 
is washed three times with water, and the liquid 
is separate<l each time by centrifuging. The p recipi
tate is transferred to the aluminum source carrier 
by means of a pipette, and dried with infra-red light. 

As was done before, a measurement is made each 
day of the activity of the sources, which are broken 
up into four lots, in order to determine their effec
tive half li£e. In Table II, we show the data found, 
as well as the conditions under which the sources 
were stored. All half-lives were found graphically. 

Table II 

Soa,.t&t Storog, conditions 
},!t,,s, Ptriod, 

mg do1s 

12 Water vapor, saturated (3 cm Hg) 1.1 7.6 
13 \Vater vapor, saturated (3 cm Hg} 1.3 6.6 
14 Desiccator (3 cm Hg) 1.0 8.1 
JS Desiccator (3 cm Hg) 1.2 7.9 
16 60°C incubator 1.0 8.0 
17 60•C incubator 0.7 7.9 
18 Ordin:u,- 1:iboratory 1.3 7.8 
19 Ordinary laboratory 1.2 7.9 

For the sources kept dry, the values found agree 
with those commonly found for the physical half-life 
Of !131• 

The sources kept in a water vapor saturated atmos
phere give values which are much lower than the 
above, while those which remain in the lal>oratory 
atmosphere, with average humidi ty, show a tendency 
towards lower values. 

The sources of the last two groups, after 25 days, 
arc covered with a bluish layer which is not to be 
fowid on the tlry sources. 

It is to be noted that the curves which represent 
the variation of activity of these sources as a function 
of time always are straight lines, as shown on Fig. 1, 
which proves, on the one hand, that there is no other 
detected isotope and, on the other hand, that the 
loss of active material follows an exponential law. 

Taking the average value of the haU-livcs of sources 
L2 and 13 it is found thot the loss of radioactive ma
terial takes place at a rate of 1.5%d-1 • 

It was pointed out ahove that, the presence oE water 
plays an important role in the stability of p:it cu
prous iodide. 

vVe assume that water does not act of itself, but 
rather through the products of its radiolysis. 

F. BARREIRA ond M. LARANJEIRA 
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figure l. Decay curve of a coprous iodide source (I"') having on 
•lroctivo half,lile of 7.86l ± 0,017 days 

In order to check on such a hypothesis, we pre
pared 8 sources having a large mass and low specific 
activity by the technique described in (a) and we 
subjected them to a flux of gamma rays supplied by 
Co00, having an intensity of 0.Sr/hr. 

The sources were divided into four lots, as to the 
means used for their storage: (/.I) in a dry non
irradiated atmosphere (control); (B) in a dry ir
radiated atmosphere ; ( C) in a water vapor satu
rated atmosphere (control) ; and (D) in a water vapor 
saturated atmosphere, also irradiated. 

All these lots were subjected to a pressure of 3.5 
cm of mercury to facilitate the rdcase of any iodine. 
present. 

Table III shows the values found for the effective 
half-life of Jl81 in each source, as well as its char
acteristics. 

Observation of the results shows that the sources 
stored in n wet atmosphere suffer a decrease in their 
half-lh·es, due to a loss of active material. ft is to be 
noted that sources having a high specific activity (in 
a wet medium), even in the absence of outside 
gamma rays, show a net loss (Source 26) in their 
half-lives, due to radiolysis caused by radiation from 
the source itself. 

I t is to be noted, as already stated, that the decay 
curve of the sources always is a straight line (Fig. 1). 

When the storage medium is kept free, even in the 
presence of outside radiation, the value of the half
life is such that it is possible to guarantee the sta
bility of the compound under these conditions. 

DISCUSSION 

The results obtained show that water plays an im
portant role in the instability of cuprous iodide, as 
was pointed out for other ioclides.1 

When water is subjected to the action of ionizing 
radiations, it undergoes decomposition, which can be 
expressed by the following equations: 

2H20 - H: + H202 

H20 - H + OH 

2H20 ~ 2H + H202 
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Table Ill 

Initial 
st>tcifi.t: Method used Time of obstT• 
octiv,ty H~f-life for drten•i• vatio1~ ( 8-da:,• 

Source Medi':on Mass µ</mg in da3\S ttafion /lcriods) 

20 Dry 19.5 0.279 8.143 ± 0.010 Analytical 3 
21 Dry 5.5 0.247 8.1 ±0.1 Graphic 2 .. 5 
22 Dry 7.4 0.292 8.149 :!: 0.023 Analytical 3 

irrad. 
23 Dry 6.1 0.139 8.0 ±0.1 Graphic 3 

irrad. 
24 Wet 15.9 0.295 8.05 :!: o.os Graphic 4 

25 Wet 5.4 0.720 7.95 ±0.1 Graphic 2.S 
26 Wet l.9 0.747 7.7 ±0.1 Graphic 3 
27 Wet 7.9 0.0824 7.821 ± 0.022 Analytical 3.5 

irra<l. 
28 Wet 7.8 0.0568 7.853 ± 0024 Analytical 3.5 

irrad. 
29 Wet 5.8 0.137 7.846 ± 0.017 Analytical 3.5 

irrad. 
30 Wet 2.9 0.149 7.766 ± 0.021 Analytical 2.5 

irrad. 

The values of C for the various products of this 
decomposition are much influenced by the presence 
of foreign matter,8•9 in particular 1- and Br which 
may react with some of the decomposition products 
of water, with a shift of the equilibrium toward oxi
dation of the ions of the free elements, as soon as 
concentration reaches adequate values. 

It is ass11med that this technique takes place at the 
surface of the grains of the precipitate, where a cer
tain amount of water is absorbed, everything taking 
place as in a true solution, which accounts for the 
anomalous results found. · 

We can conclude that cuprous iodide is a conven
ient form for the sampling of rm, as long as the at
mosphere is dry. 
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Method of Extraction of Indium Activities Produced in Tin 

By N. Nussis, J. Pahissa Campa and E. Ricci,* Argentina 

A method has been investigated for the extraction 
of the indium activities produced by the irradiation 
of anhydrous stannic chloride, in order to study the 
short-lived indium isotopes. The possibility of ex
tracting this acti vity uy means of concentrated sul
furic acid has been investigated. 

It was observed, in the first place, that stannic 
chloride is extracted only to a very limited extent 
by sulfuric acid (d = 1.84). Two cm3 of anhydrous 
stannic chloride were stirred in a small flask together 
with an equal amount of concentrated sulfuric acid, 
centrifuged for one minute at 2000-3000 rpm, and 
the amount of anhydrous stannic chloride extr::lcted 
in the sulfuric acid phase was determined chemically. 
The extraction factor obtained in this case was less 
than 1% (Table I). 

Subsequently, pure anhydrous stannic chloride was 
prepared from tin irradiated two years earlier in the 
Harwell reactor. Under these conditions the only 
radioisotope of interest is Sn118 which, by K capture, 
decays to In113"', the hall-life of which is 104 minutes. 

The extraction test with concentrated sulfuric acid 
was repealed using this stannic chloride; the sulfuric 
acid was separated, diluted lo about 0.5 N and, in 
the presence of indium as a carrier, the tin was pre
cipitated as the sulfide and washed in a 0.1 N hydro
chloric acid solution saturated with hydrogen s11l
fide. The indium was precipitated from the filtrate 
as the sulfide in the presence of an adequate amount 
of ammonium acct.ate. 

The activity of this precipitate, which contained 
purified In113m, was measured with an automatic 
activity recorder consisling of an integrator, a loga
rithmic amplifier1 and a recorder. In this way, curves, 
similar to that appearing in F ig. 1, were obtained 
from several experiments and show that the activity 
ratio of Sn/fnll3 m is of the order of 10~1• Further, 
the purity of lhe separated In118m activity was 
checked with a scintillation counter having a differ
ential discriminator.2 ,3 

The extraction coefficient of the indium activity 
without a carrier was determined in consecutive ex
tractions, always using the same stannic chloride 
preparation as starting materials. In the latter, the 
1n1um returns to equilibrium after 20 hours from 
the last extraction. Tbc results obtained (Table II) 
show that 98--99% of the In113"' activity is extracted. 

OriQ'inal l:lnguagc: Spanish. 
* Comisi6n Nacional de la Energia At6mica. Argen ti,.-. . 

Summing the results of all the runs, it may be 
stated that the purification factor is: 

1st stage (extraction) 10-3 

2nd stage (chemical separation) l0•!! 
Complete run 1()-$ 

About 10 minutes elapse for the completion of 
a run. 

CONCLUSIONS 

The proposed methocl facilitates the rapid extrac
tion of high purity radioactive indium produced 
from stannic chloride. 
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It can be combined with other proposed methods 
of separation of indium activities without any car
rier.••0 
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Notes on an Isomer of Rh 106 

By G. B. Baro, W. Seelman-Eggebert and I. Zabala,* Argentina 

A study was made of those isotopes having an 
excess of neutrons which are forined by the action 
of deuterons and neutrons on palladium, or of neu
trons on silver. The formation of the unknown iso
topes of mass numbers 108 and 110, and of the un
known isomers of mass numbers 102, 106, 108 and 
110 was to be expected. Similarly, the formation of 
Rh100 by an ( 11,pn) reaction and of Rh108 by (n,pn) 
and (d,an) reactions is possible. 

It can be assumed that isotopes 108, 109 and 110 
would be short lived since they have high Q values 
which, computed on the basis of the liquid drop 
model, give values of about 3.8, 2.5 and 5.0 Mev. 

All these nuclides may also be formed as fission 
products, but, due to the difficulties encountered when 
trying to separate rhodium quickly from the fission 
products, it was deemed more convenient to use the 
(n,p) and (n,a) reactions for their formation. 

The ,veil-known isotopes rhenium-102, 104, 105, 
107 and others of lower mass numbers, are formed 
together with the above mentioned nuclides ( d,a .. ni), 
(x:1,2,3,). Their over-all activity is very low. 

In order to find the unknown nuclides already 
mentioned, the activities of rhodium with a neutron 
excess and half-lives of more than 15 minutes were 
first studied. 

REACTIONS WITH NEUTRONS 

Neutrons were produced by° the reaction of 1.2 
Mev deuterons on metallic lithium. The deuteron 
flux from the cascade accelerator utilized about 200 µa. 
The substance was irradiated in cadmium capsules 
0.1 mm thick at the center of, and very close to, the 
target. 

Later, using a synchrocyclotron capable of pro
ducing 28 :Mev deutcrons with an ion current of up 
to 25 µ,a, it was possible to obtain a more intense 
beam of fast neutrons for the ( d,n) reaction, using 
as a target, an open copper tube to the end of which 
a piece of metaJlic beryllium had been welded. 

One gram of palladium or of metallic silver was 
used for the irradiation with the fast neutrons. The ex
posure time generally was 20 minutes. 

CHEMICAL SEPARATION 

The irradiated substance was dissolved in a small 
Yolume of concentrated nitric acid. and 20 mg Rh+.++, 
10 mg Ru++ and 10 mg Ag• were added. 

Original language: Sp:1nish. 
* Comisi6n Nacional de la Energia A~6mica, Argentina. 

The sit ver chloride was precipitated and filtered 
on a colloidal filter. The filtrate was partly neutralized 
with sodium hydroxide and potassium nitrite was 
added. The product was brought up to the boiling· 
point in order to form the potassium hexanitritorho
dium salt, cooled and filtered. This precipitate was 
dissolved in concentrated hydrochloric acid, Ru++ and 
Pd·· were again added as carriers and the potassium 
hexanitritorhodium was reprecipitatcd. 

The operation was repeated in order to eliminate 
all the palladium and ruthenium activity. The silver 
chloride was precipitated until an inactive precipi
tate was obtained. The elimination of silver activity 
was necessary after the separation of the rhodium 
and palladium, since the disintegration of palladium 
produces active silver. 

10 12 14 16 18 20 
I I I I I I 

,., 

,. .... 

t 10 " •• 10 15 

Figure 1. (A) Disintegration curve of Rh obtained from Pd by tho 
(n,p) reaction, meosur,d on a scoler: (I) 117-min and 23-min Rh 
oclivity curve; (II) 23-min Rh activity curve; (Ill) 36.5-hr Rh activity 
curve! (8) Oi,integrotion cvrve of Rh obtained from Ag by the (n,a.) 

reaction, measured on a scaler 

Finally, the rhodium was precipitated in metallic 
form using a tjtanium trichloride solution. 

To check for rhodium in the product, rhodium 
was i>,xtracted with pyridine, following the Ballou 
method.1 

Several tests were made with indicators such as 
Aglll, Ru100 and Pd111, in order to check on the 
efficiency of the chemical method used. The chemical 
run described was made in the presence of high ac
tivities of these indicators, checking that no silver, 
palladium and ruthenium contamination higher than 
0.05% of the activity of the initially added indicator 
remained in the rhodium. 
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The chemical yield determined by the use of Rh102 

as an indicator was 50 to 60%,. This low yield is due 
to the relatively high solubility of the potassium 
hexanitritorhodium. 

The separation of the rhodium from the irradiated 
silver took place as follows: the silver was dissolved 
in nitriE: acid containing 30 mg Rh,..-• and 10 mg 
Pd++. The silver was precipitated with potassium 
chloride several times until the dissolved active silver 
had been eliminated. The rhodium present in the 
filtrate was precipitated in the form of potassium 
hexanitritorhodium, which was then dissolved and 
reprecipitated in the presence of 10 mg Pd- . This 
purification was repeated once. 

The complete chemical run lasted almost one hour 
between the end of irradiation and the first measure
ment so that no half-lives under 10-15 minutes were 
detected. 

MEASUREMENT 
The preparations were measured with a bell counter 

having a 2 mg/cm2 mica window. The activities were 
recorded by an instrument comprizing a fully zero 
stabilized integrator, a logarithmic amplilier2 and a 
mechanical recorder. The values of the curve so re
corded were replotted on a semilogarithmic scale. A 
device comprising a scintillation counter with a sodi
um iodide crystal, simple discriminator and scaler 
was used as gamma detector. 

RESULTS OF IRRADIATION BY NEUTRONS 

Curve A of F ig. 1 shows a typical decay curve; 
on analysis, it reveals the presence of three half
lives: 23 minutes, 117 minutes and 36.5 hours. 

The activity corresponding to the 23-minute half
life is relatively low, due to the small cross section 
of the processes by which it is formed : Pd ios ( n,pn) 
Rh107, and Pd110 ( n,a )Ru107 which in turn yields 
R}J107 by beta decay. 

The activity corresponding to 36.5-hr Rh10" is 
relatively much higher since it is formed by Pd105 

( n,p) RH105 and, to a lesser degree by Pd108 ( n,a.) 
Ru105 which yields Rh105 by beta decay. 

Eod oC frncUa.OOI 

••' I 
"f t .~ t 

10 &.,...._ ................... ..,,... .... ...,.,~ ...... -..,... .......... + .......... ~~ 
U, I$ 20 t) U HOIIH 

f'igure 2. (I) Disintagration curv• of Rh obtained from Pd by the 
(c/,<>) reaction; (II) curve obtained by subtracting curve IV from 

curve I; (Ill) 23-min Rh curve; (IV) 36.5-hr Rh curve 

The main activity is due to a 117-minute half-life 
rhodium isotope. 

Curve B shows the beta activity of the rhodium 
obtained by the Ag109 or Ag107 (n,a) Rh106 or Rh1°' 
reaction. 

REACTIONS WITH DEUTERONS 

The 117-minute isotope is also formed during the 
irradiation of palladium by deuterons. 

Powdered metallic palladium in an aluminum tar
get provided with· nine 1 mm diameter holes was 
irradiated. Deuterons having an approximate energy 
of 28 Mev were used. Irradiation was for 20 minutes, 
with a 15-20 µ.a ion current. The chemical separation 
previously described was done after the end of the 
irradiation. 

The resulting disintegration curve (I) Fig. 2 is 
more complex than that obtained with neutrons, since 
it contains in addition to the 23-minute, 117-minute 
and 36.5-hour half-Jives, the very weak activities of 
the neutron deficient rhodium isotopes ( 4.4 days, 
4.5 hours, 30 minutes and 210 days). 

FISSION PRODUCTS 

Remembering the nuclear reactions leading to the 
117-minute Rh and the known rhodium isotopes, the 
assumption that the isotope engaging our attention 
has a mass number higher than 105 is logical; for 
this reason, a search for it was made among the fis
sion products. 

Uranium oxide was directly irradiated with 28 Mev 
deuterons for 5 minutes; dissolved in nitric acid and 
neutralized with potassium hydroxide; 20 mg R+++ 
and a few mg Ru++++, Pd++, Cd>+ and MoO.1 were 
added. Potassium hexanitritorhodium was then pre
cipitated to separate the rhodium from the uranium 
and from most of the fission products. This precipi
tate was dissolved in 2So/o hydrochloric acid, the 
solution was neutralized with sodium hydroxide; so
dium nitrite and 2-3 mg Fe were added, as well as 
sodium hydroxide, in order to make the solution 
weakly alkaline. This process was repeated several 
times in order to eliminate the impurities absorbed 
or coprecipitated with the ferric hydroxide. The fil
trate was made weakly acid and an excess of potas
sium chloride was added to precipitate the potassium 
hexanitritorhodium; the purification of the rhodium 
was continued as previously described, until it was 
finally obtained in metallic form. 

The corresponding disintegration curve may be • 
seen on Fig. 3; analysis of it indicated a strong ac
tivity of 23-minute Rh and the corresponding activity 
of Rh100 (36.5 hours); we were unable to detect 
another half-life between these two. 

The following experiments were also made: sepa
ration of rhodium from the strong activities Ru107 

( 4-minute) and Ru 108 ( 4-minute), and from Rh105 

(4.6-hour); also from Ru100 obtained from Harwell. 
Neither the 117-minute half-life, nor any other 

unknown rhodium activi ty between the 12-minute 
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Figure 3. (I) Oisintegrotlon curve of Rh obtoined by the fission o f 
uranium; (II) Rh117 curve; (111) Rh'°" curve 

and several-day half-lives was found in any of these 
rhodium fractions. 

It will be inferred from these results that the 117-
minute rhodium is not a normal fission product ; 
should it be formed during the fission, its yield is a 
hundred times less than would correspond to the 
total yield of the series of isobars of that mass number. 

CHARACTERISTICS OF THE 117-MINUTE RHODIUM 

Rhodium obtained by the irradiation of palladium 
with fast neutrons was used for the study of the 
117-min Rh radiations; this preparation produced 
only a weak Rh1 05 activity in addition to the 117-
minute activity. 

Rhodium was also produced by the Ag10!l (11,a) 
Rh100 reaction and only the 117-minute half-life ac
tivity was obtained; however, it was weaker than 
that of the rhodium obtained by the (n,p) reaction. 
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Figure .d. Abs.orption curvo of 117-min Rh106"' 
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The absence of positrons was checked with an 
ordinary magnet. The maximum energy of the 
emitted electrons was determined from the absorp
tion curve using aluminum plates. The maximum 
range was 240 mg/cm2 (Fig. 4). 

A ma.. .... imum energy of about 0.7 Mcv was found. 
The absorption curve also indicated the existence of 
a gamma radiation whose total energy would be 2.9 
M:ev per beta particle emitted ; considering the 
gamma ray sensitivity of the counter used, this would 
give a total disintegration energy of some 3.6 Mev. 

The preparation was measured with a scintillation 
counter ( thallium activated sodium iodide crystal) in 
order to determine the half-life more exactly, using a 
simple discriminator that would permit the detection 
of gamma rays of energies higher than 0.6 Mev in 
order to rule out the detection of the Rh10~ and 
Rh107 gamma rays. 

Figure 5 shows three curves with only one 117-
minute half-life. They refer to rhodium preparations 
produced by the (n,p), (11,a) and (d,a) reactions. 

••. 

U1 oln. 

10 " .. 
Figure 5, (A) Disintegration curve measured with a scintillation 
counter and integrator for 117-min Rh obta ined by (n,p); (8) curve 
mccisurcd a.s above but obtoincd by (d,«); (C) curve also meawrecl 

with scintillation counter for Rh obtained by (n,<1) from Ag 

DISCUSSION OF RESULTS 

The following are the stable 
and silver, and their yields: 

Pd102 0.8% 
Pd104 9.3o/o 
Pd10:. 22.6% 
Pd106 27.2% 

isotopes of palladium 

Pd10S 

Pdll0 

Agl07 

AglOO 

26.8o/o 
13.5% 
51.9% 
48.1% 

Each of the rhodium isotopes having mass mun
bers 104 and 105 presents two well-defined isotopes. 

Although -no Rh102 isomers are known at the mo
ment of writing, it seems very doubtful that the 117-
minute half-life belongs to this mass number since 
the activity obtained is relatively high, due to its 
formation from Pd102, whose relative yield is 0.8; or 
from silver by the (n,a2n) reaction. Moreover, the 
values for the total disintegration energy of Rh102 

and 117-minute Rh differ by more than 2 Mev, for 
which reason one cannot be dealing with two isomers. 
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The mass number l 10 may be excluded, since the 
117-minute Rh is also formed by the irradiation of 
palladium with deuterons as well as from silver by 
neutron irradiation. 

Mass number 107 is very improbable, due to the 
great difference in Q values, and because the 117 
half-life;.was not found in the fission products. Fur
thermore, the formation of rhodium having a mass 
number of 107 by an Ag100(n,2pn)Rh107 reaction 
seems to be practically impossible. 

Mass number 109 can also be excluded, since it 
was not possible to isolate the 13.4-hour Pd100, which 
should have been formed in a strongly activated 117-
minute rhodium preparation. Furthermore, its forma
tion by the irradiation of silver with neutrons is im
possible. 

This leaves mass numbers 106 and 108. Mass num
ber 108 is unlikely, since it has not been found in 
fission even as a daughter of the short-lived ru
thenium.3 In addition, an Ag100 (n,2p)Rh108 reaction 
is unlikely. 

This leaves for the 117-minute Rh, mass number 
107. What remains to be e:xplained is the reason for 
it failing to appear as a normal fission product. This 
may be due to the fact that Ru106 presents a very low 
Q value (0.04 Mev), so that a 30-second half-life 
isomer having a Q value higher than the known 0.04 
Mev for Rh106, could not be formed as a daughter 
of this ruthenium. Naturally, there also is the possi
bility that the beta disintegration of the Rh106 leading 
to a lower level than that of the 30-second rhodium 
might be so rigidly ruled out that it may not have 
been detected to this date. In this case, it courd only 
be formed directly during the fission of heavy nuclei, 
and it would have a very low independent fission 
yield, since the 106 series of isobars offers maximum 

fonnation probability for technetium and molybde
num. For this reason, the yield for its independent 
formation during the course of the fission process 
would be less than 0.1 o/o of the ruthenium produced, 
and this would account for the difficulty iu detecting 
it in a mixture oi the 23-minute and 36.5-hour iso
topes. On the other hand, the mass number for 117-
minute Rh bas been sufficiently well determined by 
its formation from the Ag109 ( n,a.) Rh196 reaction. 

The gamma spectrum of the 117-minute rhodium 
was provisionally 1:1easured at the C.N.E.A. nuclear 
spectrography laboratories. This spectrum was simi
lar to that of Ru106, Rh106 and Ag106, with more 
gamma lines in the 117-minute rhodium spectrum but 
to date, no comparative measurements have been made 
with Rh10o and Ag106. 

The conclusion may be reached from these com
ments, that the 117-minute half-life belongs to an 
isomer of the 30-second Rh106, with a Q value prob
ably higher than this; in other words, that the 117-
minute Rh would be Rh106m. 

The gamma-ray transition probability of Rh106m 

to Rh100 should be less than 1 %, since no beta rays 
of an energy corresponding to such an emission were 
detected. Should the 30-second rhodium be an isomer 
with a higher Q, it would not be transformed into 
117-minute rhodium in a yield higher than 0.1 o/o, 
since no 117-minute half-life was found in the Ru106• 
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A New Series of Isobars of Tin and Antimony 

By I. G. de Fraenz, J. Rodriguez and H. Carminatti, * Argentina 

Of all elements, tin is the one which has the great
est number of stable isotopes because its nucleus has 
50 protons, and according to the theory of nuclear 
layers,1 the nuclei which have 8, 20, SO, 82, etc. pro
tons or neutrons have a greater binding energy than 
the others. Furthermore the radioactive isotopes of 
tin are particularly stable, since their disintegration 
energies are about 1.5 Mev below that computed2•3 

without taking the magic number of protons into 
account. The heaviest isotope of known disintegra
tion energy is Sn125• Other isotopes with a greater 
mass number, Sn126 and Sn127, have been found, al
though the disintegration energies are not known. 
Some of the evidence available suggests the existence 
of isotopes with an even greater excess of neutrons 
having half-lives of such duration that it is possible 
to study them by radiochemical methods. The still 
unknown Sn132 not only has a magic number of 
protons but also 82 neutrons, itself again a magic 
number. It is well known2 that the last neutron of a 
complete layer has a high binding energy and that 
the previous ones are also bound with greater ener
gies than the isotopes farther removed from those 
having magic numbers. A low disintegration energy 
and a longer half-life correspond to a higher binding 
energy. 

These considerations prompted us to look for un
known tin isotopes. A direct measurement of the said 
isotopes being difficult, we suggested their identifica
tion by means of the daughter substances which are 
antimony isotopes, thus making it necessary that the 
half-lives and energies of the corresponding antimony 
isotopes be known. 

Barnes and Frecdman4 identified SO-minute Sn12G 

and LS-hour Sn1~7 by separation at intervals of their 
daughter products, 9.3-hour Sb126 and 93-hour Sb127• 

The mass number 127 for the 93-hour antimony has 
been unequivocally established; and mass number 126 
was determined on the strength of the change in 
yield of the relevanL isotopes in the fission of U235 

induced either by thermal neutrons oi- by 14 Mev 
neutrons, so that the said mass number, 126, may 
be classified as probable. 

Barnes5 also announced the identification of an 
antimony of about 10-minute half-life, whose parent 
would be a 29-minute tin to which he ascribes a mass 
number equal to, or greater than, 126. Pappas6 found 

Original language: Spanish. 
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among the fission products of uranium, a 12-minute 
antimony to which he ascribes mass number 130, 
based on his measurements of the fission yield on the 
assumption that the corresponding tin has a life which 
is short compared with 10 minutes. 

According to our measurements, which are not 
compatible with the data quoted, a 10.3-minute anti
mony is formed from a 57-minute tin during uranium 
fission. 

EXPERIMENTAL 

Fission was induced by 28 Mev deuterons from 
the synchrocyclotron of the National Atomic Energy 
Commission of Buenos Aires, Argentina. Five mg 
U02 was irradiated for 10 minutes and then dis
solved in boiling concentrated nitdc acid. The ura
nium was precipitated using ammonia in order to 
eliminate such nitrates as would interfere with pre
cipitation by hydrogen sulfide, and to reduce the am
monia soluble acth·ities such as molybdenum and 
barium. The precipitate was then dissolved in hot 
hydrochloric acid, tin [Sn(II) and Sn(IV)) was 
added to the solution as a carrier and was then pre
cipitated by hydrogen sulfide. The tin Sltlfide was 
dissolved in 6N sodium hydroxide and diluted to lN 
with water. A precipitate of the sulfide was obtained 
from alkaline medium after adding l.S mg of copper 
in order to partly eliminate the activities of zirconium, 
niobium, silver, zinc, etc. Tin sulfide was again pre
cipitated from the filtrate by adding acetic acid, and 
treating with hydrogen sulfide. The precipitate was 
dissolved in hot concentrated hydrochloric acid and 
a tellurium (Te(IV) J carrier was added, which was 
then precipitated by hydrogen sulfide. The tin was 
complexed in a solution with hydrofluoric acid and 
was purified by three precipitations of antimony sul
fide, after adding antimony Sb(UI) and Sb(IV) as 
carrier. This purification was completed 15 minutes 
after the end of the irradiation. The antimony activi
ties were allowed to develop for 1 S minutes, after 
which a new antimouy sulfate precipitation was made. 
The activity of this precipitate decreased in accord 
with a 10.3-minute half-life. 

It is of interest to determine how the conclusion 
was reached that the activity of this precipitate is an 
antimony daughter of 6n and not an arsenic daughter 
of germanium, since the latter behaves chemically, 
under such working conditions, similarly to that of the 
former two. Analogous with tin, germanium com
plexes with hydrofluoric acid and does not precipi-
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tate with hydrogen sulfide, while under the same con
ditions, antimony and arsenic are precipitated. This 
was checked as follows: The active antimony precipi
tate obtained with hydrogen sulfide, under the condi
tions mentioned above, was dissolved in concentrated 
hydrochloric acid, after which the solution was di
luted to··z.SN. With arsenic as a carrier, this solu
tion was emptied slowly into a distillation flask con
taining powdered zinc. The antimony was distilled 
in the form of stibine and was recovered in a 5% 
silver nitrate solution. The resulting sil.ver antimonide 
precipitate was filtered and by measure of its ac
tivity, it was observed that it decayed according to a 
IO-minute half-li1e. The arsine also formed during 
the reduction remains soluble in the silver nitrate 
solution, showing that this 10.3-minute activity is that 
of antimony. Another test made to check that no 
short half-life arsenic acrivities interfere, gave the 
following results : from the hydrochloric solution 
obtained by the treatment of antimony sulfate with 
concentrated hydrochloric acid, to which arsenic had 
been added as a carrier, the arsenic was precipitated 
with hydrogen sulfide. The activity of this precipi
tate was low compared with that of the antimony 
sulfate precipitated after diluting the solution and, 
furthermore, it decreased in accord with long half" 
lives. 

A particularly pure activity was necessary for the 
determination of the maximum energy of the particles 
from the 10-minute antimony. For this purpose, the 
tin fraction was purified about 6 hours after the end 
of irradiation, permitting the activities of tl)e tin 
isotopes to decrease in the meantime. In an anti
mony precipitate obtained 10 minutes hter and im
mediately distilled, two activities were observed: the 
IO-minute antimony and the 93-hour Sb127

. Due to 
the short waiting time, less than 1 o/o of the Sb127 

had been formed relative to the 10-minute activity 
which had appeared at the time of tin separation. 

The active antimony was precipitated with a small 
amount of carrier, and part of it was lost during the 
distillation, so that the precipitate used for the ab
sorption measurement had a thickness of less than 
0.5 mg/cm2• The colloidal filter containing the active 
compound was cemented to a lucite plate in which a 
hole had been drilled. On drying, the colloidal filter 
becomes completely flat and it is not necessary to 
fix the precipitate which adheres perfectly, although 
in small quantity, to the filter. The activity of the 
compound was measured by a tube with a 1.8 mg/cm2 

mica window, and using aluminum absorption plates. 
The values obtained were corrected for the resolution 
time of the tube and the corresponding Sh121 activi
ties were subtracted. Taking the disintegration of the 
substance into account, an absorption curve for a 10.3-
minute antimony was obtained (Fig. 1). 

A maximum ,B-radiation energy of 2.9 Mev was 
obtained, using the method by Feather. 

In the absorption curve, a gamma radiation is 
observed, the measured activity of which is about · 
I.3o/o that of the ,[/-activity. It is known that the 
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figur& 1. Absorption eurve of 10.3-min Sb; ma,imum rango 1450 mg 
Al/cm21 rnoximum beto energy 2.9 Mov 

gamma radiation is measured at about 1 % per Mev 
relative to the ,8-radiation in the measuring equipment 
used. In this fashion, a total energy Q ~ 4 Mev is 
obtained for the disintegration of the 10.3-minute 
antimony. 

For the determination of the half-life of the parent 
substance of the 10.3-minute antimony, separations 
of antimony sulfide were made at one hour intervals 
using the purified tin solution. Filtrations can be 
made in 30 seconds using colloidal filters under 
vacuum. The mean filtration time was taken to be 
the separation time. It was proved that the filtration 
is quantitative by making a new precipitation 2 min
utes after the first. This precipitate gives only a 
measure of the activity corresponding to that ex
pected in the time interval. It is observed that a low
energy activity with a long half-life as compared to 
the 10.3-minute activity remains in the antimony 
compounds. F rom the ratio of the activities, one may 
deduce that tin absorption is less than 0.27"0. 

To avoid loss of the active solution, hydrofluoric 
acid resistant materials made entirely of lucite were 
always used. Another advantage of the use of lucite 
is that the activities do not readily stick to its surface. 

The measurements on the antimony sulfide com- ' 
pounds were made with a GM tube in an easily re
produced geometric position. In order to suppress 
the measurement of activities of lower energy, the 
measurements were taken through a 270 mg/cmZ 
aluminum sheet. It may be seen from Fig. 2, that all 
the curves decreased according to a 10.3 ± 0.3-min
ute half-life, and that none contained foreign activi
ties in amounts greater than I o/o. 

By extrapolation of these curves up to the sepa
ration times, a disintegration curve of the parent sub-
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Figure 2, Separations at intervals of 10.3-min Sb from pare"t 
$ub.stoncc, 57 .. min Sn 

stance is obtained, showing a half-life of 57 + 2 
minutes. 

MASS NUMBER 

During fission, the t in isotopes may give rise to 
antimony isotopes with even mass numbers higher 
than 124 and odd mass numbers higher than 123. 
It is not possible that our series of isobars have odd 
mass numbers since all the antimony isotopes with 
numbers 125, 127, 129 and 131 are known and their 
mass numbers well established. Furthermore, accord
ing to the layer theory, there are no odd numbered 
isomers for antimony isotopes. From an ( n,p) r e
action on tellurium, whose heaviest stable isotope is 
130, antimony with a 10-minute activity was found. 
For this reason, it is unlikely that the mass number 
of our series is higher than 130. No activity that may 
have been formed from the IO-minute antimony was 
found on separating tellurium from antimony at in
tervals. 

For these reasons, mass numbers 126, 128 and 130 
remain possible ones, since these antimony isotopes 
disintegrate to stable tellurium isotopes. Some anti
mony isotopes are known which might have the same 
mass numbers: the 9.3-hour Sb1~6 , the 1.2-hour Sb1:is, 

a 40-minute Sb130 and a 12-minute Sb130• These 
nuclides are not well established and, furthermore, 
there may exist isomers for even numbers, up to 130. 

It would be possible to assign definitive mass num
bers to our isobar series by measuring the fission 
yield, or by (n,p) reaction on isotopes separated 
from tellurium. 

CONCLUSIONS 

Using the chemical method described and separa
tions at intervals, it has been possible to find a 57 ± 2-
minute tin isotope which disintegrates to a 10.3 ± 0.3-
minute antimony isotope. 

It was established that the maximum energy of 
the 10.3-minute beta radiation of the antimony is 
2.9 Mev. It was also shown that it emits gamma radi
ations and that it does not form active daughter sub
stances, so that it should be an isobar of a stable 
tellurium isotope. Considering the probable mass. 
numbers, the mass numbers 126, 128 and 130 are 
left for this series of isobars. 
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A N~w Iron Isotope, Fe61 

By E. Ricci, J. Pahissa Campa and N. Nussis,* Argentina 

By irradiating nickel with fast neutrons, it is pos
sible to obtain by the ( n,o.) process, radioactive iso
topes of iron whose mass numbers are lower by three 
units than those of the corresponding stable nickel 
isotopes: Ni58 (67.76'310), Ni62 (3.66%) and Ni64 

( 1.16%). 
Following the chemical separation of the iron frac

tion of the irradiated target, a half-life of approxi
mately 5 minutes was identified. 

The neutrons used arc produced by the ( d,n) re
action on bery1lit1m, the deuterons being supplied by 
the 28 Mev synchrocyclotron in which the target cur
rent is maintained at approximately 22 µ,a. 

Together with the (n,a) reaction, the (n,p), (n,y), 
( n,2n), ( 11,p11), 11,a.P) and probably other reactions 
take place. 

The radioisotopes of iron that may be obtained by 
the (11,0.) reaction, are Fe55 (2.9 years) and Fe59 

( 45 days), which are already known, 1 and Fe61, the 
subject of this article. 

In order to be able to determine the characteristics 
of this new iron isotope, it is necessary to separate 
it from the other nuclides formed during the irradia
tion; these are nickel, cobalt and manganese isotopes. 
The Fesv and Fe~0 activities do not interfere, since, 
as their half-lives are relatively long, they are not 
formed in appreciable amounts during the short irra
diation time. 

The target used in most of the experiments was 
nickel oxide prepared by subjecting powdered nickel, 
supplied by Johnson Matthey & Co., to the action of 
nitric acid and calcining the nitrate obtained. 

The irradiated sample was dissolved in concen
trated hydrochloric acid containing nitric acid in the 
proportion of 1 :20. Copper, cobalt, iron and man
ganese carriers were added to the hydrochloric solu
tion, which was then diluted to 6 N. The iron was 
extracted immediately with ethyl ether,2 saturated 
with 6 N hydrochloric acid ; the ether phase was 
washed with the 6 N hydrochloric acid containing 
the proper carriers and, from this, the iron was again 
extracted with water. The iron was precipitated from 
this medium with ammonia; ammonium chloride and 
the necessary carriers having been added beforehand. 

It was found possible by this method, to have sepa
rated the iron fraction about 11 minutes after the 
end of the irradiation . The exposure times of the 

Original language: Spanish. 
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sample to the neutrons were about 20 minutes. The 
measurements were taken with a G.M. tube of the 
bell type, with a mica window 3.2 mg/cm2 thick. 

Figure 1 shows one of the decay curves of the iron 
fraction . A half-life of 5.8 minutes will be seen from 
the curve corresponding to Fe61, with another one 
of 94 minutes, corresponding to Co61, a daughter of 
the first by beta disintegration as will be proven 
below. The proportions of both activities, extrap
olated at the time of separation of the pure iron 
fraction, agree approximately with the theoretical 
values. 

10• 
- £nd or irradlat~ 

/SeP3ntton or ptare Fe61 

o.s 2.5 3.5 ◄ .5 

'rime (riours) 

figure I. (I) Fe dbintegrotion curve obtained by the (n,<>) ,eac:llan 
on Ni; (II) Fe01 activity curve; (Ill) Co" activily curve; (IV) theoretical 

curve of Co01 growth in Fe61 

The ( 11,0.P) and ( d,o.p) processes were a.I so studied. 
Figure 2 shows the results of the ( n,o.p) reaction 

on a copper oxide target. The working conditions 
were similar to those described for the ( ti,o.) process, , 
the copper oxide being obtained by the calcination of 
crystallized copper nitrate supplied by Merck. 

The ( d,o.p) reaction was produced by irradiating 
powdered metallic nickel supplied by Johnson Mat• 
they & Co. with the 28 Mev deuterons of the synchro
cyclotron. Since this process produces a greater pro
portion of foreign activities than by the neutron 
induced reaction, it was necessary to modify the 
chemical process. Figure 3 shows the data from these 
experiments. 
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Figure 2. (I) Fe disintegration curve obtained by the (n,ap) reaction 
on Cu; (II) Fe°' activity curve; (Ill) Co01 activity curve; (IV) theoretical 

cur,c of Co01 growth in Fe 

It follows from Figs. 2 and 3 that the ( n,o.P) and 
( d,ap) reactions agree with the results obtained by 
the (11,a) reaction, confirming the mnnber 61 as
signed to the new nuclide. 

In order to determine the half-life of the Fe01, its 
daughter ( Co01

) was separated at 6-minute intervals. 
The parent iron fraction was obtained by the (1i,"') 
reaction and purified by the method previously de
scribed. The parent fraction (precipitated ferric hy
droxide) was redissolved in hydrochloric acid, re
precipitated in the presence of a cobalt carrier, and 

S1000 a -·End of Irradiation 

~ 
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Figure 3. (I) Fe cfi,inlegrotion curve obtained by 1he {d,«p) reaction ~"' 
on Ni; (II) Fe•• activity curve; (Ill) Co"' activity curve; (IV) theore ticol 

curve of Co" g rowth In Fe61 

Figure 4 

filtered. The Co61 was precipitated from the filtrate 
in the form of a sulfide, adding sodium acetate before
hand. Subsequent separations were carried out in a 
similar manner. Figure 4 contains the results of one 
of these experiments. The data obtained in similar 
tests warrant the assigning of a half-life of 5.5 ± 0.5 
minutes to Fe61. 

It w:ts shown that the new nuclide emits more 
energetic y-radiation than Co01 by measurements 
made with a scintillation counter equipped with a dif
ferential discriminator. The measurements were made 
by absorbing the ,8-radiation with a lead sheet and 
eliminating that of Co61 with the differential dis
criminator. Figure 5 shows one of the disintegration 
curves obtained under the conditions mentioned. 
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Figure 5. Disintegration curve of Fe obtained by (n,a.) reoction end 
measured in a scintillation counter 
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The average of the 11 disintegration curves of the 
daughter substance of the new isotope, obtained by 
separation at intervals, corresponds to a half-life of 
99 ± 2 minutes, agreeing with the data in the tables3 
assigned to Co61 appearing in them within class A.1 

Bearing in mind the fact that Parmley, Moyer and 
Lilly irradiated Ni0

•
1 with fast neutrons,4 Fe61 must 

have been formed by the ( n,a) reaction during the 
irradiation. The possibility thus remains that the half
life of four to five minutes ascribed by the authors 
to Co64 (class F), may really correspond to Fe81• 
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Two New Isotopes of Ruthenium and Rhodium 

By G. B. Baro P. Rey and W . Seelman-Eggebert, * Argentina 

The purpose of this work was the investigation of 
possible ruthenium and rhodium isobars having a 
mass number greater than 107 since there are no 
theoretical reasons ruling out their formation as fis
sion products. 

The disintegration energy was computed by means 
of the liquid drop modcl,1 applying cer tain corrections 
for the range im:oh·cd on the basis of Way's curves,2 
so that short half-lives have to be assumed for the 
isobars under study (Fig. 1). 

EXPERIMENTAL 

Uranium oxide was irradiated with fast and ther
mal neutrons, or directly with 28 Mev deuterons. 
Irradiation was carried out either with a Philips 
cascade generator giving 1.4 Mcv at 180 rnicroam
peres and provided with a metallic lithium target, or 
with the Philips synchrocyclotron which produces 28 
Mev deuterons. The Be (d,n) reaction was also used 
in the latter case, in order to be able to irradiate with 
neutrons. The synchrocyclotron produces a maximum 
deuteron current of some 23 microamperes. 

The irradiation limes were 10 minutes in the cas
cade generator and 4 minutes in the syncl1rocyclotron. 

The irradiated material was dissolved in n mini
mum of nitric acid containing 10 mg of the ruthe
nium ion. The solution obtained was heated in a dis
tillation flask with a U-shaped outlet tube (adjustable 
by means of ground joints), together with 30-50 ml 
o[ 25% sulfuric acid and a saturated solution of po
tassitim bromate, persulfate or bismuthate. The ru
thenium tetroxide formed was distilled and condensed 
into concentrated hydrochloric acid. The hydrochloric 
acid solution of ruthenium was boiled in order to 
eliminate bromine which distilled together with the 
tetroxidc. 

Chlorides and bromntcs were added as carriers for 
the halogens that may have r emained in the distillate 
and were not eliminated by heating. The solution 
then was diluted with boiling water to an acidity 
of 5- 10%, and ruthenium sulphide was precipitated 
with hydrogen sulfide. Filtration was carried out with 
a two-second colloidal filter under vacuum, which 
was then placed, still containing the precipitate, in 
another vessel similar to the first one. The operation 
was repeated, finally yielding ruthenimn sulfide free 
of any foreign activity (ruthenium fraction). 

Origin.,.! b.nguage: Sinni$h. 
* Comisi6n Nacional <le la Energia At6mica, Argentina. 

By this method, we were able to start tl~e measure
ment of tl1e ruthenium fraction 5 to 6 minutes after 
ending the irradiation. . . 

When it was desired to measure the rhod1um iso
topes formed by ruthenium decay, the hydrochloric 
solution from the second distillation was brought 
down to weak acidity with a saturated solution of 
potassium hydroxide; 20 m~ of rhodi~1n: ion ,~ere 
added as a carrier and potassmm hexarutntorhod1um 
was precipitated in the presence of potassium chlor
ide with the mixture at the boiling point. 

After washing with a saturated solution of potas
sium chloride in alcohol and water, slightly acidified 
with hydrochloric acid, this precipitate was dissoh,cd 
in 2-3 ml of hot 25% hydrochloric acid, adding ru
thenium and palladium ions as carriers : the rhodium 
being precipitated as before ( rhodium frac!ion). 

Analysis of the decay curve of the rhodium frac
tion gave 23-minute and 36.5-hour half-lives, cor
responding to Rh107 and Rh'os (Fig. 2). 

Comparing the values obtained by us £or the half
Ii fe of Rh107 with those obtained by Glenclenin3 and 
Born and Seelman-Eggebert,' m1rs appears some
what low. The maximum energy, obtained from ab
sorption methods was set at 1.25 Mev ( range : 540 
mg/cmz aluminum), which is in agreement with that 
obtained by Born and Scclman-Eggebcrt• (Fig. 3). 
The Nuclear Spectroscopic Laboratories of the Na
tional Atomic Energy Commission are measuring the 
spectrum and have already found a strong line at 
315 kev. More weak lines will probably be found 
with energies above that mentioned. 

Analysis of the decay curve of the ruthenium frac
tion produced half-lives of 4 minutes, 23 minutes, 
4 .5 hours and 35.5 hours (Fig. 4). 

Comparing the activities 0£ the 4-minute ruthenium 
with the 23-minute rhodium extrapolated to the 
moment of the second distillation, a ratio of activi
ties was found similar to that determined by Glcn
dcnin,a i.e., 4-min Ru/23-min Rh = 11/1, while the 
activity ratio .e..xtrapolated to the last moment of the 
sepnration would give, in the case of a simple parent
daughter relation, a ratio of 5/1. _ 

In order to find an e."<planation for the anomalous 
behavior of the above-mentioned activity ratio, an at
tempt was made to produce the series of 107 isob:.irs 
using the Pd no ( n,a) Ru 101 reaction. For this pur
pose, one gram of powdered palladium w::is irradiated 
for 6 minutes with fast neutrons obtained from the 
Be (d,11) reaction in the synchrocyclotron. 

186 
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The palladium was dissolved in a minimum of 
nitric acid containing 10 mg of ruthenium ion as a 
carrier, and the ruthenium tetroxide was distilled as 
described previously, but this time with a mixture 
of potassium persulfate and bromate which possesses 
the advantage of considerably reducing the foaming 
on heatfng in the presence of palladium. The rest of 
the run was made as indicated under ruthenium 
fraction . 

Analysis of the decay curve of the fraction ob
tained by the Pd ( n,a) reaction revealed half-lives 
of 4 minutes, 23 minutes, 4.5 hours and 36.5 hours. 
The activity ratio between the 4-minute ruthenium 
and the 23-minute rhodium was now found to be in 
agreement with the calculated figure, i.e., 5/1. 
(Fig. 5). 

This confim1ed the mass number of the series of 
107 isobars : 

R 4 min RJ 23 min Pd 7 X 108 yeAn; A bl u--+ 1---+ ----+ gsta e. 

In this reaction, Ru105 is formed at a higher rate 
than Ru107• This would not be accounted for ade-
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figure 1. Decoy energies calculaled by the formula for the liquid 
drop model for lhe isotopes of Mo, Te, Ru, Rh, Pd, Ao and Cd, 

between mass numbers 103 and 112, inclusive 
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Figure 2. Rh'"' ond Rh"" decay curve [U(d,f) Ru➔ Rh] : the ordinate 
at the origin indicates the end al tlio irradiotion period 

quately by the relative abundances of Pd109 and Pd110 

(26.8,Yo and 13.So/c); one must further assume that 
the cross sections with respect to the neutron spec
trum used are different, a fact that will be explained 
by the great difference between the decay energies 
of the two series of isobars ( 5.5 Mev for number 105 
and 2.58 Mev for number 107) . 

The maximum energy of Ru101 obtained by the Pd 
( n,a) reaction was determined by the absorption 
method. The computed value, based on a 950 micron 
half-thickness of aluminum (256.5 mg/cm2 ) was 
about 4 Mev. 

The discrepancy between the 4-minute ruthenium 
obtained by fission and that produced by the Pd ( 11,a) 
reaction led to the possibility of the existence of 
closely similar half-lives. In this case, two active 
daughter products would be found; one of them came 
to be Rh10 7 , while the other was unknown. 

100 
A~~~lnum th~••• \mg~

0
:m2) 

Figure 3. Rh1°' absorption curve 
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Figure ~- Ru'0' + Ru106, Rh'0', Ru'°" ond Rh'"' deeay curve (U(d.l) 
Ru➔ Rh) m•asured with a bell tube having a 2 mg/cm2 window: the 

dotted line Indicates the mean distillation lime 

An attempt then was made to find another rhodium 
isotope whose half-life would be either under a min
ute or very large (the latter really very unlikely for 
Rh108 or larger mass) , since it would otherwise have 
been detected very readily. 

For this purpose, potassium hexanitritorhodium 
was precipitated from the "short" fission ruthenium 
solution in the presence of 20 mg of rhodium ioo 
and heated to the boiling point. Due to the short life 
of the rhodium sought it is impossible to redissolve 
and reprecipitate it, so it remained without purifica
tion with a 1 % ruthenium activity. The mid-point 
between the beginning and ending of the filtration 
was taken as the z:ero time for the separation. In this 
way it was possible to start measurements on the 
rhodium fraction some 10 seconds after its separation 
from the ruthenium. 

Starting from the "short" ruthenium produced by 
fission, we found a new rhodium isotope having a 
half-life of 18 ± 2 seconds (Fig. 6). 

The 18-second and 23-minute rhodium isotopes 
were separated from the ruthenium fraction by pre
cipitation of potassium hexanitritorhodium at 4-min
ute intervals. The beta rays of the 23-minute rho
dium found together with those of the 18-second 
isotope were stopped by an 1800 micron aluminum 
plate. 

By joining the points corresponding to the various 
activities of the 18-second rhoditim obtained by sue-

ccssive separations and extrapolating to the instant 
of separation, a decay curve of about 4.5 minutes was 
found due to the parent ruthenium. The 18-second 
rhodium was allowed to disintegrate in the precipi
tates separated every 4 minutes, and the remaining 
23-minute rhodium was measured. Another curve was 
drawn with these data in a similar fashion to the 
previous one and corresponds to the parent of the 
23Jminutc rhodium; it proved to have a 4-minute 
half-life ( Fig. 7) . 

The relative fission yield of the two ruthenium iso
topes having a half-life of about 4 minutes was com
puted on the basis of the activity of the daughters 
separated after a 4-rninute interval (Fig. 7). The 
yield obtained was about 1 :1 ; which indicates that the 
ruthenium parent of the 18-second rhodium is also 
a direct fission product and that their mass numbers 
are not very different. 

It was found by the absorption method that the 
18-second rhodium separated from the ruthenium, 
emits !,eta rays having an energy of about 4.5 Mev. 
Due to the very short life of the 18-second rhodium, 
several preparations were made with a 2000-micron 
aluminum plate in order to stop the 23-minute rho
dium beta rays and, at the same time, to obtain a 
transfom1ation factor that would mutually relate the 
preparations. In addi<ion, each preparation was meas-

Rq-105 (36 ,5 hr ,J ----------------

2 3 ,j ~ 
Time (hours) 

Figure 5. Ru10
' , Rh"", Ru"'" and Rh'°" [Pd{n,a) Ru ➔ Rh) d~cay curves 

measured with a bell rube hoving o 2mg/c11'11 window: the dotted 
line indicotes the meon distillation time 
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1'lme (mtnute,) 

Figure 6. Rh'08 disintegration curve: the ordinote al the origin 
indicates the end of the seporation 

ured with the 3000-micron plate and another one 
from the set ( different for each preparation) with 
the purpose of measuring the absorption curve. 

By interposing a 2000-micron aluminum plate and 
using a scintillation counter, several -y energies were 
found. 

To decide whether the mass number of the new 
series was 109 or not, the separation of palladium 
from the ruthenium was necessary. For this purpose 
the palladium was permitted to develop during one 
hour in the "short" ruthenium, adding Pd as carrier. 
A hydrochloric solution of ruthe!1ium was ~vaporat_ed 
down to a small volume by heatmg, was diluted with 
water, neutralized with ammonium hydroxide, and 
then made weakly acid with 5% hydrochloric acid. 
Ruthenium and rhodium ions were added as carriers 
and later 5 ml of l o/o dimethylglyoxime in an alco-
1,-iolic sol~tion ; heat was applied for a few minutes 
and the solution was then left to cool to room tem
perature. Filtration was carried out using a 2-second 
colloidal filter under vacuum, and washing was car
ried out with 3o/o hydrochloric acid. The procedure 
was repeated twice, in order to give a precipitate free 
from foreign activities. 

It was proved that the new series found does not 
have mass number 109, since it was not possible to 
find the 13.4-hour Pd109 in the resultant activity of 
the mixture of 4-minute ruthenium activities, al
though the total ruthenium activity present was Jarge 
enough to account for several hundred counts per 
minute of a 13.4-hour isotope if it were formed from 
only half of the activity of the 4-minute ruthenium 
mixture. 

MEASUREMENTS 

The preparations were measured using a bell t~pe 
tube with a 2 mg/cm2 mica wit1dow, or one havmg 
a 27-30 mg/cm~ glass window, or again with a scin
tillation counter equipped with a simple discriminator. 

In cases of weak activity, the preparations were 
measured with two tubes connected to two scalers, in 

103 

RU-108 

to '-'-'-'~'.'.-"----1:-~ot;------;-:.---~
T1m• (houo) 

Figure 7. Ru~ ond Ru1.07 dec.ay curve: obtained by separating 
rhodium at intervals 

order to get simultaneously a decay curve with ab
sorption foils and another one without them. 

The integrator modified by Franz5 was also used, 
in which the activity was measured directly when 
quick readings were necessary. 'Where long tails 
were found, the integrator was connected to a loga
rithmic amplifier operating with a recording device 
which gave tracings of the decay curves. 

ASSIGNMENT OF MASS NUMBER 

The mass number of the 18-second rhodium cannot 
be under 105, since this is a normal fission half-life, 
and the substance emits high energy electrons. Mass 
numbers 105, 106 and 107 are already taken np, ctnd 
it is almost impossible that one could be dealing with 
an Rhto7 isomer, since it has a much higher Q value. 
Mass numbers 105 and 106 arc also high£y improb
able, since they are not formed from the 4-minute ni

thenium. On the other hand, the separation of the 
Pd109 from ruthenium was not possible, and, for 
this reason, this mass number is to be eliminated. 
Numbers l l 1 and higher are also eliminated since 
the 18-second rhodium does not give the relevant 
active nuclides by the decay process. Number 110 
also is possible, although to a lesser degree, since its 
computed Q value according to the liquid drop model, 
is higher than that computed for mass number 108 
and, for this reason, its half-life should be shorter. 
On the other hand, the value obtained for number 
108 agrees quite well with an 18-sccond rhodium 
decay energy. 
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Relative Ru105
: Ba 104 Yield, in Fission Caused by 

Deuterons of Different Energies 

By D. Benison and F. E. Mas,* Argentina 

Uranium was irradiated with deuterons of various 
energies produced by the 32 Mev synchrocyclotron. 
The fission yield: Ru105/Bau0 was then determined. 

The target was obtained by deposition of uranium 
oxide on aluminium by the following method.1 An 
aluminium sheet was degreased with organic solvents, 
then immersed successively in 25% sulfuric acid and 
in a saturated solution of sodium zincate. Thus 
treated, the sheet was used as the cathode of an elec
trolysis bath containing a saturated solution of uranyl 
n itrate in ammonium oxalate, 0.2 N. The work was 
done with a current density of 40 µa/cm2 and the 
time of electrolysis varied according to the deposit 
thickness sought. 

Under these conditions, one obtains a very thin 
and uniform layer of uranium oxide. One side of the 
sheet was cleaned with nitric acid, so that the ura
nium remained only on the other. 

After this treatment, the aluminium sheets were 
used as targets, and arranged in such a way that the 
deuteron beam passed through them before reaching 
the uranium. The rate of energy loss of the deuterons 
causing fission varied with the thickness of the film 
(Fig. 1). 

The uranium was dissolved in nitric acid 1 ¼ hours 
after irradiation in the synchrocyclotron and the Ru 
and Ba were separated from the fission products. 

The Ru was distilled as tetroxide and the Ba was 
precipitated as chloride in concentrated hydrochloric 
acid and ether, and the yields of the runs were de
termined using Ru100 as a tracer in the case of Ru, 
and by weighing as sulfate in the case of Ba. 

Measurements were done with identical geometry 
and were corrected to zero absorption thickness; 
Ba140 was measured by the growth of its daughter 
l.,al40. 

The measured preparations contained several milli
grams of carrier. No self-absorption corrections were 
made. 

Activities were computed at the end of irradiation 
and, from them, the relative fission yield. 

Original language: Spanish. 
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It ,vas observed that, with deuteron beams of over 
15 Mev, the relative yield is very close to 1; being 
slightly higher (1.12)· for Ru103 at energies above 
25 M:ev. 

The relative yield rises considerably with the en
ergy for deuterons of under 15 Mev (Fig. 2) . 

The findings for 15 Mev are in satisfactory agree
ment with those of other authors. 
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A New Isotope of Technetium Produced by an (n,p) Reaction 

By J. Flegenheimer, * Argentina 

Technetium isotopes of the same mass number may 
be obtained by ( n,p) reactions bombarding ruthenium 
with fast neutrons. Neutrons are produced by the 
reaction Li ( d,n) in a 1.4 Mev cascade accelerator; 
the upper limit of their spectrum is about 15 Mev. 
A neutron flux was obtained in the 28 Mev synchro
cyclotron by the Be ( d,n) reaction. Reactions of 
lesser intensity, of the (n, a) and (11,np) types can 
also be produced besides the ( n,p) reaction. 

The mass numbers of the technetium isotopes that 
may be obtained by the ( n,p) reaction are 96, 98, 
100, 101, 102 and 104. Of these, mass numbers 
96, 99, 100 and 101 are known, although there may 
exist some other, as yet unknown, isomers. Isotope 
102 is probably the 5-second halE-life found in fission.' 
There are theoretical and e.>..-perimental reasons to 
believe that isotope 98 is very long-lived.2•3 There 
are no data on 104. The other known beta emitting 
nuclides of technetium obtained by this reaction are 
either long-lived or have a half-life of a very few 
seconds, except Tc101, whose half-life is 14.3 minutes. 
• Irradiating ruthenium with neutrons yields a very 
complex curve4 if the results are measured directly 
without separating the technetium. The ruthenium 
and molybdenum should be separated to determine 
~vhich half-lives correspond to the technetium nuclides. 

••'-+---.--,----,,---,-~,----"!--,---,--,--,---,-- ~ ,.• 
200tQ .. 100•10. ., 

Figure 1. Tc from RuO:: irrodiation t'ii-ne 7 min 

The following method was used to obtain these 
results in a few minutes: ruthenium dioxide was 
used as the target. The dioxide was prepared by 
distilling ruthenium tetraoxide from B.D.H. ru
thenium trichloride, obtained in 50% sodium hy-
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* Comisi6n 1-iacional de la Energia A t6mica, Argentina. 

191 

104 

<e 
\ 00 

\ 9 
\ o 
\o 

10
2 -r---r--,--,--,----r---~r-----

o 10 20 30 40 60 80 min 

Figure 2. Tc from RuO,; irradiation time 5 min; P-meosurement 
with magnet 

droxide. The hydrated dioxide was precipitated with 
hot methyl alcohol, and the product was washed 
several times in distilled water. The dried product 
is a fine black powder, insoluble in ammonia, which · 
decomposes hydrogen peroxide catalytically like 
manganese dioxide, to which it is similar. It was 
found that, if the irradiated dioxide is used during 
the decomposition of hydrogen peroxide, most of 
the technetium formed passes into the solution. Fil
tration through a colloidal filter is sufficient to 
separate the technetium (and perhaps the molybde
num) from the clioxide, which is insoluble. The small 
amount of dioxide that may pass, may be eliminated 
by adding carriers for the molybdenum and tech-
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netium, and prec1p1tating the ferrous hydroxide. 
From the clear filtrate thus obtained, technetium 
can be precipitated with rhenit1m, using a tetra
phenyl-arsonium chloride solution. Molybdenum re
mains soluble in the ammoniated medium. 

T11is method made it possible to separate the 
technetium fraction five minutes after irradiation 
ended. Figure 1 shows the disintegration curves of 
the technetium fraction. Irradiation with neutrons 
from the cascade accelerator lasted 7 minutes and 
measurement was made in a cylindrical G.M. tube 
30 mg/cm2 thick. Besides the 14.3 minute half-life 
of technetium-100, a half-life of about 4.2 minutes is 
observed which, averaging the results obtained, gives 

an overall value of 3.8 ± 02 minutes. Extrapolating 
the activities to the end of the irradiation, it will 
be observed that they are about equal. A small residue 
was observed which, in longer irradiation, was shown 
to be made up of half-lives o! between 6.6 hours and 
several days. 

The measurement was taken with the magnet 
arranged to measure only negatrons proving that 
short half-life is due to negatrons and not positrons 
(Fig. 3). Figure 2 shows the disintegration curve 
thus obtained after a 5-minute irradiation and 
measured with a bell type G.M. tube wilh 5.8 mg/cm2 

thick window. 
It w:is possible to determine the presence of gamma 

radiations by measuring the technetium fraction with 
a scintillation counter, after absorbing the beta radia
tion with a lead sheet. 
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Determination of the Maximum ~-Ray Energy of Xe138 (17min) 
And Xe'37 (3.8 min) by Absorption 

By Sonia J. Nassiff and W. See lman-Eggebert, * Argentina 

The main difficulty in measuring the maximum 
beta energy of Xe138 is that it can only be determined 
in the presence of its daughter nuclide, Cs138, whose 
disintegration pattern is known and reproduced in 
Fig. 1, and which has a half-life of 32 minutes with 
a ma.'Cimum energy of 2.65 Mev, as determined by 
absorption. 

The same is not true of Xe137, since its disintegra
tion product, Cs137 ( 33 years), is not formed in 
detectable amounts in the time needed for readings 
to be made on the gas. In this case, it was sufficient 
to eliminate the interference due to Xe138 and Cs138 

with a suitable absorption plate, or to separate it 
from the P37 previously extracted from the irradiated 
uranium. 

-------- 1.90 
1.44 

(0 + , _____ ..., __ 0 

csl38 Disintegration Diagram 

Figure 1 

EXPERIMENT AL 

Xc138 was obtained by the fission of a uranium 
solution brought about by thermal neutrons produced 
by the Li(d,n)Be reaction in the C. N. E. A. 
accelerator, with an irradiation time of 15 minutes; 
also by fission of natural uranium in the synchro
cyclotron with 28 Mev deuterons for three minutes, 
with a current of 10 µa. 

With the selected irradiation times, the proportion 
of long lived isotopes is kept very Jo,v. Other fission 
gases, mainly the Kr isotopes, are obtained together 
with the Xe. 

A series of preliminary tests led us to the conclu
sion that Kr free Xe may be obtained by absorption 
with activated carbon at a temperature somewhere 

Original language : Spanish. 
• Comisi6n Nacional de la Energia At6mica, Argentina. 

193 

ngure 1' 

Ch&m.ber 

y ....... ,~. Tube 

I<• ulCl •au 

between -12° and -15°C, although the recovery 
is not quantitative, since some of the Xe is carried 
away by the Kr. 

Therefore, by circulating H 2 for 2 minutes in an 
apparatus similar to the one illustrated on Fig. l', 
the Xe is absorbed in a "U" shaped tube containing 
activated carbon and submerged in a bath at -12° 
to - l5°C. 

In order to eliminate the gases not absorbed by 
the carbon and remaining in the tube, a current of H

2 

is circulated. Only the Xe isotopes produced by the 
fission are obtained under such conditions·; the very 
short lived ones are completely disintegrated during 
the t reatment following irradiation. The 9.6-hour 
Xe135 and 15-minute Xe135m isotopes appear in the 
tube in very small proportions, firstly because their 
direct formation is very :;mall (Chien-shiung-\Vu 
and Segre3), and particularly if the washing with H

2 

is done immediately after the radiation, there only 
being the small amount formed during the operation, 
from the 6.7-hour !13 ~ produced during the fission. 

On the other hand, the Xe1:i7 is almost totally 
absorbed in the activated carbon, and it is necessary 
to wait for its complete disintegration. 

•Bronze 
Nlclel window 

Locite 

Luette 

Ni window •90 mg/cm2 

Figure 2 
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The Xe135 was introduced into the gas chamber 
( Fig. 2) 30 minutes after the end of irradiation; 
the system including the U-tube and gas chamber 
having previously been evacuated, and the tube 
heated in a sulfuric acid bath. 

The activity of the Xe138, plus that of the Cs138 

formed by the disintegration of the former, was 
measured directly as a function of time (Fig. 3) . 

... 
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T he long-lived activity seen in the curve cor
r esponds to Xe13• ( 9.6 hours). In the irradiation 
with deuterons in the synchrocyclotron, we found at 
t = 0, 2.5% Xe'35 activity relative to Xe138

; 

on the other hand, we found only 0.4% when 
irradiating in the accelerator. In a new experiment 
we managed to increase the Xe138/Cs188 ratio 
(Fig. 4) by applying 600 volts to the terminals of 
a gas chamber so constructed that the Cs138 could 
be electrically deposited outside the measuring angle 
(Fig.2). 

This enabled us to construct an absorption curve 

2 
02 

0 60 120 180 

2 
0 

.. ..... ...,_..,......,......,,....,.-,--,-,--,.....,.--,-,_.,.._,_.._,..,... ....... ..-. ...... ..,...-.-,.......-
·o 

f;gure 4. Analy,;s of tho Xe"' disintegrotion curve obtained by 
opplying 600 volts to the chamber 

for Xe138 in which the correction for the influence 
of Cs is much smaller. 

The construction of this curve was as follows: 
Figure S shows the family of curves, obtained with 

different thicknesses of aluminum. For clarity, only 
a few points were marked on it, drawing only the 
curve corresponding to 274 mg/cm2 • The numbers 
indicate the thickness of Al used. 

At the points corresponding to Cs138 activity 
(i.e., after the Xe138 had completely disintegrated), 
the activity of the Xe135 was subtracted, obtaining 
in this way the reduction in the activity of the Cs138 

for that thickness. · 

o Experimental points obtained directly 
from the measurements. 

• Subtracted points. 
1 Without absorbent 
2 With 56mg/cm2 
3 " 274 " 
4 " 406 " 
5 " 463 " 
6 
7 
8 
9 

10 
11 
12 

240 
Figure 5 

" 547" 
" 680 • 
" 821 • 
" 115 • 
" 1338" 
"1905" 
" 2179" 
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Figure 6. Xe""' absorption curve 

From the activities obtained with the same Al 
thickness in the fi rst minutes when the Xe/Cs is 
higher (Fig. 4 ), we subtracted the activity of Cs 
for that time. The data obtained from different irradi
ations were normalized to the same value for the 
initial activity. Figure 6 illustrates the values obtained 
in this way. 

It shows a range of 1135 mg/cm2, i.e., an E,,.,,4: 
of about 2.4 Mev, if we compare it with the absorp
tion curve for pure Cs138 (Fig. 7), measured with the 
same geometry as for the gas. Tf there are more 
penetrating {I-rays, they must be found in a smaller 
proportion. 

The daughter product was measured in another 
experiment as follows : after injecting the gas into 
the chamber, the Cs138 was allowed to grow until it 
reached a maximum, after 30 minutes; the Xe1M 

was then washed by circulating H 2 and the remain
·ing Cs was measured using different Al thicknesses. 

· We also found that Xe138 emits y-radiations, 
although we are unable, at this date, to make any 
statement as to its energy. 

\1/e compared our results: Qp = 2.4 + A \vith 
the Qp data found in a paper by Way and Wood/ 
and we believe that our experimental value is 
acceptable, since a discontinuity is observed due to 
a magic number of neutrons (82) in XelSS. 

The absorption curve for Xe137 was measured 
~eparating the gas as was done for Xe138, but placin~ 
1t m the chamber as soon as possible after irradiation. 
The Al plates used always exceeded the range of the 
Xe138 and Cs138

. A range of about 1790 mg/cm2 was 
detennined, corresponding to a maximum f3 energy 
of 3.5 Mev. 
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figure 7. C$1 3.._ Qbsorption ,urve 

We also checked, with a scintillation counter, that 
this Xe isotope is a y-emitter. 

CONCLUSIONS 

The maximum beta energies of the isotopes of X e 
having mass numbers 138 and 137 were determined 
by absorption in Al. The values found were . as 
follows: for Xe138 : 2.4 Mcv; for Xe137 : 3.5 Mev. 

It was very useful, in the first case, to enclose the 
gas in a special chamber and to apply a potential 
difference in order to have the Cs electrically de
posited outside of the angle of measurement. 

y-radiation was detected in the two Xe isotopes. 
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Radiochemical Analysis of Radioactive Dusts 

By Kenjiro Kimura,* Japan 

Shortly after the nuclear detonation at Bikini Atoll 
in March, 1954, radioactive dust fell on a Japanese 
fishing boat, the No. 5 Fukuryu Maru, which hap
pened to be in the vicinity of the Bikini Atoll. 

Physical examination of the crew revealed that this 
dust, the Bikini Ashes, caused serious radiation dam
age to the crew. 

In order to find the most effective medical treat
ment for the victims, it was urgent to determine the 
.species and amounts of radioactive elements in the 
dust. The present authors were requested by the Hos
pital of Tokyo University, to perform a series of 
radiochemical analyses on some radioactive samples 
offered by the hospita l. Samples of radioactive dust 
were collected separately from various parts of the 
contaminated boat at the Yaizu port, Shizuoka Pre
fecture. Radiochemical analyses have been carried out 
on these samples since 18 March, 1954. Chemical 
methods using carriers and ion exchange were used 
to separate the radioactive elements. Special efforts 
were made to perform the separation and determina
tion of individual elements rapidly. The authors suc
ceeded in detecting fifteen nuclides by 25 March. 
On 31 March, the number of detected nuclides was 
increased to seventeen, and the results of the quan
titative analyses of the alkali earth elements were 
made public. 

This report covers the results of radiochemical 
analyses which were carried out by the authors. Al
though some of the results obtained in the early stage 
of this experiment were not accurate enough, this 
paper could be considered as one of the most detailed 
and complete reports on the Bikini Ashes published 
so far. 

CHEMICAL COMPOSITION OF THE ASHES 

The appearance of the ashes was white porous 
granules about 0.2 mm in diameter, and illustrated 
in F ig. 1. Analytical data have been tabulated in 
Table I. Analyses of Ca + Mg and Ca were per
formed by titrimetric detenninations with EDT A 
reagent, using Eriochrome B.T. and murexide, re
spectively, as indicators. Conway's microdiffusion 

• Departmeot of Chemistry, Faculty of Science, University 
of Tokyo. This study was prepared join_tly with 16 other 
members of the above Department: Eiichi Minami, Masatake 
Honda, Yuji Yokoyama, Nag~o Iked:t. Keiichiro Fuw~, 
Haruo Natsume, Tatsujiro lshimori, Yukiyoshi Sasaki, 
Hitoshi Sakai, Kunihiko Mizwnachi, Masako Asada, Shuj1 
Abe, Hisao Mabuchi, Yasuo Suzuki, Kazuhiro Komatsu and 
Kenji Nakada. 

Tobie I. Chemicol Composition of Ashes 
(May 25, 1954) 

CaO 
MgO 
CO2 
H20 (by 

55.2% 
7.0 

11.8 
difference) 26.0 

100.0% 

method was also employed for the determination of 
carbonate. t 

MEASUREMENT OF RADIOACTIVITY 

In the course of the experiments, measurements of 
radioactivity were made with two sets of scalers. One, 
made by the Tracerlab, Inc., USA, is equipped with 
and end-window G-M tube, having a mica window of 
1.5 mg/cm2 thickness (hereafter called Tube No. 1) . 
The other, made by the Scientific Research Insti
tu te, Tokyo, is·used with the same type of G-M tube, 
having a mica window of 3.5 mg/cm2 thickness (here
after called T ube No. 2). When the sample was 

t The present nut hors wish to thank Miss K. Saruhashi of 
the Geochemical Laboratory of the Meteorological Institute 
in Tokyo for her help in performing the rnicrodiffusion 
analysis. The figures indicating the mean chemical composi
tion showed that the sample was a mixture of hydroxide and 
carbonate of calcium containing small amounts of magnesium. 

· · By spcctrochemical analysis (de arc method) Al, Fe, Si and 
Sr were detected, in addition to Ca and Mg. 
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placed 1.3 cm below the mica window of Tube No. 1, 
the counting yield for ,B-particles was approximately 
10%, while the corresponding counting yield of Tube 
No. 2 was about 5% when the sample was placed2 cm 
below the end-window. For Lhis paper, measurements 
of radioactivity were mostly made under these count
ing co11ditions. \Vhen the measuremenls were made 
under different countfog conditions, the values were 
converted to those corresponding to the above condi
tions. The samples were usually ev:iporated to dry
ness in glass counting dishes. In the case of some 
samples, the precipitates were collected on sheets of 
filter paper of 3 cm~ area by using a removable filter 
tube and then mounted on either metal or glass dishes. 

GROSS RADIOACTIVITY OF ASHES 

The specific radioactivity of a sample was esti
mated by comparing it with a reference sample of 
Coco of known absolute disintegration rate. Since t he 
sample was composed of various nuclidcs as shown 
in the following paragraphs, accurate data should not 
be expected. A small amount of Co•0 sample, 1.72 X 
10◄ me on 23 April, and 0.83 mg of ashes were taken 
and spread uniformly in separate counting dishes of 
the same size. Absorption curves of both activities 
were measured under the same geometrical condi
tions ( see F ig. 2). 

To obtain the values of zero absorption, the cor
rections were made graphically on the experimental 
data for the absorptions due to the mica. window and 
the air between the sample and end-window ( 1.5 + 
7.1 = 8.6 mg/cm2 ) . The figures shown in 1ahle II 
arc lholoe of net counting rates due to 13-particles 
which were corrected for the y-ray background using 
a lead absorber ( 585 mg/cm2 ) . 

Specific activity of sample: 

· ~ooo 
L72 X 1()-1 me X ~

00
;o.83 mg= 0.37 me/ gm 

Since 16 March the decay curve of ashes (Fig. 3) 
was measured at the Radioisotopes Research Labora
tory, the University of Tokyo. It was found that the 
gross decay of the ashes is represented by the fol
lowing formula for approximately three months.'·• 

I= c-r1. :11 

where I, c and t stand fo r the counting rate, a con
stnnt and the time that elapsed since the detonation, 
respectively. 

By using the above figures and formula, a value of 
1.4 curies/ gm was obtained by extrapolation as the 

eoeo 
Ashes 

Tobie II. Meosurement of Absolute Activity 
(23 April 1954) 
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figure 2. Aluminum obsorption curvos of ashes ond Co°' reforence 
somplo 

specific activity of the ashes at 7.00 am, on 1 March, 
the time when the ashes w<>re supposed to have 
fallen on the Fukuryu Maru. 

GROUP SEPARAllON OF ELEMENTS 

For the group separation of elements, the copre
cipitation method using scavengers and carriers was 
used with great effectiveness. 

Carrier-free separation using ion exchanger w::is 
nlso found to be very useful. · 

Rodiochemical Quolitotive Analyses Using Carriers 

Ten mg of each of the following carriers were 
addetl to a hydrochloric acid solution containing ap
proximately 1 mg of the ashes: Copper (as copper 
sulfate), iron (as ferric chloride), lanthanum (as 
lanthanum nitrate), zinc (as zinc chloride), calcium 
(as calcium chloride) and ~odium (as sodium 
chloride). 

The scheme for group separation of elements is 
shown in Table III. Since complete g roup separation 
cannot be assured by this process alone, repeated 
precipitations with either scavengers or l1old-back 
carriers were also carried out to avoid cross-con
tamination. 

It was found that more than a half of the total 
activity was concentrated in the third group, while 
some activity was concentrated in the second and 
fi fth groups. Since a low level of activity might be 
due to cross-contamination, no definite conclusion 
could be arrived at from this result. But it is certain 
that the activity in the first and fourth groups con
sists oi only a very small fraction of the total activ
ity in the sample of ashes. 
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Table Ill . G roup Separation of the Active Elements 

Ashes 
[148,000 cpm] 

I +dil.HCI 

Solution 

I 
+Cu«, Fe++•, La++♦, Zn++, Ca•♦• Na• (10 mg each) 
+H2S 

R 
CuS 

I ignite 

CuO 

I HCI 
Solution 

R 
CuS 

F 

boil, H 2St 
+Ca0 lO mg (scavenger) 
+H2S 

F 

+Fe••♦• La .. \ Zn .... 
Ca .. , Na• (10 mg 
each as hold- back 
carriers) 

I 
boil H~St 
+NH4CI +NH4QH 

R 
AgCl 

repeat precipita
tion, three t imes 

CuS 

I HN03 
Solution 

I 
Ag• (10mg) 
dil.HCI 

F 

dissolve in 
NH40H, add 
cu♦♦ 

ignite 

CuO 
reprrcioitate 

AgCI 

I 
Group 1 
[52 cpm] 

I 
Group 2 

[3690 cpm] 

R 
Fe(OH)a, La(OH)a 

HCI 

Solution 
+Zn++, Ca .. , Na• 
(10 mg each 
as holdback 
carriers) 
reprccipitate 

Fe(OH)3. La(OH)3 

I 
Group 3 

[77,300 cpm] 

Further separation was performed on the second, 
third, and fifth groups, which were strongly radio
active, by adding other kinds of carriers. 

Although the activity in the third group was car
ried down by zirconium and niobium carrier, most 
of the activity was found to be coprecipitated with 
rare earths. Almost all of the activity in the fifth 
group was concentrated in the barium and strontium 
precipitates, while the activity in the calcium pre- -
cipitate was ncgli~ibly small. · 

F 
HCI 

I 
+Fe• .. Ln••• 
(10 mg' each as scavenger) 
+NH1CI, NH4QH 

~ -----~ 
F Fe(OH)s 

La(OH)a I +NH,OH+H::S 

~-------, 
ZnS F 

I HCI 
Solution 

+Ca'*, Na' 
(10 mg 
each 

+ CH3COOH 
boil H2St 

as hold
back 
carrier 
reprecipi
tate) 

ZnS 

I ignite 

ZnO 

Group 4 
rso cpm) 

CnC03 
HCI 
Solution 
Na• (10 
mg as 
hold
back 
carrier) 
Repreci
pitate 

CaCO~ 

I 
Group 5 

[2000 cpm] 

F 
+cuu. Fe .... La◄H 
Zn-, Ca" 
(10 mg each 
as sea venger) 
repeat the 
entire 
process 
solution 
HCI 
evaporate 

NaCl 

I 
Group 6 

(126 cpm] 

Group St::paration with Cation Exchange Resin 

Carrier-free group separations of elements have 
been successfully carried out by the. use of cation ex
change resin, Dowex 50 or Amerlite IR-120. A typi
cal experiment, which is illustrated in Fig. 4, ·was 
carried out under the following conditions. 

About 10 mg of ashes having an activity of nearly 
106 cpm ( measured by Tube No. 2), were dissolved 
in dilute hydrochloric acid, evaporated and re
dissolved in about 5 cm8 of 0.2 N hydrochloric acid 
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solution. The solution was allowed to flow at 0.5 cm' 
per min, through a cation exchange resin bed 
(2.5 cm3), which was prepared with hydrogen form 
of Dowex 50, 8% cross-linked (80-120 mesh). At 
certain intervals, each drop of the effluent was col
lected on a small filter paper (2 cm), mounted on 
a glass plate and its radioactivity was measurcd.:j: 

First, the fi ltrate from the sample solution and the 
succeeding effluent from the washing solution (0.2 N 
.HCI) were collected and used as the sample for the 
analyses of anions: I, Te, Ru and Rh. According 
to the method described by Tompkins et al.,3· • 0.5% 
oxalic acid solution and ammonium citrate solution 
were employed successively as the eluting reagents 
for several groups of the constituents. Care was taken 
in the selection of the pH value of the citrate solution. 
In a preliminary expe.riment,§ 3.5 and 6.5 proved 
to be favorable pH values for the elution of rare 
earth elements and alkali earth elements, respectively.5 

In this e.xperiment, however, the pH value of the 
citrate was raised by 0.5 for each elution. As a re
sult, alkali earth elements were separated more com
pletely than expected, and rapid detection of Sr~0 

was not successful because of the difficulty in iden
tifying elution positions of calcium. and strontium. 
After treatment of the bed with the final eluent at a 
pH of 6.4, residual activity in the resin was about 

t In the later work, the effiuent was counted continuously 
and directly as a liqu id sample. This was performed by pass
ing the effluent through a vinyl tube which was wound in a 
spiral shape and by placing the tube under the window of 
counter. 

§ The preliminary work performed on 18 March showed 
that the activity of ashes might be attributed mainly to 
fission products. 

4000 c/m (0.4o/o), which was measured on the ig
nited residue of resin 

IDENTIFICATION AND DETERMINATION OF 
INDIVIDUAL NUCLIDE$ 

Tellurium 

The experiment was s tarted with a sample having 
an activity of the order of 106 cpm (measured by 
Tube No. I). The sample solution was passed through 
an ion exchange resin bed, Amberlite IR-120 (hy
drogen form). The resulting effluent was mixed with 
10 mg each of iodine, tellurium, and ruthenium car
riers. The acidity of the solution was adjusted to 
3 N by adding nitric acid and then iodine was sepa
rated by distillation. The distilled iodine was received 
in a flask containing sodium hydroxide solution. After 
iodine was completely distilled off, perchloric acid 
was added to the residual solution. The system was 
again subjected to distillation. The distilled ruthenium 
tetroxide was received in a flask containing 3 N 
hydrochloric acid. After the distillation, the pH of 
the residual solution was adjusted to about 2. 

The resulting solution was passed through an 
anion exchange resin bed, Amberlite IRA-400 (chJo
ride form). Tellurium was not adsorbed on the resin 
bed under this experimental condition. Thus, the 
separation of tellurium from other anions was easily 
performed. The acidity of the effluent was adjusted 
to 3 N by the addition of hydrochloric acid. Then, the 
tellurate ions were reduced to metallic tellurium by 
hydrazine hydrochloride and sulfur dioxide. After the 
metallic tellurium was filtered and dried, its activity 
was measured. On the 26th March, the counting 
rates of 15,000 cpm were observed. The aluminum ab
sorption cune of this tellurium fraction is shown 
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in Fig. 5. The analysis of the curve revealed that two 
kinds of /3-particles were emitted from the tellurium 
fraction, One had a low m:udmum energy of ap
proximately 0.1 Mev. while the other had a fairly 
high maximum energy of around 1.8 Mev. The for
mer is considered to be due to internally converted 
electrons resulting from the transition : Te129"➔Te129• 
The latter is attributable to particles from TeU'. 

The half-life measurement on this fraction indi
cated the existence of nuclides having the half-life of 
a little more than 30 days. It was certain, therefore, 
that the fraction contained Te120m (half-life: 33.5 
days) and its daughter nuclide, Te129 (half-life: 72 · 
min). The existence of Te'12 in the fraction was also 
confirmed ( cf. following subsection). 

Iodine 

The sample was dissolved in a small amount of 
nitric acid and then diluted with water until the 

1 

1 ~ ............... ........_.__.__ .............................. 
20 21 22 ~ 24 :ZS 26 27 28 29 30 31 I 2 3 
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figuf'e 6A . Decoy curve of iodin• fradion 
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acidity of the solution was 0.05 N. The resulting 
solution was passed through an ion exchange resin 
bed, Amberlitt: IR-120 (hydrogen form). -After the 
separation of iodine from tellurium, ruthenium and 
other elements in the effiuent was carried out, iodine 
was precipitated as silver iodide. The precipitate was 
dried and its activity was measured. The activity 
decay in the fraction is illustrated in F ig. 6A. The 
decay was fairly rapid during the first several hours. 
Then, it decayed slowly with the half-life of ap· 
proximately 8 days (observed around 20th March). 
The initial part of the decay curve is illustrated in 
Fig. 6B, in which the time scale along t he abscissa 
is expressed in hourly units. Analysis of the d~cay 
curve indicated that the nuclide with the shorter half. 
life was !112 (haH-lifc: 2.4 hr).U 

The silver iodide fraction was kept standing until 
the activity due to P 32 had completely decayed . Then 
absorption measurements with aluminum foil were 
carried out on the fraction. As shown in Fig. 7, the 
existence of both /3- and y-emitters in the fraction 
were confirmed by the absorption experiment. 

From the absorption curve, the maximum energy 
of the .8-particles was estimated to be 0.6 Mev. This 
value is in good agreement with the reported value 
on the maximum energy of ,8-particles from 1131 

(0.595 Mev) . 
A sample collected from the contaminated boat 

was dissolved in dilute hydrochloric acid and the 
volume of the solution was ~de up to approximately 
100 cm3• The activity oi this solution was of the order 
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Figure 68. Decoy curve of iodine fraclion 

of 108 cpm (measured by Tube No. 2). Then cations 
in the solution were absorbed on an ion e.xchange 
resin bed (volume: 5 cm3), Amberlitc IR-12O. Potas
sium permanganate and concentrated sulfuric acid 
were added to one third of the effluent. Ruthenium 
tetroxide w:is distilled and received in a flask con· 
taining 10 cm8 of cold, dilute nitric acid and a. drop 
of 3% hydrogen peroxide solution. 

According to the study by Hume, this is a con· 
venient method of carrier-free separation of ruthe• 

111m, which was detected in this experiment, is thought to 
be ~reduced by the ,6-dec.1y of a fairly long-lived nuclide, 
Te' 2 (haH-life: 'J7.7 hr), because of the 5horter half-life of 
p u , Accordingly, the presence of l132 in tJ1e ashes indicates 
the presence of its parent nuclide, Tc' ... 
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nium; therefore, no carrier was used in this ex
periment. In order to eliminate contamination by 
iodine, about IO mg of iodine (as potassium iodide) 
were added to the distillate. Thereafter iodide was 
oxidized by hydrogen peroxide, and free iodine was 
extracted with carbon tetrachloride. Even though 
considerable activity was removed by the carbon tet
rachloride, the aqueous layer still showed fairly high 
counting rates; as much as 10" cpm ( counting condi
tions same as before). 3 to 4 mg of the previously 
prepared ruthenium carrier (sodium ruthenate) were 
added to the aqueous solution. Reduction of ru
thenium to the metallic state was carried out by 
adding metallic magnesium. 

The activity of metallic ruthenium was found to 
be approximately 3 X IO• cpm (measured by Tube 
l ). No activity remained in the mother solution. The 
aluminum absorption curve of this fraction is shown 
in Fig. 8. Analysis of the curve revealed the existenc<: 
of Ru10

• as well as Ru••• in the fraction.** 

Zirconium and Niobium 

Oxalic acid solution (0.5%) was passed through 
a cation exchange resin bed on which cations were 
absorbed in the preceding experiment. Zirconium and 
niobium were eluted from the resin bed first. 10 mg 
of zirconium and niobium carriers were added to the 
effluent. 

After the solution was evaporated to dryness, the 
residue was fused with sodium bisuliate. The fused 
mass was treated with dilute sulfuric acid ( 1 :20) 
containing I% tannin by weight. \.Vhile zirconium 

--+ Since the originally produced Rh108 should have decayed 
very rapidly, the detected Rh106 is considered to be the decay 
product of Ru•00. Although /3-particles from Ru1•• were too 
soft to be detected by our counters, the presence of Ru100 in 
the sample is certain. 

Table IV. Separation of Zr and Nb 

Ashes 
(106 cpm] 

ldi!.HQ 
Solution 

Amberlite IR-120 (HR form) 

. I 
O.S~lo° oxalic acid 

I 
Effluent 

+Zr 10 mg (Zr02) 
+Nb 10 mg (Nb20s) 
evaporate 

Residue 

I fuse with NaHS04 

Melt 

I +Tannin+H2S04 

- - ---- - ---, 
Prec.ipitate 

1 ignite 
Nb20s 

I +Zr02, repeat 
above procedure 

Precipitate 
I ignite 

Nb10s 
[M60cpm] 

Filtrate 

Filtrate 
+HN03+H2SO* 
decompose organic matter 
+NH.10H 

Precipitate 

I ignite 
ZrO:? 

I 
+Nb2O~, repeat above 

proce::lure 

Precipitate Filtrate 
+HN03+H2SOi 

Precipi tate 

J ignite 

ZrP2O1 
[ 15,400 cpm] 

decompose organic 
matter 
+(NH4)2HP04 

Filtrate 

was leached out with this ·solution, niobium remained 
undissolved. To avoid cross-contamination, the pre
cipitate was filtered and ignited to niobium pentoxide. 
A small amount of zirconium oxide was added to 
the ignited oxide. Then the fusion with sodium bi
sulfate as well as the treatment of the fused mass 
with tannin solution was repeated. Sulfuric acid and 
nitric acid were added to the filtrate containing zir
conium. After the solution was heated to destroy 
organic matter, it was diluted with water. Zirconium 
in the solution was precipitated with ammonium hy
droxide, filtered, and ignited to zirconium dioxide. 
The radiochemical purification of the oxide was per
formed by mixing it with a small amount of niobium 
followed by the fusion and extraction described above. 
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Finally z irconium was precipitated as zirconium phos
phate. The measurement of the maximum energy of 
,8-particles from this fraction indicated the existence 
of Zr0 3 (half-life: 65 days) and Nb95 (half-life: 35 
days). 

Uranium 

In the effluent of 0.5o/o oxalic acid solution, an
other remarkable peak was observed after the sharp 
elution peak of zirconium and niobium, as illustrated 
in Fig. 4. The half-life and maximum energy of 
,B-particles from this portion were measured to be 
7 days and 0.22 Mev, respectively. It was known that 
hafnium, iron, uranium, thorium, etc., in addition to 
zirconium and niobium,6 • 7 • 8 could be eluted with. 
an oxalic acid solution. A rare earth element was 
not expected to be eluted in this fraction. W ith ref
erence to recently published tables of isotopes,° radio
active properties of the nuclide under consideration 
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figure 9. Ab,orplion curve of Zr. fraction 
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were similar to those of Mn52, Xe133, Tb161
, Eu169

, 

Jrus, Au1ss, Bi2oe and u231_ 

Several chemical procedures were employed to 
purify and identify the nuclide present in this frac
tion after the addition of antimony, iron, and zinc 
carriers. The results showed: ( 1) The activity was 
concentrated in the third group ( iron group) and co
precipitated with iron hydroxide; (2) Iron was re
moved by ether extraction from hydrochloric acid 
solution, while the activity was not e..xtracted in the 
ether layer; (3) Good extractability (of the activity) 
into the ether layer was observed when nitric acid 
solution was used; ( 4) Contamination of radioactive 
zirconium was removed by extraction with chloro
form by the use of cupferron. Finally, repeated cation 
exchange adsorption and elution were carried out 
using oxalic acid and diluted hydrochloric acid solu
tions. Eluted positions using these eluents were close 
to those of uranyl ion. Although no further experi-
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Figure 10. Decoy curve and aluminum absorption curve of uranium 
fraction 

ments could be carried out on this fraction, all of 
the results obtained thus far indicated the existence 
of U"'. 

Rare-Earth Elements 

Group Separation o f Rare-Earth Elements• 

A sample of the rare earth fraction was isolated 
by the cation_ exchange group separation method pre
viously described. That is, 5% ammonium citrate 
solution at a pH of 3.7 was used for the elution of 
the rare earth fraction, and the effluent was divided 
into 10 cc aliquots. Activity of rare earth elements 
was found at t he break-through point of ammonium 
ion which was detected by the color change of thymol 
blue indicator from pink to yellow. Two aliquots of 
effiuent containing the total rare earth activity were 
combined and small amounts of ca~ion e..xchanger of 
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hydrogen form were added. At higher hydrogen ion 
concentrations the activity was completely adsorbed 
in the resin phase. The resin was transferred to the 
top of another cation exchange resin bed with the 
mother liquor. 

Conditions for Chromatographic Separation 

The separation of rare-earth elements was carried 
out under the following experimental conditions: 

Figure llA: ion exchanger, Dowex 50-X 8, 8mm 
X 20 cm, 150-270 mesh; eluent, NH.-citrate, pH 
3.3, 3.4 ; rate of flow, 0.3 cm/min. . 

F igure llB: ion exchanger, Dowcx 50\V-X 8, 
8 mm X 120 cm, 70-120 mesh; eluent, NH,-citratc, 
pH 3.3, 3.4, 3.6; rate of flow, 0.4 cm/min. 

Cation exchange resin bed prepared for the chro
matographic separation of rare earths, was condi
'tioned with ammonium citrate at a pH of 2.5 and 
converted to the ammonium form. After the addition 
to the bed of the resin which adsorbed rare earth 
activity, 5o/o ammonium citrate solution was allowed 
to flow down through a funnel attached to the top of 
the column. The movement of the adsorption banct 
was observed with a survey meter. The pH of the 
eluent was successively raised from 2.8 to 2.9 to 3.1 
and finally to 3.3 until a measurable movement of the 
band was observed. Two drops of effluent were col
lected on a small piece of filter paper mounted on a 
glass plate at intervals ranging from 30 min to 2 
hr. and their activity was measured after drying. 
Figures llA and llB were obtained from the experi
ment. The dotted lines indicate the parts of the elu
tion curve where the experiment ·,was interrupted 
temporarily and some leaking of the eluent was 
observed. 

Assignment of Nuclide 

Four peaks were observed in both elution curves. 
Fractions, A16, A18, A21, A28, B25, B26, B29. B32. 
and B35 were selected as representative samples for 
the assignment of nuclides separated. Measurements 

of A28, B32 and B35, the last peaks, showed the 
presence of rather hard ft-acti vity attributed to Pr' .. 
(maximum energy : 2.97 Mev). The presence of 
Ce144

, the parent nuclide of Pr144
, was also indicated. 

Moreover, the presence of Ce141 was certain, because 
the apparent half-life was about 90 days according to 
the measurements made for 20 days early in June. 
Al6 and B25 showed the presence of activity emitting 
about 1.5 Mev ,8-particle. The half-life of the activ
ity was 60 days. The radioactive properties of the 
nuclide are in good agreement with those of Y0 1 

(1.54 Mev; half-life: 61 days). 
A2 1, A23 and B29 showed 0.9 Mev ,8-particles 

and 14-day half-lifo . On the other hand, Al8 and B28 
showed two kinds of ,B-particles, 0.8 and 0.3-0.5 
Mev, respectively, and 12- 13-day half-life: A lthough 
these two species of samples were of a somewhat 
analogous nature, the former activity could be 
assigned to Pr143 ( maximum energy of .&-particles: 
0.93 M:cv; half-life: 13.7 days) and the latter to 
Nd 147 (0.83, 0.60, 0.38 Mev; 11.3 days), because the 
latter contained a larger fraction of low energy 
P-particles. Several aluminum absorption curves are 
presented in Figs. 12 and 13. 

Y91 , Ce"'. Cc1« , Pr"3, Pr'" and Nd1 H were de
tected in the above-mentioned way. Besides, the ex
istence of a small quantity of Pm147

, daughter nuclide 
of Nd"7

, was also confirmed. 

Alkali Earth Elements 

Each alkali earth element was isolated by the' 
cation exchange separation method using ammonium 
acetate as the eluent.10 The samples used were both 
alkali earth carbonates and alkali earth nitrates ob
tained by chemical and ion exchange group separa
tions. Small amounts of carriers were added to both 
samples. 

Experiment 1 

Carbonate precipitates of the fifth group shown in 
Table III were treated with fuming nitric acid after 
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Table V. Separation of Alkali Earths and a-Emitter Fractions 

Ashes 

2 x 107 dpm 
[10°cpm) 

(Mar- 26) 

+dil HNOa, dissolve 
. } Sr 0.02 m md 

+Carriers l Ba 0.02 m md 

fuming HNOa 

I 
Precipitate Filtrate 

+H20 + HNOs, AgN03, (NH4)2 S20s 

+ Fe3' 5mg 
+NHa aq I +.La carrier 

ether 

Precipitate 
Fc(OH)3 
[7300 cpm] 

Filtrate \Vater layer Ether layer 

Cation exchanger 
1. 

NH4R· 
form bed: 

S cm3 

eluent : NH40Ac 
(Fig. 14) 

Ba 
fraction 

Cation exchanger 
eluent EDTA 

Sr 
fraction 

(-a-emitter) 
(see plutonium 

section) 

f energy 1.5 Mev 
l half-life 50 d 

+ F e'3 (S mLt) 

NH:i ,-----, 
Ba"0 La"0 Y90 (Fig. 15) 

fraction fraction 1 energy ~ 2 Mev 
1 Half-li{e 6C>-«> hr 

the addition of strontium and barium carriers. No 
measurable activity was found in the fi ltrate, i.e., 
calcium fraction . Then the precipitates were dissolved 
in water and separated into individual constituents by 
cation exchange separation as described in the fol
lowing paragraph. The barium fraction obtained was 
treated with ether-hydrochloric acid mixture. Ba140 

(870 cpm) was found in the precipitates, and La140 

(940 cpm; measured half-life: 39 hr) was found in 
the filtrate, whereas lower activi ty was found in the 
strontium fraction (200 cpm). 

Experiment 2 

The original sample of ashes was dissolved in 
dilute nitric acid, with carriers of strontium and 
barium, and was treated with fuming nitric acid. 
Nitrates of strontium and barium were precipitated 
and filtered. F inally, the cation exchange method was 
employed for the detection and estimation of S r80, 

Sr00, Y90, Ba 14°, and Lai<o ( cf. Table V, Fig. 14). 
Alkali earth metal ions were adsorbed at the top 

of the bed ( 5 cm3
) of strongly acidic cation ex

changer of ammonium form which was previously 
conditioned with ammonium acetate and EDT A so
lutions. The eluent was neutral 2 N ammonium ace
tate solution. The elution curve of carriers was found 

by titrimetric determinations using 0.01 M EDTA 
with E riochrome B.T. indicator for each aliquot 
(5 cm3

) of the effiuent.10 

After the titration, each aliquot was evaporated in 
a glass counting dish and its activity was measured. 
As shown in Fig. 14, the chief fractions of stron
tium, No. 5 and 6, contained 6600 cpm, and 1.38 
X 10·2 millimole was recovered out of the 1.90 X 10·2 

millimole of the added carrier. The activity of stron· 
tium consists of 0.9% of the total activity in the 
original sample, while that of Ba110 is So/o. 

The identification of Sr'0 in the fraction was at
tempted by following the activity of the daughter 
nuclide, Y90 • The strontium fraction, which was iso
lated according to the above procedure, was ignited, 
dissolved in hydrochloric acid and allowed to stand 
for two days. _Then Y00 was collected with iron hy
droxide (5 mg Fe) in the ordinary way. The activi
ties which were coprecipitatcd with iron hydroxide 
were 200 cpm (sample No. 1, on 28 March, 65 hr 
after separation) and 80 cpm (no. 2, on 31 March, 
48 hr after the precipitation of No. 1). 

There was a possibility that Sr90 was contaminated 
with Ba,.0 and La,.0

• A contamination of more than 
·0.1 % of the total Ba'"0 present in the ashes would 
yield some activity of La140• This lanthanum activity 
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825 •• Y (June 22) 
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100!<----~,...,......~---:,..,000,,..-----,~,oo-,--~~------

-....,,... Al«m;n;.., 41>,.orb<r (,.,g /""') 
Figure 12. Aluminum absorption curves of Ca ond Y fraction. 

might be mistaken for Y00
• Accordingly, the detec

tion of activity in the iron hydroxide precipitate 
could not give any immediate proof of the presence 
of Sr90 (Y90 ) in the sample. The measurements of 
decay of the activity in fraction No. 9 and its pre
ceding fractions in Fig. 14, however, showed about 
SO cpm of La140 being contaminated at the time of 
elution, and the contamination of Ba"0 was not more 
than 10 cpm in the value on the 31 March. (Later 
measurements showed that contamination with Ba 
was negligibly small, less than a few cpm.-) La140 

actually contaminated the No. 1 sample, but was 

E 

' V 

1 

•---
+--

A23 "'p,. ( May 2d) 

8 2S '"Nd ( M11y 25} 
829 "'I+ ( Moy 23) 

I O 100 200 300 
-- Aluminum aho•ber (m~/,...,•) 

Figure 13. Aluminum absorption curves of Pr and Nd fractions 

removed completely in No, 2 and the following frac
tions. In consideration of these results, on the 31 
March, the ratio of the activity of Sr90 (and Y90

) to 
total activity was estimated to be O.02o/o. Milking, 
collection and decay. measurements of Y"0 were re
peated four times for more than one month, and 
finally the value of 0.02% (on 26 March) was ar
rived at. 

Experiment 3 

Activities of calcium, strontium and barium were 
also found and estimated in the fractions obtained 
by cation exchange group separation which was per
formed on 21 and 22 March ( cf. Fig. 4). 

The fractions at pH 4.6, 5.1 and 5.6 were evap
orated, ignited, and used for cation exchange separa
tion following on the addition of strontium and 
barium carriers. 

Activity of Ba140 was found in the sample at a 
pH of 5.6, and radioactive strontium was found in 
one of 5.1. Moreover, it was also noticed that the 
effluent at a pH of 4.6 contained calcium activity and 
trace activity due to stront ium, about 0.4% of its 
total activity (on 3 May).tt Energy (0.2 Mev) and 
decay ( 170 <lays) of calcium fraction are in good 
agreement with those of Ca'5.:j:t 

At the same time, titrations indicated that the 
amount of calcium recovered from the original sample 
was 10 mg as CaCO,. 

Plutonium 

Extraction and Detection of a-Emitter§§ 

A sample having an activity of 10° cpm ( with tube 
No. 2) (same sample was used for the determination 
of Ba"0

) (cf. Experiment 2 in previous section and 
Table V) was converted to nitrate and then evapo· 
rated to dryness. The residue was dissolved in 3 cc 
of concentrated nitric acid. After silver nitrate and 
ammonium persulfate were added, the solution was 
heated until the black color due to silver peroxide 
disappeared. Then, about 10 mg of lanthanum 

tt In these experiments, each fraction of ammonium ace· 
tate was evaporated in order to decom()Ose acetate, and the 
activity was measured under the condition of minimum self• 
absorption. Then, 1itrafinn. with EDTA was carried out. 
This process also facilitated the titration procedures. 

:It Because the energy of Ca" is soft, the observed value oi 
activity was corrected for the absor ption (d¼ = 5 mg/cm2 ) 

due to the mica window (1.5 mg/cm2 ) and the air (l.3 cm) 
between the sample and counter tube, as well as for self· 
absorption o £ the sample. The detection coefficient of fl-par! 
tides from Ca0 was estimated to be 70% for a sample 
4 mg/cm• thick. 

§§ On the assumption that the emitter is plutonium the 
following experiment was carried out. Using a sample which 
had the activity in a range of 30,000 to 40,000 coonts per 
minute, cupferron complex was extracted with ether from 
a dilute sulfuric acid solution. After the ether layer was 
dried and ashed, the detection of a-tracks was attempted with 
the aid of the Sakura nuclear track plate. But the ,II-tracks 
clue to zirconium, and other nuclides interfered with the 
detection of ct-tracks. Only a few obscure tracks due to 
a-particles were observed. Therefore, no definite conclu
sion was obtained by this experiment. 
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of Sr and Ba {Mar. 26} 

carrier1J1J and 3 cm• of nitric acid ( 1 :9) containing 
70 gm of ammonium nitrate per 100 cm• were added 
to the solution. The resulting solution was transferred 
to an automatic Soxhlet extractor and the ether ex
traction was made for several hours.*** 

The total (/3 + y) activity of the evaporated ether 
layer was more than 900 cpm on the 3 May. 

This sample is hereafter called sample A . In order 
to perfonn precise quantitative analyses, two more 
samples were prepared. These samples are called 
sample B and sample C. 

1111 Special efforts were made in selecting pure reagents 
which did not contain radioaclive impurities such as thorium. 
The purity of a reagent was checked by autoradiography. 

*0 Plutonium or neptunium is oxidized by silver peroxide 
to plutonyl (Pu0.♦'), or ncptunyl (Np0,++) ion which is 
soluble in ether. While uranyl ion (UO, .. ) is not reduced 
to lower oxidation states by sulfur dioxide, the plutonyl 
ions is reduced by the same reagent. 

fraction 

JAPAN K. KIMURA 

Samples A and B were used for quantitative 
analysis, and sample C for qualitative analysis. 

Qualitative Analysis 

After sample ·C was evaporated to dryness, the 
organic matter in the sample was destroyed by heat
ing. By adding hydrochloric acid, it was converted 
to chloride, and sulfur dioxide was passed through 
the solution. The resulting solution was again evapo
rated to dryness. The residue was dissolved in 0.3 N 
hydrochloric acid and 4 mg of lanthanum carrier 
were added to precipitate lanthanum oxalate from the 
solution. After the precipitate was filtered , another 
10 mg of lanthanum carrier was added to the filtrate. 
Precipitation and filtration of lanthanum oxalate 
were repeated on this filtrate. The precipitates and the 
residue, which was obtained by heating the last 
fi ltrate, were examined for their a-activities by 
nuclear emulsion technique. Only the first precipitate 
was found to be radioactive. At the same time it was 
confirmed that the a-emitter under consideration was 
co-precipitated with lanthanum oxalate from the 
solution containing reducing agents. In the oxidized 
state, the emitter was extractable with ether from a 
nitric acid solution. This chemical .behavior led us to 
the conclusion that the emitter under study must be 
either neptunium or plutonium. 

Quantitative Analysis 

After samples A and B were converted to chloride, 
they were dissolved in a small amount of hydro-· 
chloric acid. Then 0.1 to 0.2 gm of EDT A was added 
to the solution. The solution of sample A was neutral
ized with sodium hydroxide, while the solution of 
sample B was treated in the same way with sodium 
carbonate. Phenolphthalein and methyl red were 
used as indicators during the neutralization of these 
solutions. The resulting solutions were transferred 
to volumetric flasks to adjust their volumes to 
10 cm3ttt then 0.03 crn3 of the above solutions was 
placed on a Fuji ET-6B nuclear track plate 
(thickness of emulsion: 25µ) and the plate was 

ttt The sensith•ity of emulsion for the detection of 
a-tracks is lowered when the impregnated solution is acidic. 
EDTA was added to the system to prevent the formation of 
precipitates or colloid. 

-+-
No.4 

66h 

No.3 ., 

6Sh 

26 77 2s 29 30 31 1 2 3 4 s 6 7 s 9 10 t1 12 13 '"' rs ,., 11 1 s 19 29 :30 I 2 :I 4 S. 6 7 8 9 10 11 

May Mru-. Apr. 

Figure 15. Decay curves of Y fraction collecled with Fe(OH}, from Sr froction 
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dried -in a dark room. After being covered with 
a Fuji ET-6B stripping film ( t11ickness of emulsion: 
26µ.), the whole system was exposed to radiation 
for 120 hours at temperature range from 7 to 16°C. 
In each system the number of a-tracks was counted 
under a microscope at a fairly high magnification 
( X 600). In sample A, fairly uniform distribution 
of tracks was observed in the emulsion while, in 
sample B, some aggregates of tracks were detected. 
These results indicate the possible formation of 
radiocolloids in the solution of sample B. 

For this reason, sample A was selected as a sample 
for the quantitative analysis of a-emitter. Using the 
above-mentioned technique, as many as 1700 tracks 
were observed in 0.03 cm3 of sample A solution. 
Therefore, tt-activity of 80 dpm is present in this 
sample having a total activity of 2 X 107 dpm 
( cf. F ig. 18). 

Energy of a-Particles11 

Because of the scarcity of a -tracks i.n the Fuji 
E T-6B emulsion, precise measurement of the length 
of the tracks in the emulsion was very difficult. Never
theless, semi-quantitative experiments showed that 
the length of o:-tracks due to the unidentified emitter 
was longer than that of U 234 but shorter than that 
of Po210• 

The reported values on the length of tracks of 
several a-particles are summarized below : 

u:a• 
a-emitter in 
the sample 
p O210 

Pu230 

Np2sr 
u:a$ 

Letl!Jlh of 
tracks 
19.4µ 

22.s,.. 
23.7µ 

E11ergy (Mt-v) 

421 

5* 
5.29 
5.15(69o/o) 5.13(20%) 5.99(11%) 
4,77 
420 (4%) 

:I' This value was calculated by interpolation. 

Comparing the experimental value. with these 
data, the authors came to the conclus10n that the 
emitter must be Pu'39• Ht On the basis of the present 
experimental results, the absolute amount of plu
tonium was estimated to be approximately 6 X 10·10 

<Tm. Even though there is a possibility that natural 
~ranium and Np237 are also present in the "Bikini 
/\shes", the detection of such nuclides seems to be 
almost impossible because of their long half-Jives.§§§ 

Other Elements 

The authors detected some nuclides of short half
lives in the second group. The result of an ion 
exchange study. of this group inaicated that the 
nuclides detected are probably Sb127 and/or Mo99 • 

Another nuclide was found in the anion fraction 
containing sulfate ( cf. Fig. 4). The nuclear property 

:tt:t The ratio of two activities,. ~utoa /Ru100 <R~'oe) :== .4 
(cf. Fig. 8), and the value of actmty of Sr69 indicate indi
rectly that Pu""" was used for the atomic bomb. 

§§§ Considering the value on the activity of U237, the pos
sibiiity for the detection of Np237 by this technique seems 
to be very small. 

.t,15 

1026 

"s • . -40 C/01 

( 04~ of total ) 
Sl'·adN;ty in a.~, 

6 G s 8 6 37 19 5 7 9 

Figuro 16. Elutio n cuNe of Co fraction; separation. identification ~nd 
determination of Ca and its activity in ashe, sample (pH -4.6 froct,cn 

of Fig. 4) 

of this nuclide was identical with that of $35
• Other 

radioactive species such as radioactive In, Sn, Co, 
csu', Bal3lm, Ag111, Xe133, and radioactive Be could 
not be detected so far. 

DISCUSSION OF THE RESULTS 

The radionuclides detected in the ashes are sum
marized in Table VI. 

In addition the contribution of each nuclide to 
the total ncti~ity was calculated and tabulated in 
T able VI. 

These estimations were made in the following way: 
First, the separation of individual ~uclides with 

or without a carrier was performed by 10n exchange 
or chemical methods. The activity of each nuclide 
was measured by G-1\1[ c.ounter. Then 1he correcti~n 
was made, if necessary, to the observed values with 
respect to self-absorption of the sample as well as 
absorption due to the mica-window and air between 
the sample and window. From these corrected values, . 
the activity of each nuclide on the 26th March 
(25 days after detonation) was determined by extrap
olation. The above date is important because the 
quantitative measurements <?f act!vity were . started 
on this date. Using the fission yield data given by 
Coryell and Sugarman,12 the contribution of indi
vidual nuclides to the total activity at slow neutron 
fission of plutonium was estimated. The results are 
shown in Table VI. In some cases where the fission 
yield for a particular nuclide was not found in the 
tex:t, the value was estimated from the fission yield 
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curve. The formula used in these calculations is ex
pressed as follows : 

A = k J_ exp ( _ 0.693 X 25 ) 
T T 

where the symbols, A, T, f and k, stand for the con
tribution of a particular nuclide to total activity 
25 days after fission, half-life in days, fission yield 
in per cent and a constant, respectively. 

In the case of Nb95, the total activity was assumed 
to be produced directly by the decay of Zr95 • Such 
assumption was also made for other nuclides such as 
La uo, yoo, Pr1«, PmH1, etc. 

Comparing the experimental values with the cal
culated values for Pu-fission, alkali earth elements' 
contribution to total activity seems to be smaller 
than for plutonium fission. On the other hand, the 
corresponding contribution of rare earth elements' 
activity seems to be larger than for Pu-fission. 

Since the ashes do not represent the total fission 
products produced by the atomic explosion but only 
consist of a mixture of activities adhering to the 
dust floating in the air, good agreement between 
these present experimental values and the values for 
Pu-fission should not always be expected. For 
instance, a fraction of the activity of alkali earth 
elements is produced through the decay of inert gases 
such as krypton and xenon. In such cases some 
activity might be selectively lost from the ashes. 
As a whole, however, most of the values obtained 
in this experiment seem to be in fair agreement with 
those for Pu-fission. 

Assuming that the fission products uniformly and 
completely adhered to the ashes, the ratio of the 
number of fissioned Pu239 atoms to that of remaining 
atoms was calculated. First, on the basis of the results 

0 100 200 lOO 400 '500 600 700 

Alumi nurn absorl>cr ( mg I cm•) 

Figure 17. Aluminum absorption curves of Sr(*), la(•), Y(*J and Ca(*) 
fractions · 
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obtained for the sample tabulated in Table V 
(2 X 107 dpm), the number of fissioned Pu239 atoms 
was estimated from the absolute counting rates of 
Ba Ho (0.05 X 2 X 107 dpm). Then this value was 
compared with the value on the remaining Pu"• 
atoms (80 dpm). The calculation was made using the 
equation described below. 

Number of fissioned Pu'39 

Number of remaining Pu239 

(activity of Ba140
) exp [fna"• '] (half-life of 

Ba110 )/(fission yield of Ba140 ) 

(activity of Pu'39
) (half-life of Pu239 ) 

20XSX10'Xexp(0.693X25/12.8) X 12.8 . 1 
0.054 

80 X 2.4 X IO• X 365 
= 1.3 

Based on the activity of Ba"0 , the total amount of 

Table VI. Summarized Presentation of the 
Analytical Data 

Ca.Jcula;tcd 
Dete,.,Hiutd f'l'lativc 
activity of ad'ivif)t of 

Slow ffivt1'01i individual nice/ides• 
,rncli.d~s (Ott (25 da~u a/Ur fi.uiou ,-,i(,fd1 :! 

Nuclid~ fla/f.Jit,9 26t!, March) fission) for Pu03• 

S"t 87.l d 
Ca'5t 152d 0.2 ± 0.1% 
Sr89t 53d 1± 0.S 2.7% 1.8% 
Sr00t 19.9 yr 002 ±0.01 ~0.03 ~2 
yoot 6hr 002±0.01 ~0.03 y91t 61 <l 8±3 3.8 2.8 
Zr9St 65d 5±2 7.4 5.6 
Nb95"'t 90hr 
Nb'5t 35d 3±1 32 
Mo'0t 67 hr 0.5 6.1 
R u10•t 39.Sd 10.0 5.5 
Ru106t 1.0 yr 1.4 4.7 

(Rh'00) (30 sec) 
Ag' " 76d 02 0.27 
sn125 99.4d 0.1 0.068 
Sbm 93hr 0.1 0.37 
Teur 9.3hr 0.3 
Tcl29m 33.5d ~1.1 ~0.5 
(Tet29)t (72min) 
Temt 77.7 hr 0.7 4.9 
pstt 8.141 d 6.1 3.6 
[132t 2.4 hr 0.7 
Xe133 5.270d 4.5 5.0 
Cs'37 33yr ~0.02 ~5 
BaU1m 2.60min 
Ba"0t 12.80d 5±1 12.1 5.36 
La,..'t 40.0hr 6±1 13.9 5.36 
Cett1t 331 d 7 ± 5 9.7 4.9 
Ce1"t 282d· 2±1 1.3 3.7 
Pr'"t 13.7 d 16±5 11.9 5.1 
Pr1Ht 17.5 min 2±1 1.3 
Ndmt 11.3 d 9 ± 4 6.3 3 
Pm'"t 2.6yr 0.3 
Eu156 15.4 d 0.26 0.12 
u231t 6.75d 20±10 
Pu2lot 24,360 yr a; ( 4±2) X 1()-i 

* These figures were 
fission yield for Pu239• 

calculated from the slow neutron 

t Nuclide detected. 
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Figure 18. Micro,copic detoll of a nuc!.or plote ,howing Pu"" 
alpha frocks 

fission products adhering to the ashes was estimated 
to be 8 X 10-8 gm/gm. 
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Radiochemical Interpretation of the Radioactive Fallout 

By Ke njiro Kimura, Eiiti Minami, * Nobufusa Saito,t Yukiyoshi Sasakit and 
Nobuhide Kokubu,§ Japan 

After the nuclear detonation at Nagasaki in 
August 1945, radioactive contamination was ob
served on the ground in the vicinity of the blasted 
area. It was confirmed by some Japanese physicists 
that the soil at Nishiyama, a small village 2.5 
kilometers east of the explosion center, was badly 
contaminated by some radioactive substances. Al
though protected by a small hill from direct ex
posure to the blast, the area h:id rainfall shortly after 
the detonation. It was possible therefore that the rain 
carried some air-borne activity to the ground. 

In order to determine the nature of this radio
active fallout, Sagane collected some samples at 
Nishiyama, which were sent to the present authors 
for radiochemical examination. One 0£ the present 
authors (Kimura), in cooperation with Ohashi, 
Saito and Yamatera, performed radiochemical anal
yses on the samples. The result showed that the 
samples were contaminated by several fission products 
such as Sr90

, Ba"0
, Ce,.•, Pr1

" and Zr9
'.

1 

Later, in 1951, tlae same samples were subjected 
to another series of radiochemical analyses. By this 
time the short-lived radionuclides in the samples 
had decayed. But the samples still had detectable 
activity, as much as several hundreds cpm per gram, 
at approximately I 0% counting yield. This fact 
indicated the existence of some long-lived radio
nuclides in the sample. 

EXPERIMENTS 

The Nature of t he Samples 

The samples were composed of soil, roots of plants 
and some pieces of plaster; soil was the predominant 
substance. The activities of the samples ranged from 
100 cpm to 400 cprn per gram when they were 
measured by a G.M. counter having an end-window 
of 1.5 mg/cm2 thickness. The counts were made on 
samples spread 011 the counting dishes of 4 .9 cm2 

area. The counting yield was of the order of 10%. 
The distribution of radioactivity in the samples was 
not u niform. 

• Professor, Department of Chemistry, Faculty 0£ Science, 
the University of Tokyo. 

t Assistant Professor, Depar tment of Chemistry, Faculty 
of Science, the University of Tokyo. 

:j: Graduntc student, Department 0£ Chemistry, Faculty of 
Science, the University of Tokyo. 

§ Assistant, Department of Chemistry, Faculty of Science, 
Kyushu University. 

Qua litative Radiochemical Analysis 

The experiment was started with a sample which 
had an activity of approximately 300 cpm per gram 
under the above-mentioned counting conditions. 
About 7.5 gm of t h e sample was digested with 100 
cm3 of 6 N hydrochloric acid for I hour at approxi
mately 100°C. Then the residue was filtered off. The 
above treatment was repeated twice on the residue. 
After three successive teachings the last residue 
showed slight activity : as small as 15 cpm per gram. 

210 

Several carriers such as lanthanum (5 mg of 

Table I. Group Separation of Elements 

Sample 
(7.5 gm :~300 cpm/gn1) 

I 
+6N HCI digest 
( three times) 

Combined extract Residue 
+La ... (S mg 0£ La20s) 
+Cs'(l0mg 0£ CsCI} 
+Cu .. (20 m~ of CuCb} 

(10~15 cpm/gm) 

eruactio11 
with ether 

I 

Ether layer 
(---0 cpm} 

Aqueous layer 
heat+H:1O 
adjust acidity to 3:V 
+H2S 

I 

Precipitate 

ICuS i 
(120 cpm) 

F iltr:>tc 

Precipitate 
+HCl+20% NaOH 

(~precipitation 
three times) 

I 

Precipitate F iltrate 
dissolve in ttcf 
:idj ust acidity 
to 0.3 N 
+(COOH )2 

I 
1 

Precipitate Filtrntc 
J ignite 

I La:-0~ I 
(415 cpm) 

I 
heat, H2St 
+XH,.OH 

Filt rate 

Precipitate 

I ignite 

!Cao I 
(170 cpm) 

Filtrate 

+ 
fuming 
HNOs 

I 
NaNOa 
KN03 
CsNOa 

etc 

(219 cpm) 
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oxide dissolved in hydrochloric acid), cesium ( 10 mg 
of chloride) and copper (20 mg of chloride) were 
added to the combined filtrates.' Since it was con
firmed by preliminary experiments that no activity 
was concentrated in the zinc sulfide precipitate, zinc 
was not added to the filtrate as a carrier. 

Group separation of the elements in the sample 
was performed on the basis of the ordinary scheme 
of qualitative analysis. 

The results are shown in Table I, which indicates 
that the activity is concentrated in the second, third, 
fifth and sixth groups of the scheme. 

Physical Measurements on Each Group 

Adivity in the Sixth Group (Alkali Elements) 

The aluminum absorption curve was measured 
for the activity in the sixth group. The results 
showed the existence of a nuclide which emits 
_8-particles having a maximum energy of approxi
mately 0.5 Mev. 

Since decay of the activity was extremely slow, 
the nuclide under consideration has a long half-life. 

Now, the possible nuclides which could be con
centrated in the sixth group are K•0, Rb8', Csm and 
Ba137

"', etc. Their nuclear properties are summarized 
in Table II. Considering these data, it seems fairly 
certain that the nuclides existing in this group arc 
Cs137, and its daughter nuclide, Ba1 s:m_ 

Tobie II . Some Nuclides of Alkali Elements 

Nuclides Decay llolf-Ufe Ma:.. fJ (.M,v) 

K•O p-, EC (Y) 1.32 X 109 yr 1.33 
Rbs1 ff' (no 'Y) 6.0 X 101°yr 0.275 
Cs137* tr 33 yr 0.523 

Bau'm+ IT 2.6min 

· * Detected in our experiment. 

Activity in the Fifth Group 

A similar experiment on the fifth group revealed 
the existence of a long-lived nuclide which emits 
,8-particles having a maximum energy of 2.2 Mev. 
This maximum energy value is very close to that 
of Y90, the daughter nuclide of Sr90

• To confirm the 
existence of Y90 which was thought to be in equi
librium with Sr00

, the addition of an iron carrier was 
followed by the precipitation of iron hydroxide from 
the hydrochloric acid solution of this fraction. A 
nuclide coprecipitated with iron hydroxide had a 
half-life of approximately 66 hr. The decay curve is 
shown in Fig. 1. . 

Rapid precipitation of calcium oxalate from the 
filtrate was carried out to confirm the existence of 
some radionuclides in the filtrate. The calcium oxide 
prepared from oxalate was found to carry a 
,B-emitter of which the maximum energy was approxi
mately 0.6 Mev. This value is in fair agreement with 
that of ,8-particles due to Sr•0

• 

In addition, an increase of radioactivity was ob
served on the freshly prepared calcium oxide. Succes-
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Figure I. Decay of Fe(OH)o fraction 

sive extraction of the activity of 66-hr half-life from 
the old calcium oxide was also possible. 

These facts led us to the conclusion that at least 
Sr00 and yoo are present in this fraction. 

Activity in the Third Group 

The decay of the activity in this fraction was alsc 
very slow so that measurement of half-life in a short 
time was impossible. The aluminum absorption curve 
of this fraction had a fairly complicated shape. Two 
breaks in the absorption curve appeared at the thick
ness of 10 and 20 mg Al/cm•. The maximum energy 
estimated from the absorption curve is approxi
mately 3.1 Mev. The above-mentioned breaks cor
respond to the energy of approximately 0.09 anrl 
0.15 Mev, respectively. The nuclear properties of the 
long-lived rare earth nuclides which are possibly con
centrated in the fraction are summarized in Table III. 

Tab.le Ill. Some Nuclides of Rare Earth Efements 

Nttclides Decay Half-life Mas. p (M,n,) 

CcH ... * (r(-Y) 282 d 0.30 (70'¼,) 
017 (30%) 
0.09 (c-) 

PrH•• fr ('Y} 17.5 min 2.97 
PmH7 ~·(no -Y} 2.6 yr 0.22 
smm fr (-r} 73 yr 0.08 
Eu',. p· ('Y} 1.7 yr 0.15 (80~) 

0.24 (20%) 

* Detected in our experiment. 

Comparison of our experimental data with previ
ously reported values in Table III suggests the possi
bility of the existence of both Ce144 and Pr10 in ' 
this fraction. The ~istence of Pm,., or Eu100 is a lso 
probable. It seems, however, that the experimental 
data are too s~nty to deduce definite conclusions as 
to the kind of nuclides present. Only one definite 
conclusion has been so far obtained: the fraction 
contains at least cew and its daughter nuclide. The 
existence of these two nuclides was already con
firmed by one of the present authors in his previous 
work.1 The present authors also confinned the above 
conclusion by detecting strong activity in cerium 
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iodate which was precipitated from the acid solution 
of lanthanum oxide in the presence of cerium carrier. 

Activity in the Second Group 

,vhen copper sulfide was reprecipitated, the activity 
in the original precipitate disappeared. Therefore, 
this apparent activity in copper sulfide seems to be 
caused by the incompleteness of group separation. 
The nature of this contamination was not studied 
in our experiment. 

Detection of a-Emitter 

Autorodiogrophy of La20 3 Fraction 

Approximately 5 mg of lanthanum oxide was 
mounted on a glass slide. The slide was covered with 
a nuclear track plate, type Fuji ET-ZE (thickness of 
emulsion: 15,.,,) . The exposure to radiation was made 
for 35 days and the nuclear plate was developed 
with D-19 for 3 min. Many tracks due to a-particles 
were observed under a microscope ( X 300). 

Decay of «-Activity 

a -activity of the lanthanum oxide fraction was 
measured by a modified Lauritsen electroscope. The 
decay measurement showed that the a-emitter under 
consideration has a very long half-life. The a-activity 
of the lanthanum carrier used was also measured 
with the electroscope. The activity was found to be 
negligibly small. 

Chemical Properties of a-Emitter 

Ether Extraction of a-Emitter 

In this experiment about 20 mg of lanthanum 
oxide fraction was used. The original activity of this 
sample was 11.1 div.jmin when it was measured 
by Lauritzen electroscope under a definite geometrical 
condition. The sample was dissolved in a mixture of 
2 cm3 of nitric acid and 2 cm! of dilute nitric acid 
( 1 :9) containing 700 gm of ammonium nitrate per 
liter. 

T he resulting solution was transferred to a Soxhlet 
extractor and subjected to extraction with ether for 
1.5 hours. The activity in the ether layer was from 
S.4 to 5.7 div/min when the evaporated layer was 
measured under the same geometrical conditions 
as described above. 

After this extraction, 1 mg of silver nitrate as 
well as S mg of ammonium persulfate were added 
to the acid layer and the second e:>..'traction was made. 
The activity in the ether layer in the second extrac
tion was 1.1 div/min. A parallel experiment with 
ThH revealed that the transfer of Th•4 into ether 
was negligibly small. 

Coprecipitation with Lanthanum Fluoride 

About 3 mg of lanthanum oxide were dissolved 
in hydrochloric acid. After adding ammonium hy
droxide, the solution was evaporated. Then hydro
fluoric acid was added to the concentrated solution 
to precipitate lanthanum fluoride. All of the a-activity 

was found in this precipitate, while none was found 
in the filtrate { La2O3 : 2.9 div.jmin; Filtrate: 0 
div/min). · 

Extrocfion of Cupferron Complex 

About 0.5 gm of cupferron was dissolved in 6 cm3 

of water and the insoluble matter was filtered out. 
To the filtrate was added 5 cm• of 6 N sulfuric acid. 
Then cupferron was extracted with 6 cm3 of ether. 

Lanthanum oxide was dissolved in sulfuric acid 
( 1:19) . This solution was shaken with 1 cm 3 of 
cupferron-cther solution five times. The combined 
ether layer was dried and heated to destroy organic 
matter. The activity of the ether layer was 4.0 
div/min, while none remained in the aqueous layer. 

Similar experiments were made on the solutions 
containing UO,++ or Th+<. The UO, .. ion gave 
the same result as the above ion, while only 10% 
of the Th♦< was transferred to the ether layer. 

Coprecipitation with Lanthanum Oxala te 

Trace amounts of a-emitter from the ether extract 
were mixed with 9 mg of inactive lanthanum oxide. 
The mixture was then dissolved in 0.3 N hydro
chloric acid, and lanthanum oxalate was precipitated 
with a saturated solution of ammonium oxalate. The 
precipitation was quantitative. About 85% of activity 
was carried down by the precipitate (precipitate : 
2.4 div./min; filtrate: 0.4 div./min). A similar ex
periment with U02++ ion showed that only 2% Qf 
U02 .. ion was carried down by the precipitate under 
the same conditions. 

Discussion 

The above results are summarized in Table IV, · 
together with some properties described in the 
literature cited. 

Table IV. Chemical Properties of the a-Emitter 

Sollll,ility of Co-mi,o14nd• E.rtracti1>n of 
mpf,rr1>1' Ether 

Jon OH- F- C20•- - Cl· ~omplex ~xtraction 

u•• (i) (i) (i} (s) (yes) 
uo2° i s s s no (yes) 
Th'• I (i) s no no 
a.~cmittc.r i i i s yes yes 
Pu,. (i) (i) (i) (s) (yes) (no) 
Pu02" (i) (s) (s ) (s) (no) (yes) 

•Nolt!: s =soluble; i = insoluble; ( ) = data from litera-
ture cited. · 

As shown in Table IV, the chemical properties of 
the a-emitter-arc similar to those of Pu+< or U+<, But 
the behavior at the ether extraction from nitric acid 
is rather similar to that of PuO/• or U02". 

If the emitter extracted by ether from nitric acid 
solution is UO/', the emitter should not be copre
cipitated with lanthanum oxalate, because under 
present circumstances UO/• is much more stable 
than U'•. 

On the other hand, if one assumes that the emitter 
extracted by ether is PuO/', the coprecipitation of 
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a-emitter with lanthanum oxalate may be explained 
as follows. 

Since the stability of Pu•• in solution is fairly large 
and PuO2 .. can be reduced to Pu•• without much 
difficulty, the presence of Pu•• in the solution from 

· which lanthanum oxalate was precipitated is quite 
possible:·n so, the emitter should be carried down 
by oxalate precipitate as shown in the experiment. 

Now, if the emitter in the lanthanum oxide fraction 
is plutonium, its oxidation state should be + 4, 
because it was coprecipitated with lanthanum oxalate. 
In the ether extraction experiment, the emitter was 
found in the ether layer. The oxidation state at this 
stage should be + 6. This fact indicates that the 
oxidation of Pu•• to PuOt• occurred in the con
centrated nitric acid solution within less than 2 hours. 

Jt is not yet clear whether or not Pu•• is rapidly 
oxidized to PuO/• in the concentrated nitric acid 
solution. According to the literature published so 
far,• the oxidation in the dilute nitric acid solution 
ocC1.1rs easily, while in concentrated nitric acid only 
less than 15% of Pu•• ions are oxidized during a 
period of 1 S minutes at 80°C. 

Tt is possible, however, that this oxidation proceeds 
easily and rapidly in concentrated nitric acid con
taining large amount of foreign salts. Or, prolonged 
heating in concentrated nitric acid might make thi:; 
oxidation much easier. At the present stage of our 
experiment, no clear explanation can be made on 
this point. 

The authors are of the opinion that the a-emitter 
in the sample is plutonium. Since this emitter has 
very long-life, it might be Pu239• 

Extraction of Fission Products from the Soil 

The samples were heated on a hot plate to destroy 
organic matter. Then these preheated samples were 
subjected to leaching with water. No activity was 
leached out with water at 100°C. 

The ·same samples were then treated with acid 
of different concentrations. About S gm of the sample 
were heated with SO cm3 of hydrochloric acid on a 
water bath for 40 minutes. vVhen the concentration 
of hydrochloric acid was raised up to S N, all the 

activity due to alkali and alkali earth elements was 
completely leached out. In the case of rare earth 
elements, however, the leaching was not complete 
even with S N hydrochloric acid. The relationship 
between the extractability and the acid concentration 
is shown in Table V. 

Tobie V. Extraction of Rare Earth Elements 

Co,u:enir~ion (N) of lfCI 

0.0 
0.1 
1.0 
3.0 
5.0 

Extractable fr,ction (%) 

0 
17 
34 
54 
70 

Leaching of the original, unheated samples gave 
different results. In this case, 5 mg of the sample 
having a total activity of approximately 1000 cpm 
were heated with SO cm3 of water for 1 hour on a 
water bath. The residue was filtered using filter 
paper Toyo No. 5 A. Ten cpm o[ Cs137 (+Ba13r"'), 
60 cpm of Sr90 ( + Y00 ) and 55 cpm of rare earth 
elements were leached out from the sample. This 
fact seems to indicate the importance of the effect 
of organic matter on the leaching of fission products 
from contaminated soil. 

SUMMARY 
In the soil at Nishiyama, near Nagasaki, where the 

atomic bomb fell in August 1945, several long-lived 
fission products such as Sr00 

( + Y00 ), Cs'"' 
( +Ba131

"') and Cew ( +Pr144 ) ·were detected by 
radiochemical analysis. T he long-lived a-emitter 
which is supposed to be Pu239 was also detected in 
the soil. The detection of Pu239 in the soil afforded 
the present authors the opportunity to study the 
chemical aspects of transuranium elements for the 
first time in Japan. 
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Mr. J. M. FLETCHER (UK) presented paper P /43i 
as follows: 

It might well be asked why attention should be 
devoted in this session to the chemistry of ruthenium 
rather than to one of the many other fission products. 
There are two reasons. 

Firstly, in the processing of irradiated fuels by 
aqueous methods after dissolution of the metal in 
nitric acid, ruthenium, which is relatively long lived 
and still present even after aging, is the fission 
product most difficult to separate from uranium and 
plutonium. ~n solvent extraction processes, condi
tions to give good decontamination from ruthenium 
have required prolonged and intensive experiments 
often largely based on methods of trial and error. 
At each ancillary stage, such as an evaporation or 
precipitation step in further purification or in effluent 
disposal, there has been difficulty in persuading 
ruthenium to follow in a quantitative manner one 
particular course. As Shakespeare said of fantasy, 
it is "more inconstant than the wind." 

The second reason is that little attention has 
hitherto been paid to the ruthenium compounds 
which happen to be formed in nitric acid solution. 
These include trivalent nitrosylruthenium, the study 
of which, in view of difficulties in their preparation 
and identification of some of the complexes, has been 
almost entirely neglected since 1890. 

As with the relatively well known ammino, halo
geno and cyano complexes of nitrosylruthenium, we 
have interpreted the new compounds prepared as 
octahedral six co-ordination complexes and we find 
a general similarity with comparable trivalent cobalt 
and tetravalent platinum complexes; for example, 
the complexes formed with the ligands perchlorate 
and fluoride are very weak ; with nitrate, somewhat 
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stronger; with hydroxide and chloride, relatively 
strong; and with nitro, very strong. 

Since we have been particularly interested in 
nitrosylruthenium complexes present in nitric and 
nitrous acids, attention has been largely directed to 
the four ligands, nitrate, nitro, hydroxo and water, 
as competitors for the five positions - the sixth 
position being occupied by nitrosyl - grouped 
around a ruthenium atom. With these four ligands 
alone, a large number of complexes have been 
postulated, particularly when different spatial 
arrangements and polynuclear species are included. 
Over twenty examples are given in Table I of our 
paper, bul the total number of possibilities far 
exceeds this quantity. The relative slowness with 
which one complex is converted to another makes 
this field of chemistry comparable in its variety and 
complexity to a branch of organic chemistry. In spite 
of the coloured nature of the complexes, it is un
fortunate that absorption spectra, except in the 
infra-red, have been of little use as a means of 
identification or for following the course of reactions. 

I should like first to refer to the nitrato complexes 
of nitrosylruthenium ( Slide 1) . 

Amongst these we have studied in particular the 
red trinitrato complex, since it is formed in solution 
by boiling_. other nitrosylruthenium complexes with 
eight to fifteen molar nitric acid and can be isolated 
by slow evaporation at room temperature. Like the 
di- and trinitrato uranyl complexes, it is readily 
extracted from aqueous solutions by many organic 
solvents. In water or in dilute nitric acid, it is hydro
lyzed to lower nitrate complexes, which are also 
soluble in a wide variety of organic solvents, but 
less extractable from · aqueous solutions than the 
trinitrato complex. 
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Trtni lrato 

llhlhnto 

Monot1.ltra10 

HcmlrJU•lO 

fkcso (K03 )3 {Hi() Ii/ 

.{llUIIO (KQs )90H ( Kt<) )~flluNO (00:, )2 {Ht<) )3J 

f'au>ro. N~ (Otl )2 (H,p )U°' (RuNO. NO:, (H2O )4 (K~2J 

-OH-..._ 
H20.0H. NCl;).RuNO ......... OH~ RuNO( Ott )111

2
0 

Sfidct 1. N itrato compfexes of nitrosylruthenjum 

Vv_e postulate, as you will see on Slide 1, a series 
of mtrato and !Jydroxo nitrato complexes in which 
the tot:tl number of groups joined to the central 
ruthenium atom is six. For the lower numbers, such 
a~ the mononitrato, we formulate them in two pos
sible forms, the uncharged form and, secondly, in 
a fom1 in which the ruthenium is in a cationic state 
and the chnrgc is balanced by one or more nitrato 
groups outside the complex. 

These three complexes, the tri-, di-, and mononi
trato, may be related to one another, by considering 
that the N03 groups in the trinitrato comple., are suc
cessively replaced, either by OH giving the uncharged 
forms of the lower nitrate complexes or, alternatively, 
by H.O, giving the cationic forms. We also have 
evidence for the existence in solution of a higher 
complex than the trinitrato, but we do not know 
'.vhcther this is a tetra or pentanitrato complex. To 
illustrate our knowledge with these complexes, I 
would choose as an example the conditions which 
prevail at equilibrium in 7.SM nitric acid. We find 
under these conditions that there is about 50 per cent 
of the tri-, about 22 per cent of the di- and about 
28 per cent of the mononitrato complex. As one goes 
to lower nitric acid concentrations, the quantities 
at equilibrium, of the trinitrato are very much smaller'. 
for e.,ample, about 10 per cent, in 3M nitric acid. 
Anot_her aspect of some interest is that when aqueous 
~olutions of these complexes a re titrated, we find 
that with the trinjtrato complexes two rather than 
o~e. nitrato ip-oups are readily displaced together, 
g!vmg the fairly stable monohitrato complex. T hi:: 
gives us a clue to the likely sp:itial arra11gements 
io this type of complex. 

Slide 2 ( Figs. 1, 2, 3 of P /437) shows the three 
spatial arrangements possible for the trinitrato com
ple.,es. W e conclude from the stability of the 
mononitrato that, in it, the N03 group is opposite to 
the NO group. For the trinitrato, this eliminate:; 
possibility number 1. Our evidence of the similarity 
of t 11·0 of the other three groups leads us to choose 
fom1ula number 2 in preference to number 3. 

H RuNO (NO3 )3OH. H.,PJ ~ L RuNO (NO3_>3 CH20 )2 

~Jf 
,LRuNO (NO~z (":zO )3• + NO3 

v? 
p; .. ~ uNO (N~ '!? OH( li:P >27 

Slido 3. Nitrota complexes of nitro1ylr•thenlu"' relafion,hip of 
onlonic and cationic forms 

We find that both anion and cation e..xchange 
resins remove ruthenium species from solutions of 
these complexes. Slide 3 illustrates how this happens 
and _how anionic and cationic ruthenium-containing 
species may be formed. From the uncharged trini
trato complex, proton transfer from one of the aqL10 
g roups leads to an acidjc form with a ruthenium 
anion. Also, however, replacerucnt of a nitrato group 
by. an aquo group leads to a ruthenium-containing 
cation. Of course, the equilibria are shifted in one 
direction or another by removal of species on the 
ion exchange resins that are used. 

~n1ongst ~ther reactions of these complexes, I may 
briefly mention that thev arc converted to the in
soluble nitrosylrutheniu~ hydroxide and hydro· 
sulphide; this test provides a means of identification 
for the presence of the Ru:t\0 g roup. 

It may also be of some interest to mention the 
differences in their partition coefficients with various 
organic solvents. These differ widely between the 
tri-, di-, and mononitrato complexes. For example 
we find with 20 per cent tributyl phosphate at 0°c'. 
when the aqueous phase is O.iSM nitric acid, that 
the proportion coefficients are respectively weU over 
100 for trinitrato complex, about five for the dinitrato, 
whereas for the mononitra.to they arc only about 0.1. 
T he differences are roughly a factor of SO between 
each one. 

Turning now from the nitrate to the nit ro com
plexes, as with the well-known cobaltinitrites the 
nitro complexes of nitrosylrulhenium are ro1~<1hlv 
relatively s table. For over fifty years, yellow sodiu~ 
and potassium compounds, first prepared by Joly, 
have been thought to contain a pcnta-nitrato com
plex of trivalent ruthenium. We have shown that 
these compounds are not of that composition, but are 
salts of the tetrani tro complex of the trivalent nitro
sylruthenium radical, that is, one 0£ the five nitrogen 
atoms in the molecule is present as NO and not as 
NO,. In warm dilute sulphuric or perchloric acids, 
this anion is converted to the uncharged dinitro com
~lex, which is. also extractable from aqueous solu
tJOns by a variety of organic solvents. 

This reaction illustrates the relevance in these 
complexes of the trans-directing effect of groups such 
as KO and N02 • We represent the tetranitro anionic 
complex by the first arrangement shown in Slide 4. 
In acid solution, we find two, 11ol one, three or four 
nitro groups are readily displaced and it is converted 
to the uncharged dinitro complex. No pentanitro 
nitrosylruthenium complex is known. vVe have, how- , 

NO NO NO 

N*N°2 "$N02 ~N~ Ru 
tl2<) Ru <½ N02 N~ H2 0 

3 
OH OH N03 

•wgc - 2 charge O charge O 

Tetnnluo Dlniao MoooniU"odiniuato 

Slide -4. Nitro complex_u of nitrosylrvthcnium 
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ever, prepared a mononitro dinitrato complex by 
the action oi oxides of nitrogen on a solution of 
the nitrato complex in nitric acid. It is an orange 
crystaJline solid for which we suggest the composition 
shown in the last formula on Slide 4. 

It is of some interest, we feel, that in this complex 
nitrogen is present at the same time in one complex, 
as NO, N02, and N03• 

Turning to the general relationships of ruthenium 
to other ions, it is clear that the presence of the 
nitrosyl group profoundly affects the nature of the 
complexes of ru thenium. vVith tetravalent ruthenimn, 
nitrato complexing is very weak and nitro complexing 
unknown. 

Allowing for the small ionic radius of Ru••, its 
complexing follows the pattern of other tetravalent 
ions. In Table I, attention is drawn to the small ionic 
radius of tetravalent ruthenium compared to other 
tetravalent ions, such as zirconium and uranium. But 
in principle, its complexing is similar to them, in 
so far as it is weaker by nitrate than by fluoride, but 
in the nitrosylruthenium ion the position is quite 
different. It has resemblances in its strong nitro 
and weak fluoro complexing to the platinum metals. 
It also resembles the uranyl ion in that complexing 
by fluoride is much weaker than by nitrate. 

Finally, in solutions of irradiated fuels in nitric 
acid, nitrato complexes of uranyl, plutonyl and of 
tetravalent plutonium and thorium will occur. For 
any one of these, the rates of nitration and denitra
tion reactions are so rapid that with organic solvents, 
ion exchange resins, etc., equilibrium conditions are 
rapidly reached. But with these nitrato and nitro 
complexes of nitrosylruthenium the rates of reaction 
are slower and equilibrium conditions may not occUl
for an hour or more at room temperature. 

In processing by aqueous methods, substantial 
complications to chemical plant have been necessary 
to allow for the vagaries of fission product ruthenium. 
\"f\Te envisage that an understanding of the nature 
and properties of ruthenium compounds involved 
will be of substantial advantage in the future by 
helping to lower the cost of processing fuels used 
for mtclear power production. The knowledge should 
also assist in the disposal of fission product waste 
of low activity and in an understanding of the ultimate 
fate of fission product ruthenium in biological sur
roundings, for e..-.cample, in mammals, fish and plants. 

DISCUSSIO N ON PAPER P/ 437 

Mr. G. FAYED (Egypt): I have a question and 
a comment. I should first like to ask Mr. Fletcher 
if he would kindly give us some idea of which of 
the e..,posed compounds is the most stable and to what 
extent there might be no aging effect as regards 
this compound. My comment is that the problem 
of the separation of ruthenium from uranium and 
plutonium would perhaps be solved through the 
anodic oxidation of the volatile tetroxide of" 
ruthenium. 
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Table I. Relationship of Ruh and (RuN0)3
• to Other 

Ions Complexing 

l'1n1'c 
radins (A) (NOs)- F-

Ru4• 0.67 Weak Moderate 
Zr·•• 0.80 

} Moderate Strong UH 0.96 
(RuN0)3• 

} :\foderate V. weak (U02) 2' 

Mr. FLETCHER (UK): In answer to Mr. Fayed's 
question, I would say that my knO'l-vledge on this 
subject is still relatively elementary and I would not 
like to state any definite answer. But I would draw 
attention to the fact that I mentioned that the nitro 
complexes are most stable in nitric and nitric acid 
solutions. If one is therefore dealing with a solution 
in what is broadly speaking nitric acid, it is the 
nitro rather than the nitrato compounds which are 
most stable. I would go so far as to suggest that 
the piece of information which Dr. Bruce gave us 
earlier this morning about the effect of aging prior 
to extraction, is related to these slow changes be
tween nitrato and nitro complexes. 

The CHAIRMAN: Vve will take the next two ques
tions to l\:Ir. Fletcher together. 

Mme. R. RIPAN (Romania): Did Mr. Fletcher 
find a relationship between the size of the molecule 
and the phenomenon of absorption by anion cx
chaniers, in ruthenium chemistry where he has ob
tained a combination of high molecular weight with 
two ions of ruthenium per molecule? If the molecule 
is large, is the absorption different for exchange. 
phenomena, even where the molecules have the same 
electrical charge depending on whether it is of. a 
mononuclear or of a binuclear ion? Does it depend 
on the size of the molecule? 

Mr. A. M. RoLLIER (Italy): Has the crystal 
structure of that ruthenium compound which is ob
tainable in the solid state been investigated? 

Mr. FLETCHER (UK) : I shall reply first to the 
question put by the Italian delegate. The properties 
in the solid state have been investigated in so far 
as three or four of the complexes mentioned have 
been isolated. For example, the infra-red spectrum 
of the tetranitro complex has been very clearly dis
tinguished and has shown the presence simultaneously 
of the nitrosyl group and of the nitro group. 

The crystal structures have not been isolated 
and examii-:ied, much as we ·would like to do so, 
largely because most of these materials are extremely 
hydroscopic. In the case of the pentachloro nitrosyl
ruthenium complex, one of our research scientists 
is at the moment investigating this. 

As regards the question from the Romanian dele
gate; in one particular case we have isolated un
charged species, by passing mixtures of the nitro 
complexes through a mixed bed of anion and cation 
exchange resins; the unc~arged di-nitro complex 
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passed through. \Ve have not examined the relation 
of the size of these complexes, for the same charge 
to nnion i:.-x:chaoge absorption. 

l\fr. J. W. T . SPTNJ<S (Canada) then took the 
chair while the chairman, Mr. A. P. Vinogradov 
(USSR), presented paper P/671, as follow~: 

J n recent years the physical and chemical properties 
of such elements as neptunium, plutonium, americium 
and technetium have received closer study than have 
the properties of some "ordinary" elements. Never• 
theless, while for minute quantities of plutonium and 
of some other actinides, quantitative methods of 
extraction from minerals of highly complex chemical 
struct11re have been developed, in the case of tech
netium the number o( methods of extraction even 
from the basic raw materials - waste matter from 
the production of plutonium and uranium-233 and 
molybdenum irradiated in the reactor - is extremely 
small. This may be illustrated by the fact that, apart 
from the papers by Jacobi and Clendenin, which 
date from as long ago as 1949, no quantitative data 
on methods of concentrating and separating tech
netium are to be found in the literature. As regards 
the solut ion of the extremely important problem 
of the content of technetium In uranium ores and 
its geochemical behaviour, the data so far available 
arc purely qualitative and, in our view, not entirely 
reliable. 

As is well known, the most convenient techniques 
for the concentration of traces of elements are co• 
precipitation, electrolysis, distillation, ion exc.hange 
and e.xtraction. For the extraction of technetium from 
fission products and its separation from molybdenum, 
the method actually most widely used is the tetra• 
phenylarsonium chlorate method, consisting in the co
precipitation of tetraphcnylarsonium pertechnetiate 
with tetraphenylarsonium chlorate. However, accord
ing to the data given by the authors of this method, 
further extraction of technetium involves the ex
tremely protracted and difficult process of breaking 
down this compound, io which an appreciable quan
tity of technetium is lost. Other known methods of 
co-precipitation of technetium, ~uch as with sulphides 
of rhenium, copper or bismuth, with insoluble per
rhenates and, as described in our paper, with in
soluble chlorates, cannot be applied with entirely 
satisfactory results in the first stage of extraction 
owing to the necessity of adhering to certain con
ditions which are not always feasible during the 
extraction o[ traces of technetium from chemically 
complex waste solutions of the atomic industry and, 
more particularly, during extraction · from minerals 
and ores. 

Nor is the application of electrolysis methods, 
which are less predictable than the precipitation 
methods, expedient in all cases, especially in the case 
of ultra-minute quantities, since according to the 
data in the literature a minimum concentration of 
technetium is necessary for the full extraction of 
this element. The chromatographic method, which 

has found an application in the separation of tech
netium from comparatively small quantities of 
molybdenum, cnnnot be used for the quantitative 
extraction of technetium either from atomic industry 
waste, owing to the presence therein 0£ brge quan
tities of different salts, or from large quantities of 
molybdenum and uranium, which is necessary for 
analyses of the mineral raw material. The methods 
of distillation and extraction are the most promising. 
However, as shown by Herr's datn and our own· 
e.xperiments, the distillation of radiochemical quan• 
tities of technetium in the immediate presence of 
large quantities of salts does not lead to quantitative 
extraction. Thus, in the extraction of lO•'s gm of 
technetium from 300 gm of molybdenum the yield 
obtained by distillation does not exceed 70 per cent. 
The distillation of technetium from atomic industry 
wastes on the one hand, as in the case of the 
seJ)llration of this element from molybdenum, does 
not yield quantitative results, nnd on lhe other hand 
requires extremely complicated apparatus £or the 
processing of large volumes of highly active products. 

The e:-..-i-raction methods have a number of im
portant ndvantages, but their application to tetjl
netium has been comparatively little studied. Also 
comparatively li ttle studied are the oxidation-re
duction reactions of technetium and the an:ilytical 
characteristics of its lower-valency forms. Accord
in(:ly. our research studies of the chemico•analytical 
properties of technetium have been focused chiefly 
on the extraction behaviour of technetium in the 
presence of molybdenum. iron, m:mganese, rheniuru, 
uranium and columbium, and also of such elements 
as thorium, zirconium, nithenium. the rare earths. 
strontium, :intimony and tin, which occur in atomic 
industry wastes. T 11 addition, attempts have been 
made to study some of the chemical propcrt ie~ of 
tetravalent technetium and the possibility of making 
use of these properties for analytical purposes. 

All the investigations were carried out either with 
the 6.1-hour isomer Tc•0• • or with microgramme 
quantities of the basic isotope Tc90 . The study of the 
behaviour of the other elements (except magnesium. 
man1anese, thorium and uranium) was carried out 
with lhc aid of the corresponding tagged atoms. 

The results of the research into the behaviour of 
technetium and rhenium during extraction from 
neutral, acidic and alkaline media and the behaviour 
of molybdenum and ruthenium in the same process 
arc given in the paper submitted. Accordingly, with 
your permission, I shall not dwell on this question, 
and shall merely draw attention to the summary 
table, from which it will he seen that a number of 
oxygenous and nitrogenous solvents may be used 
in particular cases for the extraction of technetium 
(Slide 5, Table II of P /671 ) . In Table II on the next 
page dat:1 are given on the l,elmviour of a number of 
elements during the extraction of technetium from 
various media. 

From these data it is evident that most elements 
except rhenium are not extracted together with 
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technetium either from alkaline or from carbonate 
or acidic media. The establishment of the possibility 
of extracting the diethyldithiocarbonate compound 
of technetium by means of chloroform was also 
turned to account for the purpose of separating 
small quantities of technetium from a number of 
elements, although this method does not permit of 
the quantitative separation of technetium from 
molybdenum, iron, columbium, manganese, antimony 
and tin. 

In connection with the fact that non-polar solvents 
do not extract technetium, a method was evolved 
for re-extracting this element from the o:x:ygenous
solvent phase into the aqueous phase by the addition 
of chloroform. A two-fold treatment with small 
amounts of water leads to 90 per cent re-extraction. 

Tobie II. Value of the Distribution Ratio of Some 
Elements during Extraction with Methylethylketone 

and lsoamylalcohol 

Ura.nium(VI) 
Thorium(IV) 
Rhenium(VII) 
Technetium (VII) 
Manganese (VII) 
Molybdenum (VI) 
Zirconium (IV) 
Columbium(V) 
Ruthenium(lV) 
Cerium (III) 
Antimony (III) 
Tin (IV) 
Magnesium 
Strontium 

i};,,f,~.~;;. 2 f':o:;;;/!• ;.,i,,:,~f,,~p. 
ketonr. alC'Oll()I · ketone 

<0.001 
<0.001 

46 7.0 7.2 
49 7.8 8.5 

Is reduce<l to manganese (IV) 
02 0.1 0.013 

<0.001 
<0.001 

<0.001 

0.2 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
... o.oos 
<0.001 

0.015 
<0.001 

A study of the oxidation-reduction properties jndi
cated the possibility of reducing heptavalent t ech
netium both in acidic and in alkaline media. A most 
detailed study was made of the process of reduction 
by means of concentrated solutions of hydrochloric 
acid, leading to the formation of the complex anion 
TcCl0--, which is readily hydrolyzed in "·eakly 
alkaline media. By utilizing the difference in the 
behaviour of rhenium and technetium during such 
reduction, a quantitative method was evolved for 
separating these elements by co-precipitation of the 
technetium with ferric hydroxide after reduction, 
oxidation of the technetium to the heptavalent form 
by dissolution in nitr ic or chloric acid, and subsequent 
separation of the iron by repeated precipitation as 
a hydroxide. This method was tested with a rhenium 
content of 5 X 10~1 gm and a technetium content of 
10-13 gm. A single cycle of operntions led to the 
extraction of over 98 per cent of the technetium. 
Experiments carried out with tagged rhenium showed 
that two cycles were fully sufficient for the isolation 
of radiochemically pure technetium. . 

The above-mentioned methods were verified both 
on molybdenum (in the form of molybdenum an-
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hydride or 
the reactor 
solutions. 

ammonium molyhdate) irradiated in 
and on several atomic industry waste 

The separation of technetium from irradiated 
molybdenum anhydride dissolved in n 5N solutio:1 
of caustic soda was carried out by the extraction of 
the technetium with methylethylketone with subse
quent re-extraction into the aqueous phase. The 
performance of two cycles led to the extraction of 
practically all the technetium with a radiochemical 
purity which was determined by the half-life. The 
t ime necessary for the separation of the technetium 
was two to three minutes. Separation from a par tially 
extracted alkali was carried out either by extraction 
of sodium pertechnetiate with chloroform, by dis
tillation, or by co-precipitation with sulphides. 

Though highly diverse in their chemical composi
tion, all the waste products accumulating from the 
production of plutonium and uranium-238 usually 
contain some quantity of nitrate ions. Accordingly, 
the extraction of technetium from acidic and neutral 
solutions was effected with isoamvl alcohol. Treat
ment of the original solutions, to -,1·hich was added 
sulphuric acid with three volumes of isoamyl alcohol, 
resulted in the complete e..xtraction of the technetium, 
although it sharply increased the ,·o lume. Because 
of this, fivefold extraction of technetimu was later 
performed with a volume of isoamyl alcohol equal to 
one-eighth of the volume of the aqueous phase. 
Re-extraction of the technetium into the aqueous 
phase was done with two volumes of concentrated 
ammonia solution. The subsequent concentrat ion of 
the technetium was carried out by extraction of 
the diethyldithiocarbamate compound with chloros 
form after steaming and acidification of the alkaline 
solution with sulphuric acid. This operation was 
necessary owing to partial extraction of nit ric acid 
by the isoamyl alcohol. The diethyldithiocarbamatc 
compound of technetium, after distillation of the 
chloroform, was treated with sulphuric aci<l in the 
presence of a small quantity of ammonium pcrsul
phate and the technetium was separated by disti llation 
into a solution of caustic soda. This method enabled 
as much as 95 per cent of the technetium to be 
separated out with a purification factor, according 
to the intensity of ,a-radiation. of 2-3 X 1oe. 

In the fi rst stage. the technetium was removed from 
the alkaline waste solutions by e::stract(on with meth
ylethylketone after making alkaline wlth caustic soda 
to a total hydroxyl-ion concentration of 5-6 N . After 
re-extraction into the aqueous phase with chloroform, 
further concentration and purification of the tech
netium was carried out either by co-precipitation 
with copper sulphide and subseqtient distillation, or 
by electrolysis, likewise with subsequent distillation. 
The yield of technetium amounted to 93-95 per cent, 
with a radiochemical concentration, according to the 
,l:l•radiation, of approximately 10'. 

The most suitable method of extracting technetium 
from molybdates would seem to be by extraction from 
alkaline media. by methylethylketone after prelimi-
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nary treatment of the mineral with nitric acid, and 
subsequent purification by the distillation method. 

In connexion with Vinogradov's hypothesis that 
technetium-99 is present in uranium minerals as a 
product of spontaneous fission, calculations have been 
made which sbo,-..- that the content of this element i11 
old uranium minerals must be about 10·• per cent by 
weight of the uranitml content. That being so, the 
uranium materials are of great interest in conne.--<:ion 
with the study of the geochemistry of technetium. 
The isolation of technetium from materials of this 
kind entails a number ol difficulties, especially during 
the breakdown 0£ the minerals, A-:, experiments with 
trial mixtttres showed, when si lie:1te rocks arc fused 
with carbonate, the technetium often volatilizes in the 
form of a higher oxide, while part of it remains with 
the uranium. By intercepbon of the technetium hep
toxidc and c.xtraction of the residual technetium by 
means of methylethylketone after treatment of the 
melt with concentrated solutions of potassiwn car
bonate or sodium carbonate it is possible to isolate the 
tecltm.:lium more or less completely. After re-extrac
tion into the aqueous phase, the concentration and 
purification of the technetium are bes t effected by 
co-precipitation of technetium sulphide with copper 
sulphide and subsequent distillation. The most con
venient method of separating rhenium from techne
tium would seem to be reduction of the latter with 
concentr:ited hydrochloric acid. 

The methods I have described require further test
ing, and this is being done at the present time on 
mill igramme quantities of Tc. 

Mr, W. SEEUlAN-ECGF.BERT ( Argentina) pre
sented papers P/1023 and P/1026 as follows: 

In the tables of nuclides the half-life of technetium-
102 is given with an indeterminate value of less than 
25 seconds. It was therefore necessary to evolve .i 

chemical method for the very rapid separation of 
molybdenum and technetium. Special measurin6 
equipment had also to be used, with which half-lives 
o{ a few seconds could be measured. 

Following a method proposed by F ranz. the linear 
growth of the condenser charge of a common in
tegrator was recorded during intervals lhat were 
brief in relation to the time constant of the equip
ment . By repeatedly charging to a fixed potential and 
instantaneously discharging, the intervals are mad<" 
inversely proportional to the activity studied. 

The chemical method consisted in separating 
molybdenum from the other fission products by dis
solving the lead molyhdate in a mixture of hydro
chloric acid with tartaric acid. The ta'rtaric acid com
plexes the molybdenum and prevents its precipitation 
with tetraphenylarsonium chloride. A preliminary 
precipitation of technetium was carried out by adding 
perrhenate ion and an excess of tetraphenylarsonium 
chloride :-ind then fi ltering lhrough a colloidal filter; 
by this procedure the solution is clarified and becomes 
ready to precipitate technetium ::igain on the addit.ion 
of a £cw milligrammes of perrhenate ion. The solu-

tion so prepared was transferred to a dismountable 
Buchner funnel with a colloidal filter mounted on a 
vacuum filtering tube. 

So long as no vacuum is applied, the filter prevents 
the passage 0£ the liquid. The Geiger-Miiller tube, 
which was already connected to the measuring appa
ratus, was arranged over the ring and as close to it 
as possible. At a given moment. a few milligrarumes 
oC perrhenate were added to the liquid in the ring, 
a vacuum was applied, the ring \\'aS removed when 
fi ltering was compfeted, and 111ea~uring was then be
gun. \Vith this method of operation only five or six 
seconds elapse between the addition of rhenium anrl 
the beginning of measurements. 

The technetium precipitate does not consbtute the 
whole 0£ the tcclmelium present at the time the re
agent is added, and it retains a little molybdenum, but 
the greater part of the molybdem1m separates and, 
settling a t the bottom o( the tube. has little effect on 
the measurement owing to its distance from the 
counter. 

The Geiger-Miiller tube was shielded with sheet 
aluminum in order to reduce the measurable acthity 
of the teclmetium-101 which is formed through the 
decay of the molybdenum-101 always fou nd in the 
molybdenum fraction from fission. 

Analysis of the curve recorded yields an a\'erage of 
S + 1 sec for the short period half-life observed. 

The longer lived activities correspond to techne
tium-IOI and to molylxlenum-101 and 102, absorbed 
by the tetraphenylarsonium perrhenate precipitate. 

In order to determine the maximum energy of tech
netium-102, the absorption curve of molybdenum 
obtained by brief irradiation of uranium was plotted. 
The beta rays from the molybdenuni-technetium-101 
fission chain are almost completely stopped by an 
850 mg per square centimeter of thickness aluminum 
sheet. If the gamma radiation corresponding to the 
101 series of isobars is removed, a half-life of approx
imately 11 .5 minutes, corresponding to molybdenum-
102, is •observed. \ i\lith :i greater thickness of alu
minum the hard beta radiation due to the technetium 
of 5 sec half-life is reduced. Total absorption of the 
hard beta radiation is obtained with 2200 mg per 
cm2 of aluminum, which corresponds more or less to 
a maximum energy of 4.2 Mev. This value agrees 
well with other puulished values. Gamma rays are 
also emitted by the isobars of molybdenum and tech
netium- I 02, the energy of which is now being deter
mined. 

In the fission of heavy nuclei, the isotopes of tech
netium having mass numbers greater than 102 must 
aJso be formed. Technetium-103 probably has a half
life of some minutes, but so far it has not been pos
sible to determine its half-li!e directly in the mixture 
of technetium isotopes formed by fission. 

Ahernpts have been made to determine its half
life indirectly by repeated separation of its daughter 
element at regular intervals. 

Satisfactory results have not been obtained as yet, 
probably owing to the fact that the half-life of ru-
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thenium-103 is long, so that a very high technetium 
activity will be required. 

T he half-life of technetium-104 is probably so short 
that its separation as a fission product will be ex
tremely difficult, but it is possible to determine the 
half-life of tcchnetium-105 if advantage is taken of 
the fact that the activity of its daughter element, 
ruthenium-105, is measurably increased through the 
decay of technetium-105. 

Direct measurement is difficult. This is due to the 
fact that technetium-IOI has a similar half-life and is 
more active because its yield in fission is greater. 
Technetium-105 is obtainable only as a fission prod
uct. Its hali-life is indicated as short in the tables of 
isotopes. 

ln order to obtain fission products, a few grams of 
ammonium diuranate were exposed to the neutron 
flux of a cascade accelerator of 1.2 Mev for 10 to 15 
minutes. The diuranate was dissolved in hydrochloric 
acid, and when copper was added as a carrier, copper 
sulphide was precipitated with a rapid stream of hy
drogen sulphide. The copper sulphide retains the 
activities of the clements of the second analvtical 
group, which includes molybdenum and technetium. 

The copper sulphide was redissolved in hydro
chloride acid with a little bromine; adding molybdate, 
perrhenate and ferric ions as carriers. On the addition 
of ammonia, ferric hydroxide was precipitated, which 
retained the activities of tin, antimony, ruthenium, 
tellurium and other elements. The molybdenum ancl 
the technetium pass to the filtrate, from which lead 
molybdate was precipitated when the filtrate was acid
ified with acetic acid and lead acetate added. Lead 
molybdate can be obtained in this manner within 5 
minutes if the filtrations are carried out in a vacuum 
and with 2 sec colloidal filters. The technetium, with 
the rhenium as carrier, is found in the lead.molvbdate 
filtrate. -

This solution was divided into three aliquot parts. 
In each part the technetium was co-precipitated with 
rhenium by means of tetraphenylarsonium chloride at 
intervals of a few minutes. 

By measuring the strong activity of the technetium-
101 it was ascertained that the precipitations were 
practically complete; at least, the same percentage of 
technetium was precipitated every time. After the 
decay of the technetium-101, the individual prepara
tions were again measured to determine the ruthe
nium-105 content in each. 

By plotting the activities of the ruthcnium-105, 
with the corresponding intervals, on semilogarithmic 
paper, a half-life of 10.5 minutes was found for tech
netium-105. 

This method of working is accurate only if there 
is no co-precipitation of ruthenium with the techne
tium preparations. In order to confirm this, a radio
active indicator of ruthenium, ruthenium-106, was 
ad~ed to the technetium solution before the precipi
tations were made. Two weeks after the experiment 
the technetium preparations were again measured 
to determine their, ruthenium-106 content. In all of 
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them, the co-precipitation of ruthenium with the 
technetium was less than 2 per cent. 

T he approximate half-life of molybderium-i05 was 
also determined in a s imilar manner, the indirect 
method of separating the daughter element at regular 
intervals being employed in this case also. 

A figure of about 4 minutes was obtained for its 
half-life. Direct measurement of this half-life is now 
being attempted by the selection of a position on a 
differential discriminator suitable for a gamma radia
tion typical for this nuclide. 

These experiments confirm the provisional values 
for these nuclides published in 1947. The half-lives 
determined are longer than had been anticipated for 
nuclides so remote from the line of stability, and for 
this reason we feel that it would be worth while for 
the subject to be studied at another laboratory also. 

Mr. G. N. WALTON (UK) presented paper 
P /436 and also made reference to paper P /435. 

DISCUSSION ON PAPERS P/437, P/671, P/1023, 
P/1026, P/436 AND P/435 

Mr. STEIC'IBERG (USA): In the quantitative sepa
rations in radiochemistry, one must always take into 
account the interchange of the radioactive species 
formed in fission with the carriers added. Iodine has 
been one of those which has ·caused some difficulty. 
It is interesting that Mr. ·walton's remarks indicate 
that in fission iodine apparently is formed as neutral 
atoms. I would wonder if Mr. \Valton would care to· 
comment 011 the possibility that the difficulties en
countered in radioactive exchange in the many va
lence states present during the radiochemical sep
arations are the result of the action of the solvents 
used in the dissolution of the uranium. 

Mr. WALTON (UK): I certainly think that the dif
ferent valency states of iodine which appear to be 
present a[ter you have dissolved up uranium metal 
are perhaps effects that take place after dissolution, as 
the result of the interaction of the iodine atoms with 
the medium in which the dissolution takes place. In 
nitric acid, these effects are most marked, whereas 
in hydrochloric acid the effects are less. The different 
valency states do not cause so much trouble in one's 
experience in hydrochloric acid. On the other hand, I 
must point out that these experiments that I de
scribed were only done on the iodine that is exposed 
during grinding up the metal, which is only one or 
two per cent of the total amount present, and we 
make the assumption that the rest of the iodine pres
ent is in the. -same sort of state as the little bit we 
have seen. 

Mr. F. MORGAN (UK) : The e."traction of tech
netium from irradiated molybdenum by roasting jn 
oxygen is a very convenient method. Would Mr. 
Vinogradov care to comment on any experiments that 
may have been done on the possibility of extraction of 
technetium from uranium oxide, as a possibility of 
getting larger quantities of technetium from high 
burn-up uranium rods? 
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The CHAl'RMAN : We have not carried out such 
extractjon directly from uranium rods, but have used 
ordinary waste solutions. The method I described 
can be employed in hot-laboratory conditions. 

Mr. L. YAFFE ( Canada): I should like to ask Mr. 
\Valton·\vhat is probably a very elementary question. 
Mr. Steinberg brought up the question of e.xchange 
and I should like to carry this a little further. Ts it 
not. very difficult to draw conclusions about the dif
ferent valence species ont! finds in irradiated material 
unless all factors arc studieu, such as possible ex
change between species which may be induced by the 
solvent during the extraction process? 

1Ir. WALTON (UK): No carrier iodine was added 
at the time of separation and I have not been able to 
think of any type of exchange that could affect the 
conclusions drawn. We were worried about the anal
ysis of the iodine ei,..-tracted into the hexane and into 

the alcohol, and one of the things that we have done 
is to count a)jquots of this solvent with a spectrom
eter, enabling us to see the iodine before chemical 
separation. 

The other point also is that iodine atoms in hexane 
have been studied by Marshall and Davidson in the 
photo-chemical decomposition of molecular iodine, 
and they find no attack of the hexane by iodine atoms. 

Mr. ROLLIER ( Italy): You extracted when grind
ing uranium only 2.per cent of the iodine present ; did 
you look also for iodine-129 from tellurium or not? 

M r. WAL·roN (UK): It is a fact that it was only 
!;Orne 2 per cent that was extracted by this means. 
'What we would like to know is the size of the par
ticles and their surface area, and so on, which would 
enable one to do more studies on these lines. 

·we did look at the other isotopes, but rather" briefly 
and we could not show any isotopic separation. All 
our fractions seemed to be the same. 
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Ther~odynamics of the Heavy Elements 

By B. B. Cunningham,* USA 

Thermodynamic data that enable the engineer or 
technologist to predict by calculation alone whether 
or not a chemical reaction can proceed under certain 
specified conditions of technological interest are of 
great practical value, and find extensive application in 
many phases of modern chemical industry. 

The thermodynamic properties of the heavy ele
ments are of concern, therefore, not only to scientists 
engaged in basic research, but also to engineers and 
chemists interested in practical methods for the pro
duction and utilization of nuclear power. The purpose 
of this paper is to summarize briefly advances in 
knowledge of the thermodynamic properties of the 
elements of atomic number 89 and higher. Although 
a number of these elements a re of little immediate 
practical interest, trends in thermodynamic properties 
that are revealed by study of the series as a whole 
help in correlating the data and in estimating prop
erties that have not been determined experimentally. 

There is no attempt here to review in detail ther
modynamic values that are summarized in such re
cent pnblications as the United States Bureau of 
Stand.ards Circular 500 ( entitled "Selected Values of 
Chemical Thermodynamic Properties" and iss\ted in 
February, 1952) or the '1arious volumes of the 
National N uclear E nergy Series (published by the 
McGraw-Hill Book Company, Inc.) . This paper dis
cusses only recent work that appears to be of special 
significance, experimental or calcltlated values that 
have not been published previously in standard jour-
nals, and correlations of properties. · 

The individual elements arc considered first. 

THERMODYNAMIC PROPERTIES OF INDIVIDUAL 
HEAVY ELEMENTS 

Actinium 

The summary publications mentioned above give 
no thermodynamic functions for actinium derived 
from experimental data. Separation of the element in 
the form of pure compounds was not accomplished 
until 1950, when milligram amounts· of the twenty
year isotope Ac' 27 were produced by neutron irradi
ation of Ra226 1• 2 The preparation of tlie metal 
and the determination of its crystal structure and 
approximate melting point are reported in recent 
publications.3•4 

* Radiation Laboratory, University of California, Berkeley, 
California. 

Actinium Metal 

Crystal structure: face-centered cubic, with a0 = 
5.311 J...t The metallic radius is 1.88 A, 0.1 J... larger 
than that of thorium in the metallic state and 0.01 A 
larger than that of lanthanum in the /3 or face-cen
tered cubic form. The metallic radius is somewhat 
smaller than might be expected from the difference 
between the crystal radius o{ Ac•' and that of La•3 , 

but the valence in the metal appears to be close to +3. 
Entropy at 25°C (estimated) : 14 cal mo1-1 deg-1 . 

Melting point : 1323 ± 50°K.3 

Entropy of fusion (estimated) : 2.0 cal mol-1 deg-1 • 

Heat of fusion: approximately 2.6 cal mo1-1• 

Heat of vaporization (from the liquid state): esti
mated to be 10 cal more positive than that of ameri
cium,5 or 70 kcal mol-1 . 

Entropy of vaporization ( from the liquid state) : 
estimated as 22 cal moJ-1 deg-1 at ~ 1300°K. 

Actinium Trifluoride 

Heat of fonnation at 298°K: approximately - 477 
kcal mol-1 is a lower limit consistent with the forma
tion of actinium rnetal by reduction of trifluoride with 
Li<.,> at 1473°K, after application of estimated high
temperature heat content and entropy increments fo1· 
the metal and trifluoride. A check by means of the 
Born-Haber cycle, based on the calculated crystal en
ergy of AcF a and an estimate 0£ ionization potentials, 
gives - 420 kcal mol-1 for the heat of formation. 

Actinium Trichloride 

Heat of formation at 298°K: - 271 kca.l mol-1 is 
a lower limit consistent with the reduction of AcCl3 <,i 
to metal with potassium vapor at ,..._,300°K. 

Actinium Oxyfluoride 

225 

Heat of formation at 298°K: -265 kcal mol-1 is 
a lower limit imposed by a consideration of the equi- • 
librium at 1000°K for the reaction 

AcF, + H.O c.,. " = 0•01 atmo•,.> = AcOF r<·) + 2HF r~, 

'which evidently lies far to the left, since no oxy
fl11oride is detected. The reaction would be expected 
to proc<;cd rapidly if PHI?o = 10-4 atmosphere. Cor
rections for high,-temperature heat content and en
tropy increments give ~-265 kcal moJ-1 as stated 
above. 



226 VOL. VII P/726 USA 

Thorium 

Although thorium has been available in substantial 
amounts for many years, there have been relatively 
few careful studies of its thermodynamic properties. 

Thorium Metal 

Entropy: 12.76 cal mol-1 deg-1 • This value is de
rived from measurements of the heat capacity of 
thorium metal in the range 15° to 300°K,6 and ex
cludes nuclear and possible electronic-spin contribu
tions. Of particular interest is the absence of a sig
nificant anomaly such as is found with cerium in the 
range 130° to 180°K. It appears that there are no 
f electrons in the metal, consistent with the 6d27s2 

ground state configuration assigned to Thl from 
studies of the emission spectrum. 7 States based on f 
configurations lie at considerably higher energies than 
the ground state. 1 

Crystal structure: a new allotropic form of tho
rium, body-centered cubic, appearing above 1400 ± 
25°C, has been reported.a 

Thorium Oxide 

Entropy: 15.59 cal mol-1 <leg-1 at 298°K. This 
value is derived from low-temperature heat-capacity 
measurements 0 and is of special interest as a repre
sentative value for the lattice entropies of the heavy
element dioxides, permitting close estimation of en
tropy contributions due to the presence of unpaired 
electrons in the Sf subshell of heavier elements. 

Heat of formation: - 293.2 kcal mo1·1• The value 
is based on recent careful measurements •0 of the 
heat of combustion of pure metal. The extreme sta
bility of the dioxide is one of the fundamental sources 
of difficulty in thorium metallurgy, since, in general, 
refractory oxides are attacked by thorium metal at 
high temperatures. 

Vapor pressure : The relation 

-3.71 X 10• 
log P,,.,,, = T + 11.53 

derived from experimental data on the vapor pressure 
of ThO0 at high temperatures,11 has significant ap
plications to technological processes involving the use 
of thoria as a refractory. 

Thorium Halides 

Heats of formation at 298°K: - 2CXi kcal 11101- 1 is 
repo1·ted 12 for the tetraiodi<le from a study of the 
equilibrium 

Thrc> + 4Icn> = Thl•</1> 

as a £unction oE temperah1re; - 156 ± 2 kcal mol-1 

may then be derived for the heat of formation of the 
triiodide by a consideration of the conditions re
ported 13 for the disproportionation of the tetra iodide; 
-190 ± 2 kcal mol·1 is the value calculated for the 
heat of formation of the trichloride from analogous 
considerations. 
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Aqueous Ions 
Heat of formation of TH+~ C•~> : -184.4 kcal moJ-1. 

This value deserves emphasis although it ,vas re
ported some years ago," since it is a basic value for 
the calculation of standard heats of formation of 
other aqueous thorium species. 

Prota ctinium 

Although a number of notable advances have been 
made in recent years in the knowledge of the chem
istry of protactinium, only a few thermodynamic 
properties may be estimated from available data. 

Protactinium Metal 

Crystal structure: body-centered tetragonal.15 The 
mclallic radius, calculated for coordination number 
12, is 1.63 A, close to that expected for a valence of 
+s in the metal, which therefore probably has no 
f electrons. 

Entropy at 298°K: 11 cal 11101-1 deg-1 • This value 
is estimated from trends in entropies of neighboring 
clements. 

Melting point: undetermined, but consideration oi 
the conditions used to produce agglomerated metal 16 

suggests an upper limit of 1873°K for the melting 
point. 

Prota ctinium Tetrafluoride 

Heat of formation at 298°K: - 477 kcal moJ-1 is 
deduced from a consideration of the conditions used 
to reduce the tetrafluoride to metal with barium va
por at 1773°K and the application of estimated high
temperature heat-content and entropy increments for 
the substances involved in the reaction. 

Pa(IVlcaq> and Pa(V)<•~> 

Entropy of Pa(V) <aq>: +S cal mol-1 deg-1• This 
value is estimated on the basis of recent studies by 
Welch," which have been interpreted by him as in
dicating a PaO2 • structure for pentapositive pro
tactinium in solution. 

Potential of the Pa(TV) = Pa(V) + e· couple: 
+0.1 ± 0.3v from recent studies1 s of Pa(IV) in 
aqueous solution. 

Uranium 

Uranium Metal 

Heat of vaporization: 106.7 kcal mol~1 for liquid 
uranium in the neighborhood of 1600°K. 

Heat of fusion : 4.7 ± 0.2 kcal mol·1 • Both values 
are taken from the work of Rauh and Thorn 19 who 
noted a pronounced effect of very slight pr~ssures 
( 10·0 to I 0-7 111111) of residual oxygen on the vapor 
pressure. Their experience suggests ·that other data 
on the vapor pressures of heavy element metals mav 
be substantially in error. • 

Ur~nium Oxide s 

Heats of formation of UO2 and U 3O 3 at 298°K: 
-259.1 and -853.S cal moJ-1, respectively.20 
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Entropy of UOz: The magnetic entropy effects 
noted in UO, by Jones, Cordon, and Long" are o{ 
general signHicance in heavy-element thermodynam
ics, as the majority of the heavy-element compounds 
are paramagnetic, an<.1 low-temperature heat-capacity 
onomalies may be e,xpected because of splitting of 

· the degeoeratc ground-state level by the crystalline 
field of the surrounding ions. Other effects, however, 
due to exchange interaction <'Ind quadrupole forces, 
exist also. Undoubtedly much more experimental 
work and theoretical development will be required 
before these efTects can be thoroughly understood. 

Uranium Halides 

Entropy o{ 'CF,: From their measurements of the 
heal capacity of UF. and the assumption that the lat
tice entropies of ThF, and UF. would be expected to 
be the same within a fraction of an entropy unit, 
Lohr, Osborne, and vVestrum" conclude that earlier 
measurements of the heot capacity or UF. by Brick
wedde. Hoge, and Scott21 were not extended· to suf
ficiently low temperatures to reveal an ~xpected 
magnetic anomaly below 20°K. 

Aqueous Solutions 

Acti,·ity coefficients and heal of dimerization of 
uranyl fluoride: activity coefficients of UO:F 2 have 
been determined recently,H,2

$ and evidence was ob
tained fo r association of the fluoride to form a dimer. 
The heat oi dimerizalion has a small positive value. 

Activity coefficients of uranyl sulfate: Conduct
ances of uranyl sulfate solutions at concentrations of 
104 to 7.28 normal and at temperatures from '0° to 
200°C have been measured by Brown, Bunger, Mar
shall. and Secoy,=6 who tabulate activity-coefficient 
dnta for these solutions. 

Neptunium 

Neptunium Dioxide 

Entropy and enthalpy of neptunium dioxide; 19.19 
± 0.1 cal mol-1 deg-1 and 2770 :±: 15 cal at 298.16°K, 
respectively. These values were determined by low
temperatnre heat-capacity measurements. 27 A pro
nounced hump in the heat capacity curve at 25.3°K 
is attributed to the incidence of antiferromagnetism. 

Neptunium Pentochloride 

Heat of formation: Failure to form NpCI, from 
:--Jp10, and Cl: at 500°K, noted by Gibson, Gruen, 
and Katz.'8 indicates that the presently accepted value 
of - 246 ::!: 2 cal for the heat of formation of NpCI:; 
i~ considerably too negative. 

Neptunium Solutions 

Np(V)-Kp(IV) couple: The formal potential of 
the reaction 

NpO~(o11t + ¼H:101 + 3H+ =Np<.,, .. + 2H20(c) 

has be{'n calculated by Magnusson and Huizenga 20 

from their study or the reduction of Np0~1001' by 

Fe--2• The potential is given as 0.738 v at 25°C, and 
the partial molal heat as -.35.3 kcal mot·•. It is to 
be noted that the difference in the partial molal en
tropies of Np(IV) and Np(V) which they derive 
from their data is substantially different from that 
given by the values listed by Lalimer.30 

Neptunium oxalate complex: A study by Gruen 
and Katz s1 of the temperature dependence of the 
equilibrium between Np02,,.,/ and oxalate ion at 
various hydrogen ·ion concentrations gives a value of 
0.0 ± 0.3 kcal for the heat of the reaction 

Np02rnai• + C~0.,.0 - = NpO~C,0,,,..,-

Plutonium 

Plutonium Metal 

Crystal structure: Five allotropic modifications of 
Pu metal arc reported to exist in the temperature 
range 136° to 480°(.ai. 33 The complicated structure 
of the metal makes any estimate of the entropy highly 
uncertain. The entropy cannot be determined from 
third-law measurements on Puzao, because of the large 
amount of ra<lioactive heating. Such measurements 
may eventually be possible with the 500,000-year iso
tope. Pu2n. 

Magnetic susceptibility: 2.52 X 10-6 cgs unit per 
g ram is reported 34 for the magnetic susceptibility o[ 
metallic plutonium at 20°C. The susceptibility of two 
samples was nearly independent of temperature, 
while a third showed a rapid decrease with decreas
ing temperature. The magnetic data gave indications 
of structure transitions at 119°, 205°, and 300°C. 

Plutonium Tetrafluoride 
Heat of formation al 298°K: -400 kcal mol-1 has 

been calculated from a study30 of the equi~brium 

3PttF~<•J + PuO2<•J = 4PuF3rcJ + 0,ro) 

but the C..'<treme state of sul:x:livision of the oxide re
quired to achieve reversibility in the reaction may 
have substantially altered the heat content of this 
material as compared with its macrocrystalline state. 

Plutonium Pentafluoride 

The same investigation 35 also provided evidence 
for the disproportionation of PuF. into PuF, and 
PuFs a t elevated temperatures, confirming earlier 
work, hut the product PuF5 was not definitely char
acterized. The thermodynamic properties of the pen
tafluoricle remain u ncertain. 

Sodium Plutonyl Acetate 

Electronic configuration of the Pu 0,.,. ion: para
magnetic resonance absorption studies of single crys
tals of sodium plutonyl acetate 38 show definitely that 
there are two f electrons in this salt, and thus there 
is no evidence for a 6d electron configuration in any 
heavy-clement compound of plutonium contrary to 
deductions made previously from magnetic-suscepti
lJility data. A theoretical analysis of the susceptibili ty 
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data by Elliott31 has shown that it is compatible with 
Sf rather than 6d electrons. 

A queous Solutions 

Oxidation potentials of aqueous couples: Slight re
visions of previously published values for the oxida
tion potentials of plutonium have been made by Con
nick and Mc Vey38 to correct for autoreduction of 
plutonium due to alpha irradiation. Current values 
for the formal potentials of the plutonium (III-VI) 
and {IV-VI) couples in 1 M HCJO. are - 1.043 ± 
0.003, and - 1.002 ± 0.002 v, respectively; and 
-1.053 ± 0.003, and -1.025 ± 0.002 v, respectively 
in 1 M HCI. 

Americium 

Amoricium Metal 

Heat of vaporization: 60.2 kcal mol-l is rcportcd39 

for the heat of vaporization of the liquid at around 
1200°1<. 

Americium Trifluoride 

Heat and free energy of vaporization: Measure
ments of the vapor pressure of americium trifluoride 
at elevated temperatures• 0 give values of t,H / = 
- 112,670 -+- 20 cal moJ-t and l = -155.50 ± 0.05 
cal mol-1 deg-1 for the constants in the equation for 
free energy of sublimation, 

AFM 0 = AH0° -2.3 (-14) T log T- IT 

Entropy of sublimation at high temperature: Jess 
positive than that for the sublimation of PuF

3 
by 

1.5 cal 1110)- 1 deg-1• 

Aqueous Ions 

Heats of formation of AmO,raqJ+ and Am02 raqJ•2 : 

- 207.8 ± 2.9 and -171.0 ± 2.7 cal mol-1, re
spectively .•·• Feay" calculates that the entropies of 
AmF~rMJ ancl Am F,raq!+ are 17.6 -+- 4 and - 11.9 ± 
4 cal mot--1 deg-1 , respectively. 

Curium 

Entropies of CmF3 ( aqJ and CmF2 (aq)•; 18.9 and 
-12.1 cal mol-1 deg-1, respectively.41 

Higher Elements · 

No elements of atomic nuniber higher than 96 
have been isolated as yet in the form of pure com
pounds, and thermodynamic studies will not be 
possible until these higher elements are available 
in greater abundance. · 

TRENDS IN THERMODYNAMIC PROPERTIES 
OF THE HEAVY ELEMENTS 

Thermodynamic properties that have not been 
measured experimentally are often estimated by 
extrapolation or interpolation of established values 
which 'appear to follow· some regular trend as a 
function of atomic number. Siich trends are evident 

in the heavy elements, as is illustrated in Fig. 1, in 
which the free energies of formation of the aqueous 
ions M•3, M", M02+, M0/2 are plotted as a function 
of atomic number. 

The nearly regular increase in stability of the tri
positive state and the decreasing stability of higher 
states is very clearly evident. 

In Fig. 2 are plotted the free energies of various 
oxidation- reduction couples of the heavy elements 
as a function of atomic number. Unlike the values 
plotted in the previous figure, the free energies of 
the couples are independent of the free energies of 
fusion and sublimation of the metals. 

A smooth t rend is evident in the free energy of the 
,l1•3 = M•4 + tr couple ( where lvl = a heavy 
element) through element 95. A discontinuity appears 
at element 97, a lmost certainly owing to the decrease 
in the ionization potential just beyond the point of 
half filling of the Sf subshell. Before this point is 
reached, the increase in the fourth ionization poten
tial appears to increase slightly more rapidly than 
the difference in hydration energies between the tri
and tetrapositive ions. 

T n contrast to the behavior of the couple M '3 =: 
MH + c-, the M+4 - MQ2• couple remains much 
more nearly constant as a function of atomic number, 
indicating that the stability of the oxygenated ion 
increases at about the same rate as the fifth ionization 
potential. · 

It is to he noted that when a couple involves oxi
dation to au ion with a noble-gas structure-Pa(IV) · 
to Pa{V), for example-the free energy of that 
couple is abnormally small. If account is taken of 
this fact, the trend of the oxidation-reduction couples 
of the heavy elements is seen to be remarkably regular, 
suggesting a regular progression of ionization poten
tials due to the progressive filling of an inner subshell. 

w 
..J 
o -180 
::!: 

' ..J 

;'.3 - 16 
~ 

Z -140 
Q 
1-
<l: 
~ -120 
0 u. 
u. -100 
0 

>-
- 80 <.:) 

0:: 
w 
:z 
w -60 · 
w 
w 
a:: 
u. 

Ac Th Pa u Np Pu Am 
~ ~ Figure 1. Free enErgies of formation of some aqueous ion$ of th& 

heavy elements (plus 113.4 keof mo1·1 for the ion, MO,+ ond MO,++) 



THERMODYNAMICS OF HEAVY ELEMENTS 229 

-.J 
' <X 

0 80 
:.:: 

0 

M+3 + 2H20 = Mo/+ + 3e
+ 4H+ 

I 
I 

I 

-2o_•-=-o--:-:--~--::!---,1---"-- ---'--
-p U Np Pu Am Cm Bk 

ELEMENT 
figure 2. Free energies of various oxidation .. reduc1ion coup?es of 

the he-ovy elements 

Some mention should be made here of the estima
tion of thermodynamic properties from the "constant 
difference" principle. For example, it has often been 
assumed that the difference between the heats of 
formation of CmC13 and CmF3 is the same as the 
clifference between the heats of formation of UCI, 
and UF s or of Pu Cl, and PuF 3 • 

A study42 of the high-temperature hydrolysis of 
lanthanide and actinide trihalides has shown that this 
assumed relation may be in error by many kilo
calories. 

· I n conclusion, it may be remarked that there is a 
great practical need for further work on heavy
element thermodynamics, particularly over extended 
ranges of temperature and pressure in concentrated 
aqueous solutions, so that the results may be applied 
directly to chemical problems associated with the 
operation of certain types of nuclear reactors. 
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Electronic Configuration of the Actinide Elements 

By J. K. Dawson and G. R. Hall,* United Kingdom 

Bohr first suggested that a series oi elements might 
exist in which electrons would populate the Sf energy 
levels, the properties of these elements resembling 
those of the lanthanides.' Several authors later 
attempted to predict the exact point in the periodic 
table at which the new series would be expected to 
begin, but much of the relevant experimental infor
mation did not become available until after the dis
covery of the transuranium elements. Seaborg re
viewed these early predictions together with the con
siderable amount of evidence obtained in the United 
States atomic energy programme and in 1949 he 
put forward the "actinide concept", extrapolating 
back from the marked similarities between the 
properties of, for instance, curium and gadolinium, 
to predict that the first Sf electron might appear in 
thorium. 2 Protoactinium might then have two, and 
uranium three, unpaired electrons in the Sf shell. 

At about the same 1ioint in the periodic table, it is 
also expected that electrons might enter the 6d 
energy levels, giving rise to another group of elements 
similar to the transition series. Most of the evidence 
from which deductions have been made on the con
flicting claims of the Sf and 6d energy levels has 
been derived from observation not of the elements 
themselves but of their ions. Thus, the main evidence 

· which led Seaborg to put forward the proposition 
that the elements of atomic weight higher than 
actinium form a series in which electrons successively 
enter the Sf energy level was derived from X-ray 
diffraction data, absorption spectra, chemical proper
ties and magnetic investigations. Ions which contain 
unpaired electrons possess a permanent magnetic 
moment which may be measured by effects produced 
in a magnetic field. This magnetic moment includes 
contributions from both the orbital and the spin 
motions of the electrons. Jf Hund's rule applies to 
these heavy element ions, then each additional elec
tron in excess of the radon core will enter the most 
stable electron shell so as to maintain maximum 
nmltiplicity of the spin quantum number. For the Sf 
shell, therefore. the electrons should not begin pair
ing until seven sub-states have been filled; for the 6d 
shell, five sub-states, by analogy with the well-known 
lanthanide and transition groups respectively. The 
magnetic moments of the lanthanides are close to 
those which may be predicted for the ideal gaseous 
state because the 4/ electrons lie predominantly below 

* Atomic Energy Research Establishment, Harwell. 
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the surface of the peripheral electrons and conse
quently are relatively free from interaction with 
surrounding ions. On the other hand, the magnetic 
mornents of Lhe transition element ions are consider
ably modified by exchange forces acting on the un
shielded d-shell electrons; the moments then consist 
almost entirely of the electron spin contribution, the 
orbital moment having been quenched out. Conse
quently, comparison of the magnetic properties of the 
heavy element ions with the differing types of be
haviour known to be associated with f- and d -shell 
electrons should prove a useful approach to the prob
lem of their electron configurations. 

A considerable amount of magnetic data has ·be
come available since Seaborg's paper, and this was 
reviewed up to 1952 by Dawson.3 At that time there 
appeared to be reasonable agreement between the 
observed magnetic properties and those predicted on 
the hasis of Sf electrons for the following ions with 
four, five and s~ven unpaired electrons: Pu4+, Pu3+ 

and Cm3
•. This agreement will be discussed briefly 

below, together with further information which has 
recently become available on some of the ions which 
have one and two unpaired electrons. 

The magnetic susceptibility temperature behaviour 
of trivalent samarium is unique in the ·way it de
viates from the Curie-\il/eiss law, there is a shallow 
susceptibility minimum in the region of 400°K. 
Van Vleck was able to explain this by allowing for 
a contribution to the magnetic moment from energy 
levels not greatly above the ground state.' A similar 
type of behaviour has been shown to exist for 
trivalent plutonium, the susceptibility minimum ob
served on the fluoride and the chloride being at 
about 520°K5 Since the magnetic behaviour of ions 
having the same number of electrons in d-levels is 
entirely different from this, it is reasonable to suppose 
that the magnetic electrons in the Pus. ion are in Sf 
orbitals rather than in 6d orbitals. 

Magnetic susceptibility measurements made on the 
quadrivalent plutonium ion, Pu .. , in dilute mixed 
crystals of the fluoride with isomorphous thorium 
tetrafluoride have shown that extrapolation to in
finite dilution gives a moment close to the theoretical 
value for four unpaired /-electrons in the ideal 
gaseous state, but quite different from the spin-only 
value to be expected for the same number of d-elcc
trons.6 Finally, Crane using only 30-50 µ.gm of curium 
trifluoride found that the susceptibility of Cm3• was 
very high and comparable with the extremely high 
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value for trivalent gadolinium, but was not in good 
agreement with the observed properties of, for 
instance, the cobaltous ion which has seven electrons 
in the 3d shell.7 

For these three heavy element ions the electron 
configurations deduced from the observed mar:netic 
properties are in agreement with the known chemical 
properties, but in the case of the ions having only 
one or two unpaired electrons the situation is more 
complex since both the chemical and the magnetic 
evidence show some characteristics of both j - and d
level electrons. 

A considerable number of measurements have been 
reported on the quadrivalent uranium and the hex
avalent plutonium ions, U<+ and PuO/+, both of 
which contain two unpaired, magnetic electrons. 6 In 
most compounds the magnetic susceptibility of u•• 
is either equal to or close to the spin-only value to 
be expected for two unpaired d-electrons, and this is 
true also in very dilute solutions of the tetrafluoride 
and dioxide in the corresponding thorium compounds. 
The plutonyl ion in solution9 and in solid sodium 
plutonyl acetate10 similarly shows the spin-only value 
and by analogy with the transition clements this was 
taken in the previous review3 to imply a 6d electron 
configuration. On this type of evidence it was postu
lated that the last row of elements in the periodic 
table could be sub-divided, so that ions having only 
one or two unpaired electrons accommodated them in 
the 6d shell, whereas in ions having more than three 
unpaired electrons the Sf levels were stabilised. Re
cently, however, detailed calculations have been made 
on the magnetic properties of the neptunyl and 
plutonyl ions by Elliott11 and by Eisenstein anti 
Pryce,"' and they have shown that the spin-only 
susceptibility Pu02h is consistent with a Sf2 electron 
configuration. The basis for this conclusion is given 
below. 

Uranium has six unpaired electrons in excess of 
the closed radon core, and in the formation of the 
linear uranyl complex: ion two of these are lost by 
ionisation and the remaining four are used to form 
covalent bonds with the oxygen atoms. The bonding 
in this complex was discussed by Eisenstein and 
Pryce. T.t involves two cr-type hybrid orbitals made 
up from the Sf, 6d and 7s orbitals of the uranium, 
using the sub-states with 1n1 = 0. In this way two 
orbitals are produced which are strongly directional 
towards the hvo oxygen atoms and which bond with 
the latter by overlap with their sp0 hybrid orbitals. 
The bonds formed are symmetrical about the O-U-0 
axis. The uranyl ion has no residual unpaired elec
trons and is only very weakly paramagnetic. 

Both E lliott and Eisenstein and Pryce observed 
that in the uranyl-like complexes, the strong electric 
field associated with the O-U-0 bonding should 
simplify considerably the calculation of magnetic and 
optical properties. Thus, whilst in the case of the 
transition elements the magnetic properties are 
strongly influenced by the crystal .field due to sur-
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rounding ions, in· these complexes the field due to 
the bonding electrons is the dominating factor. 

The neptunyl ion, NpO/+, is structurally similar to 
U02

2• but contains one unpaired electron. By assum
ing that this is an f electron the energy levels which 
could be available for it are those with 11i1 = ±3, 
± 2, ± 1 ( m, = 0 having been used in bonding to 
the oxygen). These states will have different energies 
but, because of the repelling effect of the bonding 
electrons along the 0-Np-O axis the state of lowest 
energy is m1 = +3. This is due to the fact that in 
this state the electron distribution is the most con
centrated in the equatorial plane and is also con
centrated furthest away from the 0-Np-O axis. On 
this basis, the predicted anisotropic g-values are 
g 11 = 4, g .1 = 0, and the derived magnetic suscepti
bility is fairly close to that determined expcri
mentally13 (JJ-c&p = 1.85, µu,or = 2 Bohr 111agnetons). 

In the plutonyl ion, two unpaired electrons have 
to be accommodated. Again on the assumption that 
these are f-electrons, there appear to be two reason
able alternatives: (a) the electrons occupy the states 
m, = ±3, ±2, respectively, with the spins parallel 
i.e., giving the maximum multiplicity as expected 
from I-Iund's rule, or ( b) if the repelling effect of 
the 0-Pu-O bonding electrons is sufficiently strong 
the electrons may go into the states m1 = +3, - 3, 
again with spins parallel. As BleaneyH has observed, 
both these alternatives give rise to a magnetic 
susceptibility close to the spin-only value and meas
urements on powder samples cannot therefore dis• 
tinguish between them. However measurements on 
a single crystal of, for example, rubidium plutonvl 
ni trate (RbPu02 (N03 ) , ) would. This is because 
only the first alternative would give a strong • 
anisotropic susceptibility (L = 5), whereas in the 
second the anisotropy would be small (L = 0). 

Although magnetic susceptibility measurements on 
suitable single crystals containing neptunium and 
plutonium have not been made, paramagnetic reso
nance measurements have been described and these 
have led to complete confirmation of the theory of 
Eisenstein and Pryce. T he salt, rubidium uranvl 
nitrate in which small amounts of either neptunyl 
(Np0,2•) or plutonyl (PuO;•) ions have isomor
phously replaced uranyl (UO/•) ions is particularly 
suitable for such measurements. This salt crystallises 
in the hexagonal system with all the uranyl ions 
identical and lying parallel to the c-axis. Paramag
netic resonance experiments on single crystals of this 
salt have been described by Bleaney, Llewellyn, Pryce 
and Hall.13

•'~:
11 The observed spectroscopic splitting 

factors for the plutonyl15
•
16 ion were g 11 = 5.32, 

g .1. = 0, which are in reasonable agreement with the 
values derived theoretically i.e., g 9 = 6, g .L = O, 011 
the assumption that the magnetic electrons are in Sf 
energy levels with 11i1 = ±3, ±2. Paramagnetic 
resonance absorption measurements on a single 
crystal of sodium uranyl acetate containing 2% of 
sodium plutonyl acetate and on a crystal of the pure 
plutonyl salt by Hutchison and Lewis18 ha,•e pro-
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duced a similar result and their observed splitting 
factors· are g 1 ~ 5.9, g 1- _, 0. 

Similar experiments have been described by 
Bleaney et al. 17 for neptunium. Thus a crystal of 
rubidium uranyl nitrate containing about 1 o/o of the 
isotope Np23

' has been ~-xamined and the spectro
scopic splitting factors g1 = 3.41, g1_ = 0.21 were 
obtained. There is not such good agreement between 
these and the theoretically predicted values of g1 = 4 
and g .1 = 0, but Bleaney14 has pointed out that closer 
agreement is possible by modifying the theory to take 
account of possible overlap between the wave func
tions of the magnetic electrons with orbitals from the 
oxygen atoms of the complex. This amounts to allow
ing for a certain amount of bonding in addition to the 
u-bond earlier described. This would have the effect 
of reducing the orbital moment of the magnetic 
electrons, hence also g1 would be smaller. 

Finally, paramagnetic resonance has been reported 
on powdered samples of uranium triBuoride and 
uranium tetrafluoride by Ghosh, Gordy and Hill.19 

The spectroscopic splitting factors for t r ivalent 
uranium were given as g 11 = 2.8, g .L = 2.1. Experi
mental resulls obtained on such magnetically con
centrated materials arc always difficult to correlate 
with theory, but O'Rrien20 has recently considered 
uranium trifluoride. Calculations were made of the 
effect of the crystal field on several possible electronic 
configurations. For a configuration 5f3, with ground 
stnte4 1012, values of gg = 2.6, g _L = 1.8, which are 
reasonably close to the observed results, were ob
tained. For the configuration 6d3 it would 4ppea r 
likely that the ground state would have g .L = 0, 
as is the case for most ions with 3d", 4d", Sd" con
figurations; however, if spin-orbit coupling is very 
important and there is jj coupling, then the g values 
of the ground state are g 0 = 0.8, 9.J.. = 1.4. 
· The considerable amount of information now avail

able on the magnetic properties of the heavy element 
ions evidently gives strong support to the "actinide 
concept" of Seaborg ( lac. cit.). As shown above 
there is substantial evidence for the following elec
tronic configurations : 

J q1t UOtl• Nf>O:"' PuO::..,_ Uh Pu0 P"h C,n.a-,. 
Unpaired 
Sf electrons O 2 3 4 5 7 

There, are, however, some outstanding problems 
which remain to be elucidated. For instance, in many 
investigations, the magnetic susceptibility of quad
rivalent uranium in a magnetically dilute environ
ment has been shown to have a value equal to or very 
close to the spin-only value for two electrons.8 In its 
present form the theory of Eisenstein and Pryce 
applies specifically to the uranyl-like ions and has 
not been developed for other types of ions. Similarly 
there is a superficially closer resemblance of the ob
served magnetic susceptibility of thorium triodide 
to that of compounds of the transition elements rather 
than to compounds of cerium. Uranium metal has· 
been investigated magnetically21 and the temperature 

dependence of the susceptibility is similar to that of 
elements such as iridium rather than the lanthanides. 
The evidence on plutonium inetal is conflicting, 
different samples having shown different types of 
behaviour.22 

It will be of great interest to measure the suscepti
bilities of the elements beyond curium, if these should 
become available in weighable amounts, and to in
vestigate the laqthanide analogy as electrons in the 
Sf shell commence to pair. There may be considerable 
difficulty in making such measurements, however, 
because of the short half lives involved. For instance, 
even in sodium plutonyl acetate Dawson'0 found a 
drop of about 1 r'<, per day in the susceptibility for 
several days. It would appear that this might cor
respond to some change in the plutonium valency 
or the crystalline environment caused by the plu
tonium alpha particle decay. F urther measurements 
have been made recently in rubidium uranyl nitrate 
and on a 1 o/o solution of rubidium americyl nitrate 
(RbAm02 (NO,),) in rubidium uranyl nitrate. For 
the plutonium salt the decrease in susceptibility was 
initially about 1 % per day and then this attained a 
constant value in two weeks. For the americium 
compound the susceptibi lity dropped very rapidly 
and attained a steady value in less than a dav. Un
fortunately the amount of americium was s; smal 1 
that only a very small magnetic effect was measurable 
and no reliable figure was obtained for the suscepti
bility of the americyl ion directly after the prepara
tion of the salt. It would appear that this greatly in
creased rate of change in susceptibility compared 
with that for plutonuim is connected with the change 
in half-life, i.e., 24,000 years for plutonium and 
470 years for americium. It is possible that the 
americyl ion is becoming reduced in the crystal to a 
lower valency, hence causing the reduction in suscep
tibility. Such changes occur in aqueous solntion for 
both plutonium and americium; for the americyl 
ion Hall and Markinu found a reduction rate of 
about 3% per hour due to the formation of reducing 
products by the alpha particle bombardment of the 
solution. 
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The Chemistry and Crystal Chemistry of 
Heavy Element Compounds 

By Sherman Fried* and W. H. Zachariasen,f USA 

The elements from actinium, Z = 89, to curium, 
Z = 96, form a sequence which can best be desig
nated as a "5f" series by analogy with the rare earths 
of 4f series. 

The recent isolation and/or production of these 
heavy Sf clements in weighable quantities invited 
the systematic investigation of their chemical proper
ties. Elements such as actinium, thorium, protac
tinium, and uranium were, of course, known and 
studied chemically in a cursory fashion for many 
years, while the elements neptunium, plutonium, 
americium and curium have been available only since 
the development of the chain-reacting pile. 1, 2 ,3, 4 

It is the purpose of this paper to describe the 
methods used in the preparation of identifiable com
pounds of these elements and to discuss the chemical 
reactions involved. In many cases comparisons can 
he made het,,·een the various elements and the 
analogies indicated. 

It should be pointed out that this series of Sf 
elements constitutes a remarkably regular sequence. 
The regularity is not only evident in the chemical 
reactions of these elements but also in the crystal 
structures of any homologous series of their com
pounds. This regularity has in many cases made it 
possible to predict the course of chemical reactions 
as ·well as the crystal structures and lattice dimen
sions of the various compounds. 

Many of the elements were, at first, available in 
only microgram quantities. This, coupled with the 
fact that some of them were highly radioactive, 
necessitated the development of techniques which 
would permit the preparation of compounds in such 
a manner as to be safe and at the same time to 
yield the most information. In addition, it was to 
he expected that many preparations would be re
active with the oxygen or water of the atmosphere, 
and that reactions would in many cases have to be 
carried out under anhydrous air-free conditions. 

The techniques selected were the ultra-micrn 
methods of Kirk and his group ..,;.,hich were de
veloped at the Argonne National Laboratory and 
were used in conjunction with the X-ray diffraction 
method of analysis. Using these methods it was 
possible to prepare compounds of the elements, 
determine the crystal structures and from this deduce 

* Argonne National Laboratory. 
i" University o{ Chicago. 
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the chemical formulae. Such determinations led, in 
turn, to the elucidation of the course of the chemical 
reactions used in the preparations as well as of the 
oxidation states exhibited by these elements. 

In many cases it was possible to prepare these 
elements in the metallic form, determine some of the 
properties and examine their behavior with various 
reagents. 

As the work progressed the regularities in crystal 
structure and chemical reactivity, alluded to above, 
became more apparent and subsequent work became 
much easier to interpret. As the backlog of informa
tion accumulated, predictions of the reaction of· a 
given reagent or of the lattice dimensions of a com
pound could be made with great certainty. 

In this manner more than sixty compounds of these 
elements have been prepared and identified. The 
crystal structures of these compounds and ionic radii 
of the various elements have been determined. 

The several Sf clements exhibit various oxidation 
states. The distribution of oxidation states throughout 
the Sf series is illustrated in Table I, where a defi
nitely identified oxidation state is indicated by a cros:; 
or by a circle. A cross is used to designate a bona 
fide oxidation state capable of existence in solution as 
well as in the solid state, and it is believed from 
crystal structure results that the non-bonding valence 
electrons in these normal oxidation states are all 
of the Sf type. A circle is used to designate what may 
be termed a subnormal oxidation state characterized 
by the presence of non~bonding 6d electrons. The 
subnormal oxidation states cannot exist in solution, 
and the corresponding compounds are apt to show 
pronounced metallic character. Typical examples• of 
st1bnormal valence compounds are monoxides and 
monosulfides, ThI2 , ThI3 and Th2S3 • The tripositive 
oxidation state of uranium and neptunium is of 
normal type in the trihalides, but of subnormal type 
in the compounds U 2S8 and Np2 S3 • 

Table I. Observed Oxidation States 

EJemtnt 

A c Th Po u Np p,. A.,. c .. 
II 0 0 0 0 0 0 

rn X 0 ox ox X X X 
IV X X X X X 0 0 
V X X X X X 

VI X X X X 



236 VOL. Vil P/730 USA S. FRIED AND W. H. ZACHARIASEN 

The elements in the normal +III oxidation state 
may be said to form an "actinide-"• series, with 
actinium as the prototype element analogous to the 
lanthanide series for the rare earth elements in the 
same oxidation state. In contrast to the lanthanide 
series, there is no unbroken actinide series, for the 
normal tripositive oxidation state has not been ob
served for either thorium or protactinium, the known 
trivalent compounds of thorium being analogous to 
corresponding compounds of titanium and zirconium 
rather than to those of actinium. 

The tetrapositive oxidation state extends without 
break from thorium to curium, forming a "thoride" 
series in which every member is thorium-like. The 
"protactinide" and the "uranide" series are observed 
in the same manner in the + V and + VI states/ 
respectively. Every one of the elements uranium, 
neptunium, plutonium and americium exhibits all the 
oxidation states from +II to + VT, the +II state 
being in every instance of subnormal type. 

Some isotopes of these elements are too highly 
radioactive to be used for the study of compound 
formation. I n these cases the intense self-bombard
ment may destroy the compound or the radiation 
emitted is so penetrating that the X-ray film is fogged 
before a diffraction pattern is obtained. Thus, isotopes 
were chosen with the longest half-life consistent with 
easy procurement. The isotope Np237 is obtained as 
a by-product in the operation of a rcactor8 and the 
isotope Cm244 with a half-life of about 20 years 
( compared with a half-life of 162 days for Cm242 ) 

by p rolonged irradiation of plutonium.9 

TECHNIQUES 

It is important that all equipment used in the 
preparations be scrupulously clean and all reagents 
rigorously purified. Small fragments of dirt or other 
debris represent s ignificant or even overwhelming 
impurities when compared with microgram quan
tities of the elements. Small qiiaritities of impuri ties 
in reagents may completely · alter the course of a 
reaction. 

Preparation of Capillories for X-ray Samples 

In order to obtain satisfactory X-ray diffraction 
patterns of microgram quantities of a solid in a glass 
or quartz capillary the wall thickness must not be 
greater than 0.030 mm. A 20-cm length of clean 
Pyrex tubing 10-15 mm diameter is heated in ~ 
sharp orygen-gas flame and constricted to approxi
mately one-third of its diameter. The constricted 
portion of the tube is heated with a rather broad 
air-gas flame and then rapidly drawn out into a 
capillary. Capillaries of 0.100-mm inside diameter 
with a wall thickness of 0.010 mm may be readily 
produced with a little practice. A sharp flame may 
be used to seal off the ends. 

Quartz capillaries are produced in much the same 
manner, except that a sharp oxy-hydrogen flame is 

used for the initial constriction and a more diffuse 
flame for the final drawing. 

A capillary may be filled with solids easily if the 
large tubing from which it is drawn is left attached. 
Powders can be shaken or vibrated down its length 
by tapping or rubbing the tubing with a knurled 
edge. Care should be taken not to introduce too much 
material at one time or that the particles are not 
too big to fall to the bottom of the capillary. 

After the particles have been shaken down, the 
capillary may be cut by scratching with a chip of 
unglazed porcelain or sealed off to the proper length 
with a flame. If the original tubing from which the 
capillary is drawn is made part of a standard taper, 
ground-glass joint, the whole capillary system and 
its contents may be attached to a vacuum apparatus. 
This permits the investigation of the reaction of 
various gaseous reagents with the contents of the 
capillary. 

Capillaries are emptied by breaking after scratch
ing with a porcelain chip. T he opened capillary is 
fixed to a stout ,vire by means of wax and is ·in
verted over a suitable container. The wire is tapped 
sharply causing the contents of the capillary to fall 
into the container. 

Precipitates 

The hydroxides of these elements tend to precipi
tate in a gelatinous form. , vhen a solution in a 
micro centrifuge cone of 200 microliters capacity is· 
treated with NH3 gas, the hydroxide may be centri
fuged as a tightly packed mass at the bottom of the 
cone. \Vhcn the product has been washed several 
times to remove ammonium salts and dried at about 
70°C, the packed precipitate has a tendency to shrink 
away from the walls of the cone. Thus it may form 
a loose single piece or at most a few pieces. These 
may be easily transferred to X-ray capillaries and 
further operations performed. In this work the dried 
hydroxide or oxalate was frequently used as the 
starting material for the preparation of other com
pounds. 

COMPOUNDS 

Oxides 

J\:fost compounds of these elements when heated 
to over 500°C in air, containing moisture, will hydro
lyze or decompose to the oxide. An exception is AcF~ 
which is evidently so stable towards hydrolysis that 
at 1000°G it merely melted. The oxide of this element 
was prepared by heating the oxalate to I l00°C in 
oxygen.10 

The formulae of the oxides formed are Ac,O, 
(white), ThO2 (white), Pa2O5 (white),11 U 3O0 
(black), NpO2 _(green-brown),12 PuO2 (brown) , 
AmOi (black)," and Cm2O.1 (white).u 

It is possible to prepare other oxides of these ele
ments. Protactinium oxide, Pa~O5, may be reduced 
to black PaO2 by heating in hydrogen to 1500°C.11 
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Much milder conditions suffice for the reduction of 
U,O. to UO,. Reduction or Pu02 to Pu20 3 requires 
the action of cnrbon or barium at hjgh temperatures,16 

while Am20 3 may be prepared by gentle decomposi
tion of the oxalate in vacuum. Americium sesqui
oxide is easily reoxidized in contact with air.16 

Heating U 3O 8 with oxygen at 30 to 150 atm and 
S00°C results in the formation of U03 •

17 Neptunium, 
however. cannot be made to form the + vr oxide, 
but treatment with N 00. or owne results in the 
fonnation of Np30 8 •16 Curium scsquioxide may be 
oxidized to a compound that is very close in com
position to Cm02 by heating gently in ozone or 
oxygen.11 

Fluorides 

The fluorides of all these clements may be obtained 
by the action of gaseous hydrogen fluoride on the 
oxalate, dried hydroxide. or oxide at approximately 
SOO"C.10, 11 , 13, 20 If a reducing agent such as hydrogen 
is present, the product will frequently be a fluoride 
of lower oxidation state if such exists, and if oxygen 
is present a higher fluoride may be obtained. 

The apparatus consisted of a nickel tube, 2.5 cm in 
diameter, heated with an electric furnace. The frag
ments of oxide (or other compound) were placed in 
a sruall platinum boat which, in turn, was placed in 
the nickel tube. The nickel tube was fitted with valves 
in such n manner that a gas or rnixture of gases could 
be led from tanks, over the material to be actl!d upon. 
ln addition, connections to a s011rce of vacuum were 
made so that the svstcm could be evacuated if-neces
sary. Generally the' gases were passed over the oxides 
for one or two hours at the desired temperature, 
measured by means of a thermocouple. After the 
reaction was completed, the system was allowed to 
i:;ool and was then flushed with an inert gas. The par
ticles of the resulting fluoride were mounted in an 
X-ray capillary which "·as sealed off and analyzed 
by X-ray diffraction. 

The reactions may be represented by the equations 

M2O8 + 6HF➔2M'F8 + 3H~O 

MO,+ 4HF➔MF. + 2H~O 

(1) 

(2) 

The trifluorides and tetrafluorides of these elements 
are non-hygroscoµic, high melting solids. 

The fluorides of actinium and thorium arc AcFa 
and ThF,, respectively.10 

The action of hydrogen-hydrogen fluoride mix
tures on Pa02 yields the red PaF •. while under the 
53-1111! conditions Pa20 . yields a volatile compound of 
unknown composition.u This mixture, however, 
yields the purple fluorides NpF8 and Pu'F3 when a l
lowed to act on NpO. and Pu02 , respectively."0 ·"' 

The fluorides UF, (green) , Npl<", (ligbt green) 
and PuF, (beige) are formed by the action of hy
clro3cn fluoride alone on the corresponding oxide at 
500°C.t0 ,z1 Americium, however, yields the pink flu
oride AmF3 .n 

To prepare the higher Ouorides of these elements 
it is generally necessary to use a fluorinating agent 
such as free fluorine or cobaltic 1rifluoride. The com
powtd U03 does not yield UF. by treatment with 
hydrogen fluoride, but rather the oxyfiuoride UO,F,,. 
Treatment of lJF. and NpF, with fluorine results in 
the formation of u"F0 and NpF0 , respectively. 21 

Americium trifluoride is converted to AmF, under 
these conditions.23 

The fluorides· of some of these elements undergo 
special, peculiar r~actions with dry oxygen at ele
vated temperatures. The reaction of UF • with oxygen 
is given by the equation 

600°C 
2UF, + O2--~UO2F. + UF. (3) 

This reaction provides a method of preparation of 
UF0 without the use of elementary fluorine.2' 

Other special reactions are25•17 

2UF3 + 02➔UO,F. + UF. (4) 

4NpF0 + o ,-3NpF, + Np02 (S) 
&oo•c 

4PuF3 + 0 2 .___:?3PuF, + Pu02 (6) 
~ocuum 

A noteworthy point about reaction 6 is its apparent 
reversibility at 600°C in vacuum. 

Chlorides 

The oxides or oxalates of these elements react with 
carbon tetrachloride vapor al elevated temperatures 
according to one or the other of the [ollowing equa
tions 

MO,+ 2CCl.➔.MCI, + 2COCl2 (7) 

M02 + 2CCI,➔MCl3 + 2COCl2 + ¼Cl, (8) 

M203 + 3CCL.➔2MC!a + 3COC12 (9) 

Equation 7 represents the reaction of the dioxides 
ThO~, Pa02 , UO, and t>:pO: to form the tetrachlo
rides. The colors of these compounds are white, yel
low, green, and orange, rcspectively.11,10 

The formation of the green trichloride from PuO, 
and the pink trichloride from Am02 is shown by 
Equation 8.13•28 The scsquioxides Ac2O~, Am20~, and 
Cm20 3 react according to Equation 9. The chlorides 
of actinium and curium are white.10

-" The higher 
oxides such as Pa20 5, U30 8 and UO, yielcl higher 
chlorides or mixtures of chlorides under these con
ditions. The trichloridcs sublime at 700-800°(, the. 
tetrachlorides 400- 550°C, and the higher chlorides 
may be volatile at 200°C. 

In some cases lower chlorides may be formed by 
reduction with hydrogen, and higher chlorides by re
action with chlorine depending on the element in 
question. Equations 10 and 11 are e.xamples of these 
reactions :• 

NpCl4 + ¾H2➔NpCJ3 + HCI 

4UC1. + 3C'2➔2UCI, + 2uc1. 

(10) 

(11) 
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figure 1. Apparatus for the preparation of chlorides 

A 

The chlorides, particularly the trichlorides and tet
rachlorides, may be partially hydrolyzed by action of 
water vapor at low concentrations. Thus the com
pounds UOClz and Np0Cl2 are formed 20 from the 
respective tetrachlorides, while the compounds 
AcOCl,' 0 PuOC],28 and CmOcl,14 arc formed from 
the corresponding trichlorides. 

All of the chlorides and oxychlorides are hygro
scopic to varying degrees. On exposure to moist air 
they form various chloride hydrates which decom
pose to the oxides when heated. 

The apparatus used in making these prepurations 
is shown in Fig. 1. By manipulation of stopcocks 
B and C, it is possible to admit carbon tetrachloride 
vapor into the evacuated system or to pump it out 
along with any volatile reaction products. During the 
time the capillary is evacuated any heavy metal chlo
ride formed has an opportunity to sublime to the 
cold portion of the capillary. The temperature of the 
reaction is maintained by the nickel furnace, which 
is wound with nichrome wire. 

The vapors of chlorine, bromine, or other liquid 
reagents are introduced through stopcock E, while 
the action of hydrogen is studied by admitting the 
gas through stopcock F. 

When the reactions are completed the product is 
usually found condensed as a solid in a zone just out
side the heated portion of the X-ray capillary. The 
X-ray capillary may be evacuated, sealed off above 
the sublimate,' and submitted for X-ray diffraction 
analysis. 

Bromides ond Iodides 

The oxides of the elements react with aluminum 
bromide or iodide to form these halides according to 
the r eactions 

3M02 + 4AIX3➔3MX, + 2Al20 3 ( 12) 

3M02 + 4AIX3➔3MX3 + 2Al20 3 + %X2 (13) 

M.o. + 2AIX.➔2MX. + AJ,o. (14) 

Fifty-micrngram samples of the oxide are mixed 
with several times the quantity of aluminum powder. 
The mixture is placed in a quartz X-ray capillary 
which is attached to the apparatus shown in Fig. 1. 
After the system has been evacuated, bromine or 
iodine vapor is admitted onto the mixture of alumi
mnn metul and oxide. The halogen· vapor is allowed 

to act on the aluminum at 200"C. As the aluminum 
halide is formed, it distills into a cool portion of the 
tube. vVhcn all the aluminum has reacted, the sys
tem is evacuated and sealed off to a length of about 
15 cm. For protection, the capillary is placed in a 
heavy-walled glass tube, which is sealed off. The 
heavy tube with the capillary inside is heated uni
form ly in a furnace at S00°C for eight hours. The 
system is cooled, the heavy tube broken open, and 
the capillary attached to the apparatus shown in 
Fig. 2. When the stopcock is turned, the capillary is 
broken without allowing air to come in contact with 
the reaction mixture. 

T he contents are heated by means of a furnace as 
shown in the figure. As the temperature is raised, 
unreacted aluminum halide sublimes at temperatures 
below 400°C. At temperatures from 400 to 500°C 
tetrabromidcs distill, and at 700 to 800°C tribromidcs 
and triiodides vobtilize. The other product of the 
reaction, A l,O,. remains at the bottom of the capil
lary. The section of the capillary containing- the con
densed zone of interest is sealed off from the rest for 
X-ray diffraction studies. 

U nder the conditions described above, the elements 
thorium, uranium, and neptunium. form tetrabro
mides which are white, brown and brown-red, re
spectivcly.18 Neptunium tetrabromide may be par
tially decomposed to the green tribromide during the 
volatilization in vacuum. 

The oxides of actinium, plutonium, and americium 
form tribromides under these conditions which are· 
white, green and pink, respectively.10 , 1 3 , ,o 

The triiodidcs are formed under these conditions 
from all the oxides with the e:-.::ception of thorium and 
uranium. The iodide UI. can be thermally decom
posed to UI 3• 

Mild hydrolytic conditions vield oxYhalides such 
as AcOBr, P uOBr, and Pu0(10 , 23, 2 • • 

Metals 

The metals are prepared by the reaction of barium 
vapor with the tri- or tetraAuori<les at 1200 to 
1400°C. The furnace in which this reaction is carried 
out is shown in Fig. 3. The whole furnace is en-

TO VACUUN 

CAPU. l.ARV 

NIC•E~ /f 

~ APIE:ZON WA)( 

~OCOU~L£ Wt~L 

Figure 2. Apparatus for o!'ening capillaries 
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figure 3. furnace assembly 

closed in a glass bulb of about 500-ml capacity which 
is attached to a high-speed vacuum line. The blank 
systems are outgassed before use at 1400°C until the 
pressure is reduced to 10·6 mm Hg. 

\Vhen a current of 10 to 15 amperes is passed 
through the tantalum or tungsten coil, the tempera
ture rapidly rises to 1200°C. After about 20 seconds 
the barium metal vaporizes, 1-eacting ,vith the fluoride; 
the excess barium vapor diffuses into the outer vol
ume of the bulb, where it condenses as a mirror on 
the walls. After SO seconds, the reaction is complete; 
the system is then cooled. 

On opening the crucible system, the metal is found 
as shiny, round globules, adhering to the walls. T he 
globules of metal can be pried off with a needle. 

In this manner the metals protactinium, uranium, 
neptunium, plutonium, and americium have been pre
pared.11,20,31 

The metals unite with hydrogen at slightly ele
vated temperatures to form hydrides. Using the ap
paratus shown in Fig. 4, a piece of neptunium weigh
ing 20.88 micrograms absorbed hydrogen rapidly at 
so•c and formed a black flaky powder. The volume 
of hydrogen absorbed corresponded to the formula 
NpH3.r,-3.s•20 

Sulfides 

When the oxides are heated to high temperatures 
in a stream of hydrogen sulfide containing carbon 
disulfide vapors, various sulfides and oxysullides are 
formed . Actinium, uranium, neptunium, plutonium, 
and americium yield the sesquisulfides on treatment 
with this mixture at 1200 to 140O°C10, 2o, 1s 

Oxysulfides such as PaOS, UOS, and NpOS are 
obtained from the corresponding elements under 

milder conditions, while plutonium y ields the com
pound Pu,OiS. 

Miscellaneou$ Compounds 

The oxides of these elements react with carbon at 
temperatures above 2500°C to form the carbides. 
These preparations are made by heating the oxide in 
a graphite crucible in a hydrogen atmosphere using a 
high frequency generator as a source of power. 
Carbides also result when metal preparations are 
carried out in graphite crucibles. 

' I 
I 
I I 
I I 

L v AcuuM LINE AND 
SOURCE OF H2 

SAMPLE 

_,._ __ }_ 

' ~ Hg AT 600mm ,, ,, 
:: ,, ,, 
:~ ,, ,, 
:: Hg AT ONE ATMOSPHERE 
~ 

Figure 4. Hydride apparatus 
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Table II. Chemical Similarity between the 4f Elements and Other Elements 

N•. of 4/ l II Ill IV 
eltrtrons K Ca Sc Ti 

Rb Sr y z,.. 
0 Cs Ba La Ce 
1 Cc Pr 
2 Pr 
3 Nd 
4 Pm 
5 Sm 
6 Sm Eu 
7 Eu Gd Tb 
8 Tb 
9 Dy 

10 Ho 
11 Er 
12 Tm 
13 Yb 
14 Yb Lu Hf 

Thus, neptunium oxide yielded the carbide NpC2 

by reaction with graphite at 2660-2800°C while re
duction of 100 micrograms of NpF3 wi~h lithium 
metal in a graphite crucible yielded NpC and Np,C3 •32 

The plutonium carbides are PuC and Pu,C0 .ss 
:t:-Jeptunium nitride, NpN, was prepared by the re

action of neptunium hydride with ammonia gas pre
sumably according to the equation32 

NpH, + NH3 ?SOoC NpN + 3H2 (15) 

The silicides may be formed by reaction of calcium 
silicide or silicon metal on the oxide or fluorides of 
these elements. The compounds PuSi2 and NpSi., 
have been identified.32, 34 -

The compound Np3P 4 resulted from the reaction of 
neptunium metal with red phosphorus at 750"C for 
16 hours.32 

From the foregoing, it is evident that certain gen
eralizations can be made regarding the properties of 
these elements. 

As was to be expected, the highest oxidation states 
arc exhibited in combination with the small and diffi
culty polarizable anions, such as Q-- and F -, rather 
than with the more readily polarizable and oxidizable 
anions, CI-, Br.- S-, and I-. T hus UF0 and U03 may 
be_prepared but not UBr0 or UI0 ; AmF4 and Am02 

exist but AmCl, and AmBr, have not been made. 
Comparisons of the stability of various oxidation 

states of the anhydrous compounds with those found 
in solutio~ are probably only of limited -validity. 
However, m aqueous solutions it is evidentlv easier 
to obtain the higher oxidation states than in the solid 
comp~unds. The stability is apparently increased by 
solvat1on and complex formation, and in this connec
tion it is noteworthy that Pu (III) mav be oxidized 
to Pu(1V) by chlorine or bromine, thoigh PuCl4 and 
PuBr. do not exist in the anhydrous state. 

CRYSTAL STRUCTURES OF 
HEAVY ELEMENT COMPOUNDS 

In discussing the chemistry and crystal chemisti·y 
of the heavy elements it is o£ten useful to make com-

V PI VII VITI 
V Cr Mn F, Co Ni 

Nb Mo Tc R., Rh Pd 

Ta w Re Os Ir Pt 

parisons with the elements from cerium to ytterbium, 
the 4f elements. It is convenient to define a 4f element 
as one in which the 4/ subshell is partly occupied. 
According to this definition cerium is the first 4/ cle
ment and ytterbium is the last, although io the strict 
sense of the definition, cerium, when it is tetravalent, 
and ytterbium, when it is divalent, are not 4/ ele
ments. For many purposes it is useful to include 
among the 4f elements the immediately preceding 
element in which there are no 4J electrons and the 
immediately following element for which the 4f sub
shell is completed. . 

Table II shows the number of electrons in the 
4/ shell for the various oxidation states observed for 
the 4f elements. It should be remarked, however, that 
subnormal oxidation states are not included in the . 
tab!e. ~hus the + 2 oxidation state exhibited by 
cenum m the compound CeS has been omitted and 
this is done because the crystal structure results ~how 
that the non-bonding valence electrons are at least in 
part Sd rather than 4f type. 

~n rega:d to chemical and crystal chemical prop
erties the important consequences of the filling of the 
4f shell are twofold. In the first place, the 4f elec
trons do not participate significantly in chemical bond 
formation, and, as a result, atoms or ions whose elec: 
tronic configurations differ only in the number of 4f 
electrons will show similar chemical behavior. Sec
ondly, the filling of the 4/ shell is accompanied by a 
slow monotonic contraction in atomic dimensions for 
a given oxidation state. Since the degree of chemical 
and cry~tal chemical similarity between any two 
atoms with analogous electronic configurations de
pends on refative size, the effect of the "4f contrac
tion" is to make neighboring 4/ elements show almost 
identical chemical properties. The 4f contraction was 
discovered by Goldschmidt, s; who also called atten
tion to a number of interesting consequences. The 
contl"'.1ct!on occurs regardless of whether the binding 
1s of 1on1c, covalent or metallic character and whether 
the oxidation state is 2, 3 or 4. Table III illustrates 
the magnitude of the 4f contraction as reOected in 
ionic crystal radii. 
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Analogous compounds of the heavy elements under 
corn;ideration in this article are almost invariably iso
structural. In all such series of isostructural com
pounds corresponding to the normal oxidation states 
of Table 1 there is a monotonic decrease in lattice 
dimensions and interatomic distances with increasing 
atomic i·tumber. This observation is equally true for 
a series such as XF3 , in which the binding is pre
dominantly ionic, as it is for an isostructural series of 
compounds such as Na(XOJ (C2H 30J 3, where the 
binding is of predominantly covalent type. The ob
served extremely close similarity in structure and 
interatomk distances cannot be accounted for unless 
the configuration of the bonding electrons is the same 
and non-bonding electrons are Sf rather than 6d elec
trons. \Vhile it is true that the presence of 5f electrons 
in the heavy elements was deduced on the basis of 
chemical and crystal chemical behavior in analogy 
with the 4/ elements, additional and more direct evi
dence, such as magnetic properties, has confirmed the 
earlier conclusions. Table IV, which should be com
pared with the corresponding Table II for the 4/ 
elements, shows the number of electrons in the Sf 
shell for the elements Ac to Cm in the oxidation 
states of normal type, while the magnitude of the 
"Sf contraction" as exhibited in ionic crystal radii is 
shown in Table V. 

If a Sf element is defined analogously to a 4/ cle
ment, namely, as one in which the Sf shell is incom
plete, then, as seen from Table IV, protactinium in 
the tetravalent oxidation state becomes the first Sf 
element. Barium, lanthanum and cerium arc the pro
totypes for the 4f elements in the 2, 3 and 4 oxida
tion states, and one may thus speak of "bari<le," "lan
thanide" and "ceride" series of 4f elements, depending 
upon the oxidation state with which one is concerned. 
In a similar manner actinium, thorium, protactinium 
and uranium serve as prototypes for the Sf elements 
in ·the oxidation states 3, 4, S and 6, respectively, and 
one may analogously speak of "actinide," "thoride," 
"protactinide" or "uranic.le" series of elements. It is 
particularly to be noted that thorium and protacti
nium have not yet been found in the normal +3 oxida
tion state, and hence they are not true actinide ele
ments. Such compounds as ThI, and Th2 S, are 
known,~ but the oxidation state of thorium in these 

Tob ie Ill. Ionic Radii of 41 Elements in Various 
Valence States 

Ionic .,.adiu.r, A, 
in indwa.ted valence. state Eltmetit +2 +3 +4 

Barium l.29 
Lanthanum 1.04 
Cerium 1.02 0.92 
Praseodymium 1.00 0.90 
Neodymium 0.99 
Promethium (0.98) 
Samarium l.11 0.97 
Europium 1.09 0.96 
Gadolinium 0.94 
Terbium 0.92 0.84 
Dysprosium 0.91 
Erbiwn 0.89 
Holmium 0.87 
Thulium 0.86 
Ytterbium 0.93 0.85 
Lutecium 0.84 
Hafnium 0.77 

compounds must be termed a subnormal valence 
state, analogous to the trivalent state of titanium, for 
crystal structure studies show that the non-bonclmg 
electron is of 6d rather than Sf type. 

One of the obvious differences between the prop
erties of 4f and Sf elements is the greater multiplicity 
of oxidation states for the heavier series. Whereas 
any given 4f element exhibits at most two normal 
valence states, namely, 3 and 4 or 3 and 2, there are 
four bona fide valence states for each of the elements 
uranium, neptunium, plutonium and americium. This 
difference is due to the fact that the separation 5f-6d 
is considerably smaller than is the corresponding 
4j-5d separation. By varying the oxidation-reduction 
conditions under which chemical reactions arc car
ried out, it is thus possible to bring abouf demotion 
or promotion of several electrons in the Sf elements 
but of, at most, only one electron in the 4f group. 

Another important difference is the generally 
hio-her oxidation state for the heavy elements as com
pa~ed to the light group. Table VI illustrates this 
difference. Were there strict analogy between 4f and 
Sf elements one should expect americium to ex~ibit 
the oxidation states +2 and +3 ::is does europmm, 
whereas americium actually occurs in the oxidation 
states +3, +4, +s and +6. 

Table IV. Crysta l Chemical Similarity between the Sf Elements a nd O ther Elements 

I 11 Ill IV V VI VII VIII 
K Ca Sc r,· I' c,- i\'[U F e c. Ni 

Rb s, V z,. Nb Mo Tc Ru m, Pd No. of 5f 
eltdro,u Cs Ba La Ce 

E• Gd Tb 
Yb Lu Hf To w Re Os fr Pt 

0 Fr Ra Ac Th Pa u 
l Pa u Np 
2 u Np Pu 
3 u Np Pu Am 
4 Np Ptt Am 
s Ptt Am 
6 Am Cm 
7 Cm 
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Table V. Ionic Radii of 5f Elements in Various 
Valence States 

Ionic radi1t1J A, 

Element 
i» indicated voltnce state 

+3 + 4 +l +6 
Actinium J.11 
Thorium (1.08) 0.99 
Protactinium (1.05) 0.96 0.90 
Uranium 1.03 0.93 0.87 0.83 
Neptunium 1.01 0.92 0.88 0.82 
Plutonium 100 0.90 0.87 0.81 
Americium 0.99 0.89 0.86 080 

The crystal chemistry of the heavy elements as re
gards the tripositive and tetrapositive oxidation states 
of normal character has been adequately discussed in 
an earlier survey article,7 and the crystal chemical dis
cussions of this paper will therefore be limited to 
newer results concerning the other oxidation states. 

THE CRYSTAL CHEMISTRY OF THE +s AND +6 
OXIDATION STATES 

I t is found that the oxygenic compounds of the 
elements U to Am in the hexapositive state, and of 
the elements Np to Am in the pentapositive state, 
contain collinear groups (X01 )•

2 and (X02 )+, re
spectively. These O-X-0 radicals have been observed 
to be collinear within experimental error even in 
structures where the collinearity is not required by 
the space group symmetry. However, no satisfactory 
theoretical explanation has yet been given why tlie 
heavy elements in these oxidation states should form 
two oppositely directed strong bonds. 

Owing to the small X-ray scattering effects o( 
oxygen as compared to that of the heavy atom it is 
difficult to obtain precise values for the length of the 
X-0 bond. The only reliable results for the bond 
length within the 0-X-0 group have been obtained 
for uranyl compounds. It is important to emphasize, 
however, that although radicals 0-X-O involving 
two short bonds are found in all structures of the 
compounds under consideration, other bonds arc 
nevertheless formed by the heavy atom X . Four, five 
and six such secondary bonds to other oxygen atoms 
or to fluorine atoms have been observed. Table VII 
shows the available data as to the length of the pri
mary bonds within the O-X -0 groups (X-Or) an<l 
of the secondary bonds (X-On or X-F).36 

It is seen from Table VII that the primary as well 

Table VI. Valences of 4f and Sf Elements 

51 d~mC'·nl Vol~acc ,ff clcmcn.e Val1nu:c 

Actinium 3 Lanthanum 3 
Thorium 4 Cerium 3,4 
Protactini.um 4,5 Praseodymium 3.4 
Uranium 6,4,3,S Neodymium 3 
Neptunium 4,3,6,S Promethium 
Plutonium 4,3,6,S Samarium 3,2 
Americium 3,4,6,5 Europium 2,3 
Curium 3,4 Gadolinium 3 

as the secondary bond lengths show large variations 
from one compound to the next. These variations 
begin to make empirical sense if one tries to divide 
up the normal valence of each atom between tbe 
various bonds so as to give local valence balance. In 
this way it becomes possible to assign a bond strength 
s to each bond so that the sum of the strengths of the 
bonds ending on an atom is equal to its accepted 
valence. The bond strengths so obtained are listed in 
the last column of Table VII, and it is noted how the 
bond length decreases with increasing bond strength 
in a very striking fashion. 

THE SUBNORMAL VALENCE COMPOUNDS 

A number of compounds corresponding to the +z 
oxidation state of the heavy elements are known. 
T hus the monoxide of every element from thorium 
to americium has been observed as a coating on the 
metal. The monosulfides of thorium, uranium and plu
tonium are known, and the preparation of the di
iodides' has been reported.5 The oxides and the sul
fides show pronounced metallic character. 

Table VII. Observed Bond Lengths 

Compom1d Bond Bond leugtJ,, i11 A Bond strcugtl,~ s 

RbU02(N03)3 u-201 1.58±0.10 1.93 
KaU02F5 U-201 1.76±0.03 1.63 
CaU0202 u - 201 U)l ±0.10 1.25 
MgU0!02 U- 201 1.92± 0.03 1.33 
U002 U - 201 2.08±0.01 1.00 
MgU0202 U-4011 2.18±0.02 0.83 
BaU0202 U-4011 2.17±0.10 0.75 
U002 U-6011 2.39±0.10 0.67 
CaU0202 u - 6011 2.29±0.02 0.58 
RbU02(NQ3)3 U-6011 2.72 ± 0.10 0.36 
KP1102C03 Pu- 60u 2.55±0.10 0.25 
KaU02F:, u- sF 2.24±0.02 0.55 
UO,F:i U - 6F 2.50±0.10 0.33 
KAm02F2 Am - 6F 2.47±0.10 0.29 

If all the non-bonding valence electrons were Sf 
electrons, then these elements in the +2 oxidation 
state should be radium-like, i.e., they should be mem
bers of a radide series. Thus, beginning with radium, 
there should be a slow monotonic decrease in ionic 
crystal radius with increasing atomic number, and it 
is reasonable to suppose that this Sf contraction 
would correspond closely in character and magnitude 
to the observed 4/ contraction for the baride series. 
Since the ionic crystal radius of Ra•• }s known to be 
1.37 A from the RaF2 structure, it becomes possible 
to make reliable predictions of the radii of the radide 
ions. The validity of the assumption of radium-like 
ions can accordingly be tested by means of a compari
son of predicted and observed inferatomic distances 
for the monoxides and the monosulfides, and this 
comparison is made in Table VIII. 

It is seen that the observed interatomic distances 
in the compounds urider consideration are very much 
smaller than the values predicted on the basis of a 
Sf contraction in a radide series, thus leading to the 
conclusion that the non-bonding valence electrons 
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Tobie VIII. Predicted .and Observed lnteratomic 
Distances for Monoxides and Monosulfides 

Element Predidtd A1on.oxide1, A MoAos,flfides, A 
radide radius, A Predietcd Ooserved Predicted Ob~rvtd 

Ra 1.37 2.83 3.27 
Ac 1.32 2.78 3.22 
Th 1.28 2.74 2.60 3.18 2.84 
Pa 1.25 2.71 2.48 3.15 
u 1.22 2.68 2.45 3.12 2.74 
Np 1.20 2.66 2.50 3.10 
Pu 1.18 2.64 2.48 3.08 2.76 
Am 1.16 2.62 2.50 3.06 

cannot possibly be of the Sf type. On the other hand, 
the observed results are in agreement with expecta
tion if one a ssumes the non-bonding valence electrons 
to be 6d electrons, for it is known from other regions 
of the periodic system that the addition of non
bonding electrons to the d subshell produces far 
greater contraction in interatomic distances than does 
the addition of electrons to the f subshell. For e,.'(
ample, the addition of three non-bonding 3d electrons 
causes a decrease in interatomic distance from 2.40 
A at CaO to 2.04 A at VO. The experimental re
sults given in Table VIII suggest that, as far as 
monoxides and monosulfides go, the first Sf electron 
does not appear until neptunium. However, the data 
do not permit any reliable estimate as to how many 
of the non-bonding valence electrons of neptunium, 
plutonium and americium are of Sf and how many of 
6d type. 

The interatomic distances observed in the tri
halidcs of uranium and neptunium are precisely those 
to be expected on the basis of a SJ contraction in an 
actinide series, and it may thus be concluded that the 
three non-bonding valence electrons of uranium and 
the four non-bonding valence electrons of neptunium 
in .the trihalides are of Sf type. However , the situa
tion is quite different for the sesquisttlndes of 
uranium and neptunium. The crystal structure is 
known for the sesquisulfides of actinium, thorium, 
uranium, neptunium, plutonium and americium. The 
actinium, plutonium and americium compounds are 
isostructural; but the thorium. uranium and neptu
nium compounds have a different structure, and the 
latter three compounds show moreover a much more 
pronounced m etallic character. The observed inter
atomic distances and those predicted on the basis of 
a Sf contraction in an actinide series are shown in 
Table IX. 

Table IX. Predicted and Observed lnteratomic 
0 

Dislonces (A) in Sesquisulf1des 

Compou,al Predicted ObseYved 

Ac2S3 3.09 3.10 
PU:!S3 2.98 2.92 
Am2S3 2.97 2.92 
Th2S~ 3.02 2.90 
u~sa 2.97 2.82 
Np2S3 2.95 2.81 

The good agreement between prediction and ob
servation for the p lutonium and americium com
pounds suggests that all the non-bonding electrons of 
these atoms are of Sf type. The lack of agreement 
in the cases of the thorium, uranium and neptunium, 
on the other hand, necessitates the conclusion that 
some of the non-bonding electrons of these atoms are 
of 6d type, and the numerical results suggest that 
there are no Sf electrons in Th2S3 and U,S3 and not 
more than about Sf electron in Np2 S3• In other words, 
in the sesquisulfidcs', thorium behaves as a homologue 
of zi r conium, and uranium as a homologue of molyb
denum, whereas plutonium and americium behave as 
true actinides. 
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Hydrolytic Behavior of the Heavy Elements .. 

By K. A. Kraus,* USA 

The elements from actinium upwards, those ele• 
ments which are commonly referred to as the actinide 
series, represent an unpar;lleled opportunity to inor
ganic and physical chemists who are interested in the 
comparative study of elements. Various aspects of the 
chemistry of these elements can be found in numerous 
reviews.1·1 As a first approximation these elements 
fonn a very coherent group which, particularly for 
the higher members of the series, show a persistence 
of properties which is reminiscent of the rare earths. 
However, the actinides show greater richness in 
properties, resulting principally from their existence 
in a variety of oxidation states. For a study of aque
ous solutions the actinides are furthe1· very attractive 
because many of their ions have absorption spectra 
with optical density very much higher than those of 
the rare earths, though of similar sharpness, because 
many of the elements show reversible potentials, and 
because many occur in high oxidation states with a 
resulting abundance of complexing properties. 

In spite of the opportunity presented by these ele
ments. their comparative chemistry so far has not 
been greatly exploited. The most detailed systematic 
studies relate 1o their crystal chemistry.1•13 Further, 
one may cite work on the systematic identification of 
oxidation states and oxidation potentials, of absorp
.tion spectra in acidic solutions, of magnetic prop
erties H and particularly of the ion-exchange be
havior.2, i5, H Fragmentary studies on the hydrolytic 
properties of these elements are also available and 
will be summarized in this paper. 

From present information, it appears that the hy
drolytic properties are quite sensitive to change in 
atomic number and oxidation state. Study of these 
properties is particularly attractive since experi
mental proccdltres are often simple and since, in 
addition, the results are basic for an understanding 
of the aqueous solution chemistry of the elements. 
For the purposes of this paper the hydrolytic prop
erties will be defined to include identification of the 
species in acidic solutions under "non-complexing" 
conditions and identification of species and equilibria 
as a function of acidity. Although the solid phases 
formed by hydrolysis of the ionc; (hydroxides, basic 
salts, etc.) form a group of extremely interesting 
compounds, little is known _regarding _them, and _de
tailed comparison therefore is not considered feasible 
at this time. 

* Oak Ridge National Laboratory. 
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Comparison of :the elements will be made for each 
of the major oxidation states in solution, i.e., the 
ox:idation states 3, 4, 5 and 6. 

GENERAL CONSIDERATIONS AND SYMBOLS 

Equations and Formulas of Ions 

The various hydrolytic equations and the formulae 
of the ions will be written in terms of unhydrated 
species, although unquestionably the ions in solution 
arc heavily hydrated. This conventional procedure 
has been selected since most of the measurements are 
essentially thermodynamic and hence not sensitive to 
the degree of hydration of the ions. If ~ne desire? to 
assio-n coordination numbers, one 1111ght consider 
eight for the ions of the +3 and +4 oxidation17 

states [M(H2O) 8•3, M(H2O)s••] as well as for the 
+sand +6 oxidation states, i.e., M02(H20),/ and 
MO,(H,O):+. These are the coordination n~bers 
which one is likely to find in crystals, e.g., oxides or 
basic salts.11,l8 •20 However, such assignments should 
not be taken too seriously, and lower coordination 
numbers may occur. Although six water molecules of 
hydration17 are probable for the ions .11102+ and 
MO, .. , this cannot be taken completely for granted 
since the coordination number of the M02 groups 
tends to vary from compound to compound.13 (M is 
a metallic ion.) 

Symbols and Definitions 

activity of :i: 
activity coefficient of species .x-
proper activity coefficient quotient ( or prod
uct) for reaction i 

k~ acid constant 
k, '" concentration quotient for acid constant 
Ksp - solubility product 
K,p'" = concentration product for K.11 

1JJ~ 

M 
n 

N 

pk,. 
z' 
,,. 

_ concentration (molarity or molality) of x 
molarity (moles per liter of solution) 

_ hydroxyl number, aver?ge number of hy-. 
droxide ions per metal ion 
degree of polymerization, number of met-al 
ions in a polymeric aggregate 
- log k,. 

_ charge on polymer per monomer unit 
- ionic strength (molarity or molality units) 

The simple, monomeric, hydrolytic reaction will be 
assumed to be 

M •Z + H20 ~ MOH+Z-l + H· ( 1) 

with the acid constant 
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+Z G +-
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+Z - t,;.. I• au,o au 
(2) 

where 

(3) 

is the concentration quotient and G,. = g,Eon•Z-i grt/ 
an,o gJ,+z the proper activity coefficient quotient. 
In most cases only concentration quotients kh"' have 
been evaluated. These will be functions of the medium. 
In a few cases data have been expressed in terms 
of the solubility product 

K,p = a.11• Zaorr_7, =K,pmG,11 (4) 

where 

(5) 

and G,
11 
= g,,,•zgou_z_ 

All the work to be discussed and all constants 
given refer to room temperature, usually 25°C, ex
cept where otherwise noted. 

THE +3 OXIDATION STATE 

Species in Acidic Solutions 

The actinide elements with oxidation number three 
( M (Ill)) are generally considered to exist in acidic 
solutions as the species M". There is little doubt that 
this assignment i; correct for acidic solutions. Strong· 
est evidence in its favor comes probably from the 
oxidation-reduction potentials of uranium,21 nep
tunium 22 and plutonium 17 couples as a function of 
acidity. This assignment is further strengthened by 
the striking similarity of the properties of the acti
nides and Janthanides of oxidation number three. If 
one accepts the species M•3 for the early actinides, 
their similarity to the higher actinides and the essen
tially regular drift of properties as a function of 
atomic numbern, 1 • , 23•21 makes this assignment vir
tually certain for all the actinides M (III). 

Hydrolytic Reactions 

The actinides of oxidation number three form rela
tively insoluble hydroxides and basic salts in a man
ner analogous to the rare earths. There is no evidence 
for amphoteric character. Relatively little is known 
quantitatively regarding the hydrolysis of the ions 
M•3 , acid-base titrations of Pu(III) being the only 
ones available.28

•
29 

Using the data of Moeller and Kremers 30 on the 
solubility of the lanthanide hydroxides, Latimer 3

' 

computed values of K,p for some of the actinide hy
droxides, taking the similarity of the ionic radii oi 
the lanthanides and actinides into consideration. In 
this manner he estimated K 8,, = 1 X l0-9 for 
U(III), 2 X 10-20 for Pu(III), 2.7 X 10-20 for 
Am(III) and 1.9 X 10-21 for Cm(III). Latimer's 
value for K,9 (Pu(III)) compares favorably with 
K,,,"' = 2 X 10·20 calculated by Busey and Cowan 20 

from their acid-base titrations of dilute PuCl3 soJu: 
tions (p. = ca 4 X 10·2 ). For comparison, Busey and 

Cowan obtained K,1/" = 2.5 X 10-0 for La(III) 
from similar acid-base titrations of dilute lanthanum 
chloride solutions (;< = ca 2 X 10·2) , in good agree
ment with K,,, = l X J0-19 given by Latimer. As 
pointed out by Latimer, these values of the solubility 
products only hold for the freshly precipitated hy
droxides and aging effects would cause significant 
decrease of K ,11 with time. 

From an analysis of the acid-base titration curves 
of Pu(III) pkh,. = 7.3 (µ. = 0.24 to 0.07) was ob
taincd.28 This compares favorably with pH = 7.0 to 
7.5 observed by Busey and Cowan at ii = 0.5 for 
somewhat more concentrated Pu(III) solutions of 
approximately the same ionic strength. T hese pH 
values may be compared with pH ca 8.3 at n = 0.S 
which Busey and Cowan observed for a 2 X 10-8 M 
LaCl3 solution. This implies that pk,."' of La(III) is 
ca 8.3 if the initial hydrolysis follows the simple 
monomeric reaction (I). Similarly, an estimate of the 
acid constant of Pr(IJI), whose ionic rndius is al
most identical with that of Pu(III), indicates that 
these two elements have approximately the same 
acidity.'8 However, as pointed out,28 detailed com
parison of the acidity of the actinides and lanthanides 
of oxidation number three is not feasible since as 
far as the lanthanides are concerned, the data in the 
literature are not always consistent, possibly because 
polymeric hydrolysis products are formed in titra
tions at high concentration of metal, precluding sen
sible evaluation of k,.'". 

On the basis of simple coulombic ( charge-radi~;s) 
arguments, a slight increase in acidity of the actinides 
is expected with increasing atomic number in view of 
the "actinide contraction." Although such arguments 
do not apply to the actinides or higher oxidation 
number, the reasonably close agreement in the hydro
lytic properties of the actinides and lanthanides sug
gests that they hold for the ions M•3

• The difference 
in the acidity of La(III) and Pu(III) is approxi
mately as expected. Kasper~• has shown that the acid 
constants of a large number of ions can readi ly be 
correlated by consideration of their size and charge. 
According to a simplified analysis, using his basic 
correlation,33 it appears that the acid constant should 
increase at the rate of ca 0.085 pk units for each 
0.01 A decrease in the metal-oxygen distances for +3 
ions of this size. Accordingly, with Pu(III) approxi
mately 0.04 .A smaller than La(III), pk,. (La(III)) 
shoul<l be approximately 0.4 units larger than pk,. 
(Pu(Ill)) . Although the observed difference is 
larger, this rather sensitive test reveals a startling 
similarity ·&etween these ions. However, one should 
mention that the agreement, however gratifying, can
not be taken as evidence for the similarity of the elec
tronic configurations .of these ions, since by Kasper's 
method many ions, as diverse electronically as Ca(II), 
Zn(II), Fe(III) and Pu(III), can reasonably well 
be correlated. Using this correlation, one predicts 
that pk1, ( Ac (III) ) is ca 0.9 pk units larger and pkh 
of the last actinide ( element 103) ca l pk unit smaller 
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than pk,.(Pu(III) ). This makes the estimated acidity fer from that of U(IV) and Pu(IV) while that of 
of Ac(III) about equal to that of La(III). Compar- the latter two is very similar. 
ing the radii of these ions, however, Ac(III) should fo lhe case of Pu(IV) and U(IV) the earliest 
be more basic by ca 0.6 pk units, in qualitative agree- stage of hydrolysis involves the simple monomeric 
ment with data on vapor phase hydrolysis.12 reaction, equation ( 1). Atµ.= 0.5, k1,"' = 2.9 X 10-2 

THE +-4 OXIDATION STATE 

Species in Acidic Solutions 

Until recently there was considerable doubt re
garding existence of the species .1111 .. in acidic solu
tions. For example, it has often been proposed that 
in aqueous solutions these ions were oxygenated 
"-yl" ions of the type MOH. Although doubt re
mains regarding the existence of the species M" for 
many metals in acidic solutions of moderate M (IV) 
concentration, these doubts have definitely been re
solved for most actinides. Actually, it appears lhat 
the actinides may be unique with respect to the broad 
stability range of the species M .. and the occurrence 
of this species in moderately acidic solutions. 

The existence of the unhydrolyzed species M" 
has been unambiguously established for Th (IV) and 
U(IV) from measurements 3 '•u of the acidity of so
lutions of ThCI. and UCL.. Further confirmation 
comes from solvent e.,1:raction studies with acetyl 
acetone36R,b and with oxine and cupfcrron."'" In 
studies with thenoyltrifluoroacetone (TTA)31• 37, a 
charge of +4 on the extractable species was estab
lished, although the studies were not carried far 
enough to disprove possible extraction of polymeric 
products, e.g., (M0) 2' '. Proof for the species Pu .. 
and Np", though not quite so direct as for Th .... and 
U", seems nevertheless firm, not only from studies of 
the comparative behavior of these ions but also from 
the consistency of the oxidation-reduction potentials 
with this hypothesis.17• 22 •33• 30 In view of the general 
coherence of the properties of the actinides, one may 
probably safely assume that all of these in the oxida
tion state +4. including the recently discovered Pa 
(IV),•0 ·•3 exist as the species /lfH in acidic solutions. 

Hydrolytic Reactions 

The actinides .il1 (IV) form highly insoluble hy
droxides and basic salts. Solubility product constants 
K 311 0£ the order of 10-av (Th(IV)), 1Q-4o (U (IV)), 
10-~2 (:Pu(IV)) and tQ-3° (Am(IV) ) have been esti
mated for the hy<lroxidcs.u There is no evidence for 
amphoteric character. 

The mechanism of hydrolysis appears to be com
plicated and was studied recently in some detail for 
Th(lV),3•, 41.•5 U(IV)n and Pu(IY) 35••8 (refer
ences to earlier work may be found in the papers 
cited). At least three types of hydrolysis products 
have been recognized : ( 1) simple monomeric hy
drolysis products, (2) low-mokcular-wcight hydro· 
lytic polymers in equilibrium with each other and 
with M••, and ( 3) high-molecular-weight polymeric 
products ( probably more than one type) not in eCJui
librinm with the monomer. As discussed below, the 
mechanism of hydrolysis of Th (IV) appears to dif-

has been determined for U (IV) by a spectrophoto
metric method. 30 With essentially the same method 
kh"' = 2.5 X 10-2 (µ = 0.5) w:i.s determined 
for Pu (IV). u This value is in reasonable agree
ment with kh"' = 3.1 X 10-2 at p. = 1, which 
was obtained by a ·-potentiometric method.•0 It was 
found possible to use a modified Debye-Hiickel plot 
for extrapolation 35 of k6 m to 14 = 0 even for equilibria 
involving such highly charged ions. In this way kh 
= 0.21 can be estimated for U(IV) and k,. = 0.18 
for Pu(IV). 

In the region of acidities where hydrolysis accord
ing to Equation 1 occurs, slower hydrolytic (irre
versible polymerization) as well as other reactions 
also take place and the constants listcd31 were ob
tained by extrapolation of a 11 data to "zc.ro time," the 
time of preparation of the solutions. With U(IV), 
polymerization ( and oxidation) is sufficiently slow 
so that o.trapolation introduces only minor correc_
tion, even up to 11 = 0.8 ( 1 o-a M U (IV)) . However, 
in the case of Pu(IV) such exlrapolations are of 
considerable significance since at the higher acidities 
disproportionation reactions also occur and since near 
,i = 0.5 " irreversible" polymerization becomes very 
rapid even in 10-:S to 10-4 M Pu(IV) solutions. 

These results may be contrasted with those for 
Th(IV). The simple monomeric hydrolysis product 
Th(OH)•3 appears to be of little signHicance.3 ••

0 

H reaction ( 1) occurs at all, k."' for Tb(IV) is very 
much smaller than for U(IV) and Pu(IV); an esti
mated It,.."' = ca S X 10-5 (p. = 1, perchlorate media) 
was obtained.3< At high dilution there is evidence for 
the formalion of the monomeric hydrolysis product 
Th(OH):i•• and the constant 1 k2 = 1.5 X 10-8 for 
the reaction Th44 + 2H20 ;;= Tb(OH)/• +zn•was 
estimated.34 However, even in the most dilute solu
tions studied (2.5 X 10· 4 M Th (IV)) and for " < 
0. 1 polymeric hydrolysis products are also present. 
It is of interest to note that only for Th(IV) the 
postulated "oxygenated" species Th(OH) 2 H (or 
ThO+<) has been confirmed in recent work. l\o such 
evidence was found with U (I V) and Pu(JV) and 
similarly the species has not been found for aqueous 
solutions of Zr(IV), Hf(IV) and Ce(IV). Even 
with Th( lV) the stability range of the species ThO>+ 
is very narrow and the species has become of neglig- ' 
ible importance long before 11 = 2.0 has been reached. 
Further, plots of n vs 111n· ( or log mu•) do not tend 
to level near n = 2.0, as expected fo r either the spe
cies MO+> or its polymers (MO)y•2Y. Instead, the 
curves appear to level off near 11 = 2.5 for Th 
(IV)3•· 41 and near 1-1 = 2.3 for Zr(IV), Hf(IV)"' 
and Ce(IV),•" although dilute metal solutio11s and 
extr.lpolations to zero time are necessary in these 
cases for clear rcco~ition. 

Regarding detailed interpretation of the hydrolytic 
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data of Th(IV), Kraus and Holmberg 3 ' postulated 
that besides the species Th(OH)/+, a dimer with 
probable composition Th2(OH)/6 is formed at low 
values of 11. At higher values of n further hydrolysis 
and continued polymerization occurs, yielding species 
apparently in equilibrium with each other, at least up 
to n = 2. However, Hictanen,•• interpreting similar 
acid-base data by the continuous polymerization 
("core-link") method of Sillen,•0 ·~• concluded that 
Th (IV) does not form any monomeric hydrolysis 
products, but only a series of polymers of probable · 
composition Th(Th(OH)3 )N_1• N+t. 

Although the agreement of H ietancn's data, as 
well as those of Kraus and Holmberg, with the postu
lated continuous series of polymers, appears good at 
high ( though not the highest) hydroxy I numbers, it 
is not considered satisfactory at low values of 11, as 
can readily be demonstrated by a plot of log 11 vs 
log h rather than n vs log h, as essentially used by 
Hietanrn. Since Hietanen used a "cry simple mech
anism for interpretation which involves only one 
parameter ( equilibrium constant) , such disagreement 
is not surprising. Apparently, additional equilibria. 
of the type proposed by Kraus and Holmberg, must 
be considered in the early stages of hydrolysis. 

Equilibrium ultracentrifugations of Th (IV) in 
perchlorate solutions at high hydroxyl numbers 
( n = 1.0, l.5, 2.0 and 2.4) at 111'f11 = ca 0.015 also re
vealed existence of polymeric hydrolysis products of 
Th (IV), apparently in equilibrium with each other!" 
The degree of polymerization N was found to change 
continuously with n. There was no evidence for 
a low molecular weight hydrolysis product of 
special stability. The degree of polymerization N 
was approximately 2.5 near 11 = 1, ca 3 near 
1-i = 1.5, ca 4.5 near n = 2, and rapidly rose 
to N = ca 9 near 1: = 2.4.$2 These degrees of 
polymerization are in reasonable agreement with 
those calculated by Hietanen np to 11 = 2.0 but 
diverge near 11 = 2.4, where we compute a weight 
average degree of polymerization of 6.5 from 
Hictancn's results. T11is disagi·eement is not neces
sarily significant since the type of average molecular 
weight obtained here with the centrifuge emphasizes 
heavier species more than the weight average ( Z
average'3·5') and since at present the effect of 
polymer charge on the computed molecular weights 
cannot acrnrately be determined. The core-link 
method of intrepreting emf data thus in the case of 
Th (JV) yields degrees of polymerization substan
tially the same as the centrifuge. It will be interesting 
to see if this agreement continues after the additional 
equilibria needed to ex1)lain the early stages of 
hydrolysis have been incorporated in the interpreta
tion of the emf data. 

It should be mentioned that until recently a serious 
discrepancy existed between the core-link method 
of interpretation of emf <lata and the results of 
equilibrium ultracentrifugation . Thus for Bi(III) m 
perchlorate solutions very much smaller degrees of 
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polymerization (N -. ca 5 or 6) were found by 
ultracentri fugation•s than were computed by Graner 
and Sillen 55 from potentiometric data. · Different 
centrifugations were carried out over a large range 
of conditions, including those where the core-link 
theory yielded a degree of polymerization N = ca 
40,"·" as well as for more basic solutions where N 
should be considerably larger than 40, according to 
Graner and Sillen. However, recently new emf 
measurements were carried out by Sillen and co
workers over a much larger range of conditions558 

than before. Their interpretation by the core-link 
method suggests existence of a hexamer, in substan
tial agreement with the equilibrium ultracentrifuga
tions.s5a 

Although the polymeric products in perchlorate 
solutions are usually written with the assumption 
that perchlorate complexing does not occur, it should 
be pointed out that even at relatively low degrees 
of polymerization such a hypothesis may probably 
not be tenable. These polymers arc probably the 
inorganic analogues of the organic polyelectrolytes, 
and one must assume that the counter ions may 
associate with the polymers to decrease the effective 
charge to a value considerably less than the maximum 
theoretical possible from hydrolytic consideration. 
Experimental eYidence that this association occurs 
has recently been obtained by ult racentrifugation of 
Hf(IV) solutions in chloride media where the maxi
mum charge per monomer unit would be approxi
mately z' = 2, while the actual charge on a trimeric 
( or tctrameric) polymer was found to be 2

1 = ca 1.54 

Similarly, in the case of Bi(III) in 1 M ClO. 
solutions the maxim11m charge on the hexamer ( or 
pentamcr) is i:' = 1, while the actual charge found 
was :;' = ca O.s.•• Such association of counter ions 
with the polymers in some cases may greatly· in
fluence the polymeric products formed . Thus the 
degree of polymerization of Th (IV) in chloride 
solutions is very much greater than in perchlorate 
solutions of the same degree of hydrolysis, as shown 
by recent equilibrium ultracentrifugations•• ( e.g. at 
n = 1.5 and 0.015 M Th(IV), N = ca 4.5 ;n 1 M 
CIO, and N = ca 50 in 1 M CJ-) . 

As has been mentioned earlier, polymeric products 
are a lso formed with U(IV) and Pu(IV). In con
trast to the polymers described for Th (IV), those 
for U(tV) and Pu(IV) apparently are not in 
equilibrium with the monomer. Further, they grow 
rapidly to very large size, probably via an auto
catalytic mechanism, once polymerization is initiated. 
Low mole~ular weight intermediates may exist, but 
have not been e..-<perimentally d_emonstrated. After 
the polymers have been permitted to age for any 
significant length of time, reversibility is very slow 
and depolymcrization needs drastic conditions.•• 

A study of the hydrolytic polymer of Pu(IV) is 
particularly attractive since the polymer has little 
tendency to precipitate with time and formation of 
the polymer is strikingly revealed by a change in the 
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color of the solution. As expected from the visual 
color the absorption spectra of Pu+< and polymeric 
Pu(IV) dillcr greatly. Most striking is the absence 
of the 476 ml-' band of Pu'• in the polymer spectrum 
and the ,,ery high values of extinction coefficients 
of the polymer ( ca 180) near 400 mp. where Pu0 

shows an extinction coefficient ol ca 30. The d iffer
ence in the colors of PuH and the polymer caused 
the rather early recognition of the existence of a 
polymeric fom1, the first recoinition resulting from 
an observed color change from brown to green on 
heating weakly acidic ( ca 0.3 M H.J.'\J03 ) solutions 
of Pu(IV). Polymerization was later found to occur 
on treating Pu(IV)-hydroxide with acid. For ex
ample, as acid seeps into a packed hydroxide the color 
cha11ges from olive to green and the material dis
perses, yielding a solution with typical polymer 
spectrum. Similarly, the polymer forms in ca 0.04 M 
H~ (2 X l Q-l- M Pu(N) at room temperature very 
rapidly. The rate of polymerization decreases with 
decreasing Pu(IV) concentration_ l\Cinor changes in 
the spectrum occur with aging at room temperoture 
or heating the polymer solutions in weakly acidic 
media. Unquestionably major changes in molecular 
weight (degree of polymerization) accompany these 
minor spectral changes. Although a number of 
attempts were made to determine the degree of 
polymerization, most convincing evidence for the 
high degree of polymerization comes from high speed 
centrifugations ( not ultracentrifugations) with a 
"Misco"~• air-driven centrifuge at ca 26,000 rpm. 
Smnll test tubes, collapsed to a capillary .at the 
center ancl located at 1.2 to 4.3 cm from the center 
of rotation, were \lsed. Decrease in Pu(IV) con
centration in the upper portion o( the test tubes was 
measured radiometrically. After two hours' centrif
ugation, this decrease amounted to 43 to 97% for 
heater polymers and up to 23o/o for unheated poly
mers, the e..'\'.act amounts depending on the specific 
preparations. These measurements imply molecular 
weights of the order of hundreds of thousands, if 
not millions. 

Depolymerizatioo of the polymer at room tempera
ture is very slow except in the presence of strong 
complc..,ing agents such as fluoride or sulfate. Thus 
in 1 to 2 Af HCl or HN03, depolymerization was 
essentially negligible a(ter several weeks but became 
appreciable in 6 to 10 M HN03, as determined from 
spectral changes (growth of the 476 mµ. peak of 
PuH ). Surprisingly, depolymerization rates arc ap
proxiJtlately first order in the concentration of poly
meric Pu{IV) . Half-lives of depo\yl1\erization were 
fo r unheated polymers ca 30 minutes and 95 minutes 
in 10 M HN03 and 6 M HN03, respectively, and 
ca 400 minutes and 730 minutes for the heated 
polymer in the same acids. At 90°C depolymerization 
even of heated polymers was very rapid in 6 M 
HNO,. 

The polymer shows very interesting precipitation 
properties. For example, it may be precipitated in 

moderately concentrated nitric acid and the precipitate 
redissolved with further excess nitric acid without 
depolymerization. Small amounts of 103·, SO,-, 
C2O4-, PO,---, and Fe(CN)0- -- are sufficient for 
essentially complete precipitation. As a first approxi
mation, ca 0.15 equivalents of negative ions were 
needed for precipitation irrespective of the charge type 
of the precipitating anion. This implies that the ave.r
age positive charge (per monomer unit) of the polymer 
is z' = c:i 0.15. AJ1alysis of polymer precipitates 
from chloride solutions indicated that chloride ions 
were not incorporated in the polymer network since 
no additional chloride was released after depolymeri
zation with sulfuric acid. Thus the polymer is appar
ently held together by oxide or hydroxide bridges. 

It is interesting to note that hydroxide precipita
tion in the case of Pu (IV) does not necessarily in
volve the polymer as an intermediate. Thus, it was 
found that when the hydroxide is rapidly precipitated 
from a solution of Pu([V), which cont:i.ined originally 
only monomeric Pu•4, and if this pr <'cipitate is re
dissolved in acid, the resulting solution is largely 
composed of monomeric P u .. , though containing small 
and variable amounts of polymer. In contrast, if 
Pu (JV) is first polymeri;,:cd, Lhen precipitated with 
base, redispersion with acid yields Pu (IV) solutions 
of the polymer only without monomeric Pu". 

The polymer of Pu(IV) in many respects re
sembles the polymers (or colloids) which are formed 
by many highly charged ions on hydrolysis, and to 
some extent this polymer has the .properties often 
ascribed to "meta acids." In particular, it may be 
compared with the properties of heated Zr(]V ) solu
tions/8 with which it shares the unusti:il precipitation 
behavior with various negative ions, although recent 
ltltracentrifugations impty0 that the polymer formed 
by heating Z r ( I V) to ca 100° for an hour has 
relatively low molecular weights (N = ca 40), 
compared with the molecular weights observed ior 
the Pu(IV) polymer. The properties of the PU(lV) 
polymers seem to be paralleled by the properties of 
U(IV) polymers which also have a startlingly dif
ferent color from U .. ( dark brown vs green) al
though the properties of the U (IV) polymer have 
not been studied so extensively. 

To summarize, the most striking difference be
tween the polymers of Th(IV) described above and 
those of the Pu (JV) polymer is the fact that the tho
rium polymers apparently are reversible and in equi
librium with each other, while those of Pu(IV) need • 
drastic change in conditions for reversal ( depolymcri
zation). Further, the thorium polymers increase in 
molecular weight continuously with change in acidity, 
while those of Pu(IV) form abruptly with only a 
minor change in conditions and grow to large size. 
It is apparent that " irreversible" polymers can also 
be formed in the case of Th(IV) but extreme con
ditions, e.g., hi~h temperature, a rc necessary. Pre
sumably these latter irreversible polymers of Th(JV ) 
are fom,ed during the autoclaving of T h (fV)-sulfate 
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solutions as used in the preparation of the basic sulfate 
Th(OH),SO •. 19 The polymers (colloids) prepared 
PY Dobrey, Guinand and Mathieu-Sicaud/~•60 though 
at least partially "irreversible," may occupy an inter
mediate position. The work of this French group is 
particularly interesting since it represents a concerted 
effort to characterize these pol ymcrs ( or colloids) 
by methods standard in the polymer field. 

Comparison of the hydrolytic data for the actinides 
of oxidation number +4 with Ce(IV) is tempting. 
As a first approximation Ce (IV) has the same size 
as Pu (IV), 8 and in view of the position of these 
elements in the periodic table one might expect that 
they would behave very similarly hy<lrolytically. 
Instead, Ce(IV) is considerably more acidic than 
Pu(IV). Recently Hardwick and Robertson61 have 
shown by a spectrophotometric method that Ce (IV) 
is still considerably hydrolyzed in 10-3 M solutions in 
2 M HCIO,. In this respect they agree with the 
potent iometric determinations of Sherrill, King and 
Spooner"" and the spectrophotometric observations of 
Kraus, Holmberg and Nehon.~ 8 However, it is not 
clear why Noyes and Garner 63 did not find evidence 
for the hydrolysis of Ce(IV) in 1 M HN03 by a 
potentiometric method. Unless the conclusions of 
Noyes and Garner are subject to revis ion these 
results indicate considerable and unexpected differ
ences in the hydrolytic properties of Ce(IV) in 
nitrate and perchlorate media. In recent equilibrium 
ultracentrifugations45 low-molecular-weight polymers 
were observed for 0.05 M Ce(IV) solutions in 
HNO,-NaNo3 solutions (p. = 2). At an acidity 
of 0.1 M these low-molecular-weight polymers 
( possibly trimers) arc unstable. During centrifuga
tion, high-molecular-weight polymers centri fuge out 
rapidly without affecting the molecular weight of 
the residual low-molecular-weight component in the 
centrifuge cell. T hus, there appear to be no other 
reasonably stable low-molecular-weight intermedi
ates. The observed increase in the hydroxyl numbers 
with time at low acidity•8 apparently parallels this 
growth in the size of the polymer, as does also the 
pronounced change in other properties which occurs 
on aging weakly acidic Ce(IV) solutions. Thus, for 

-example, the rate of oxidation of I- to I,, shows a 
profound decrease with the age of weakly acidic 
Ce(IV) solutions.•s Attempts to determine the 
molecular weight of the Ce(IV) polymer in 0.5 NI 
HNOe, 1.5 M NaNo3 and 2 M HNO3 (p. = 2) 
by ultracentrifugation were undecisive although not 
inconsistent with the assumption that Ce (IV) under 
these conditions e.'Cists as a dimer, as suggested by 
Heidt,0 ·• Thomas and Kolp,65 and Hardwick and 
Robertson. 0 1 

Although the details of the interpretation of the 
hydrolytic behavior of Ce(IV) by Hardwick and 
Robertson61 appear in doubt since spectral changes of 
Ce (IV) solutions are still observable in concentrated 
HC1O4 solutions,'8 their estimate of k,.m = 5.6 for 
Ce(IV) appears to be at least•a lower limit. Thus 
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in spite of the similarity in size and the similarity 
in position in the periodic table, Ce(IV) is very 
much more acidic than either Th(IV), U(IV) or 
P u (IV) .66 

Of the supposedly similar actinides and lanthanides 
M (IV), Ce(IV) thus appears to stand in a class 
by itself. It is considerably more acidic than any of 
the actinides, it forms irrevers ible polymers readily 
like Pu(IV), and appears to form low-molecular
weight specific intermediates like Zr(IV) and 
Hf(IV), with which elements it also shares its great 
tendency to form polymers, although a search for 
such low-molecular-weight intermediates might also 
prove rewarding with Pu (IV), it appears that 
Ce(IV) has more similarities with Zr(IV) and 
Hf(IV), elements of a considerably smaller radius 
than Ce(IV), than with any other element in this 
part of the periodic table. 

The acidity of Pa(IV) and its mode of hydrolysis 
are most difficult to predict on the basis of present 
knowledge because of this wide divergence in the 
acid-base characteristics of Ce(IV) and of the 
actinides so far studied. For a regular progression 
of properties one would of course predict that the 
acidity of Pa(IV) is intermediate between those of 
Th(IV) and U (IV). However, the unusually high 
acidity of Ce(IV) implies that at the beginning of 
a rare-earth-like series, i.e., when the f-electron shell 
drops below the d-electron shell, the properties may 
change abruptly and not necessarily monotonically. 
Thus, a study of the hydrolytic properties of Pa(IV) 
would be particularly interesting, though extremely 
difficult because of the unfavorable oxidation-reduc
tion potential of the Pa(IV)/(V) couple, which has 
been estimated to be ca +0. l volts0 in 1 M acid 
and is probably considerably more positive at lower 
acidity. 

THE +5 OXIDATION STATE 

Species in Acidic Solutions 

Protactinium(V) does not appear to exist in the 
form of ionically dispersed species in reasonably 
acidic solutions of even moderate Pa concentration. 
Instead, it tends to precipitate as a hydroxide ( or 
basic oxide) and in more dilute Pa solutions may 
form hydrolytic polymers (colloids) .07

•71 

In contrast, U (V) and the transuranic elements of 
this oxidation state do not precipitate in acidic 
solutions but apparently form the species MO/ 
(UOt,"-11 NpOz1"/'•7 s-•o Pu0;,8' AmO2+.sz Early 
evidence for this formula came largely from the 
observed ··acid independence of the M(V)/(VI) 
couples. The electrochemical reversibility of these 
couples suggested similarity in the structures of the 
M(V) and M(VI ) ions, i.e., MOt and MO/•. 
More recently, convincing evidence for this structural 
similarity has come from studies of the infrared 
spectra of a number of M (V) and M (VI ) ions"' 
and from crystallographic work, particularly on Np 
and Am compounds.18

•
8

• 
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Recently, vVelch8
' daimed to have established a 

charge of + 1 for Pa by ion exchange methods at 
tracer concentrations in moderately acidic solutions. 
He concluded that Pa(V) exists as the oxygenated 
ion Pa02•, as was earlier also proposed by v. Grosse.86 

It is felt that the evidence so far presented is too scant 
to make this assignment convincing. Should .Pa(V) 
have a charge of •+ 1 under the conditions studied 
by Welch and be monomeric, the conclusion that 
Pa(V) and U (V) (as well as the transuranic 
elements M (V)) form ions of similar structure still 
does not seem warranted. The enormously greater 
tendency of Pa(V) to precipitate or polymerize surely 
implies that the structure of its ion differs greatly 
from that of the other actinides M(V) .33 

Hydrolytic Reactions 

Thei:-e is essentially no information regarding the 
hydrolytic properties of Pa aside from observations 
regarding its solubility ( see, e.g., references 69-71). 

A hydrolytic study of UOi• is complicated by the 
fact that its stability range with respect to dispropor
tionation is quite narrow. Millimolar solutions of 
U(V) have been prepared near pH 3 76•77 •87 and these 
contained the species DO,<·. The acid constant of 
UO/ must, therefore, be considerably smaller 
than w-s. 

Acid-base titrations have been carried out on 
Np(V) and Pu(V).33 •88 While Np(V) is quite 
stable in basic solutions, Pu (V) tends to dispro
portionate. Nevertheless, buffering regions could be 
detected for both elements. These were concentration 
dependent- and located in the vicinity of pH 7 to 9 
for Np(V) (9 X 10-3 to .3.2 X 10-1 .M Np(V) ) 
and in the range pH 8 to 9.5 for Pu(V) (7.7 X 10-3 
to 4.2 X 10-4 M). The relative acidities of Np(V) 
and Pu(V) were compared86 in a plot of the observed 
pH values at n = 0.4 as a function of metal con
centration, which is reproduced in Fig. 1. As seen 
from this figure, Np(V) is considerably more acidic 
than Pu(V). Further, the plot of pH (n = 0.4) 
vs log mM<V> is roughly linear and with slope ca -1. 
The data therefore can be fitted to an apparent 
solubility product constant, K,p'", although the hy
drolytic reactions are probably more complicated 
than implied by the reaction MO/ + H 20 :;::=: 
MO,OH(s) + J-T+. The compt1ted apparent pK ,,,m 
values averaged ca 9.2 for Np(V ) in the range n = 
0.1 to 0.8 and ca 8.6 for Pu(V). The deviations of 
the computed pK.,pm values from constancy were 
minor exceot for the most dilute solutions at low 
values of ti: On the assumption that at the highest 
dilution hydrolysis proceeds via the monomeric reac
tion ( 1), yielding soluble MO2OH, the apparent 
values for the acid constants Pk1m = ca 8.9 for 
Np(V) and ca 9.7 for Pu(V) were calculated. 

THE +6 OXIDATION STATE 
Species in Acidic Solutions 

It is now generally recognized that the elements, 
uranium, neptunium and plutonium, in their +6 

oxidation states exist as the species M02 H in acidic 
solutions. A considerable amount of evidence in favor 
of this assignment has been accumulated and sum
mary of these considerations is beyond the scope of 
this paper. Many of the arguments have been collected 
in the various review articles quoted. During the 
last few years the +6 oxidation state of americium 
has also been prepared and convincing evidence pre
sented that it too forms an oxygenated species of the 
type M02-.

80
•90 With this discovery a series of 

four ions of a rather uncommon type has become 
available for comparative study. This series of ions 
as a first approximation seems to show the regular 
progression of properties as a function of atomic 
number which one might anticipate,9 •90 although as 
pointed out by Jones and Penneman88 in their inter
esting infrared studies of these ions, unexpected 
though minor deviations from a simple progression 
of properties may occur. Thus, these authors found 
that the force constants for M-0 stretching vibrations 
show a maximum at neptunium rather than a mono
tonic increase or decrease with atomic number. 

Hydrolytic Reactions 
As might be expected from the much greater 

availability of U (VI), its hydrolytic reactions have 
been studied iu much greater detail than those of the 
other actinides. On addition of sufficient base, highly 
insoluble materials are formed from U (VI) solutions 
which often are described as uranates, diuranates, etc. 
Although U (VI) is unquestionably amphoteric, the 
products of the precipitations at present cannot be 
considered to have heen unambiguously established 
( see, e.g., references 91, 92 and 92a for recent work 
on this subject). Thus, for the precipitated amor
phous materials, formation of s imple stoichiometric 
compounds is highly questionable, solid solutions of 
varying composition probably being formed. Pre
cipitation of a simple hydroxide has not been un
ambiguously established. 

At first glance the hydrofytic properties of P u (VI) 
seem to differ greatly from those of U(VI).88,n 

Quantitative precipitations, so characteristic for 
U(VI), do not occur with Pu(VI) on addition of 
base. In moderately dilute solutions no precipitates 
are formed, even on addition of excess base, and at 
high concentrations (e.g., above 0.0 1 M) only partial 
precipitation can be achieved. The precipitation be
havior of Np(VI ) appears to be intermediate, partial 
precipitation occurring at lower concentrations than 
with Ptt(VJ). 

These gross differences in properties, however, 
tend to disappear on closer examination. Thus, buffer
ing regions occur for all three elements in roughly 
the same pH range, though at progressively lower 
acidity, with increasing atomic number. F urther, 
increasing amounts of base may be added as the 
U (VJ) solutions are diluted before predpitation 
occurs. However, when precipitation of U (VI) 
occurs, it is often accompanied by an abrupt decrease 
in pH. The titration curves of all three elements give 
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evidence £or amphoteric character at high p!I. Am
photeric behavior has also been demonstrated in 
the case of Pu(VI) by preparation of a barium 
polyplutonate, with approximate composition 
Ba0.u PuOz(OH) 2•1 •0• •05 Further, during the titration 
of all three elements polymeric hydrolysis products 
are 1111questionably formed (and they are anticipated 
for Am(VI)). Thus the large differences in the 
precipitation characteristics of the elements probably 
mainly reAect differences in the tendencies of the 
polymeric products to coagulate or possible differ
ences in the degree of aggregation of the polymers. 
However, since these dificrences are as large as 
indicated, one may have to be prepared to assume 
different structures of these polymers. 

The hy<lrolytic reactions of UO.•· have been 
extensively studied in recent years by a number of 
authors.8

••••-
1

•
0 There appears to be general agree

ment that during this hydrolysis, polymeric products 
are formed. Thus, ~fac.Jnnes and Longs.worth96 pro
posed the formation of the species U02 (UQ3 )++. 
Sutton98 proposed, in addition, formation of the 
species U02 ( UO, ) 2 +< and felt that higher polymers 
than this trimer arc not formed. Further, he sug
geste~ that this trimer hydrolyzes to neutral :i.nd 
negatively charged polymers, e.g., U 30 8 (OH).,-. 
Faucherre97 gave evidence for existence of the 
species U02 (U03 )++, Similarly, Ahrland00 concluded 
that polymers arc fonned during the hydrolysis of 
U(VI) , although he also proposed formation of 
UO,OH+, the "simple" hydrolysis product, and 
computed the acid constant of UO .... However, the 
data of Ahrland were recently re-evaluated by Ahr
land, Hietanen and Sil1en101 according to the core-link 
hypothesis of Sillen.<'•3

• These authors agree \Yith 
the earlier worker that the polymers have the fommla 
UO,(UO.h-, ••, allhough they could not reach an 
unambiguous conclusion regarding the maximum 
degre~ <;>f p~!ymerization N and state that they could 
not d1st11~gu1sh between an infinite series of polymers 
or a senes of polymers which abruptly breaks at 
N = ca 4 or 5. Since special stability of a few 
polymers appears unlikely to them, they prefer the 
former interpretation. Jt is interesting to note that 
except for the first paper by Ahrland,00 recent evi
dence for the existence of the simple monomeric 
hydrolysis procluct U020H• is lacking. However , 
a_ search for such a species may still prove rewarding 
smcc most of the work quoted was not designed to 
detect this species should it occur only at low n and 
low m0 • 

In acid-base titrations with Pu (VI)93 it had been 
established that a buffering region exists in the range 
pH 5 to 6. P olymeric reactions had been proposed 
since on back Litrations with acid a hys teresis loop 
occurred wrth pronounced drifts in pH. Actually, 
however, this hysteresis is relatively minor :rnd surely 
less spectacular than the abrupt change in acidity 
iound during the titrations of U(VI). The hydrolytic 
properties of Pu(VI) were later re-examine<l 83 and 
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Figure I, Relative acidities of Np(V), Pu(V), U(VI), Np(Vl) 
and Po(VI) 

it was shown that, as ant icipated, the titration curves 
were concentration dependent. Further, by high 
speed centrifugations with a Misco air-driven centri
fuge57 it could be demonstrated that relatively high
molecular-wcight polymers are formed, particularly 
at high concentration a11d 11 ~ 1. Thus at n = 1 and 
m p• = 2.1 X 10·\ 40% of the Pu(VI) could be 
centrifuged down in 15 minutes at 18,000 rpm. Only 
9% was centrifuged do,,,n under essentially the same 
conditions for mp0 = 1.5 X 10-3• 

In the same paper"" a few acid-base titrations are 
also rcportctl fo, Np(VI) and U(VI). These were 
carried out in an attempt to establ ish the relative 
acidities of the ions M'Oi++. The titration curves were 
simil~r but moved to higher acidities with decreasing 
ato1111c number. They all were concentration depend
ent. To demonstrate the trend in acidity of these ions 
the observed pH values at n = 0.4 were plotted as a 
£unction of logarithm o( the metal concentration. The 
resulting curves are reproduced in Fig. l. The data 
fall roughly on parallel straight lines with slope - 0.5. 
Apparent solubility product constants were calculated 
for the reaction llfO!- + 2H20 !::; M01 (0H):? + 
2H\ although unquestionably the mechanism of hy
drolysis is considerably more complicated than im
plied by this equation. The values of - log K,pm were 
23.5, 21.6 and 20.5 for U(VI), Np(V,I) and Pu (VI), 
respectively. Thus the ions M 0 2.. show approxi
mately the same decrease in acidity with atomic num
ber as the.ions ;\llOz•, 

A nt1mher of proposals have been made to expbin 
this drift in properties with atomic number.u ,oa,102 
Thus it was pointed out that if a regular actinide 
contraction would occur, an increase m acidity with 
atomic number would have been C.'(pccted."R·•• How
ever, since the acidity of the ions is probably deter
mined by the properties of the coordinated water 
molecules, it wa_s fel~ possible that contraction along 
the 0-!tf-O axis might be paralleled by increased 
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metal-water distances. O ther suggestions involved 
assumption that d-electron orbitals 93 or !-electron 
orbitals 1•

2 might uecome less available for bonding 
to the coordinated water molecules. However, all 
these "explanations" now must reckon with the ob
served non-monotonic decrease in the 0-M-O force 
constants.83 Although such reconciliation could read
ily be achieved on a qualitative basis, it is felt that 
with present restricted quantitative techniques fur
ther speculation regarding this relatively small effect 
(.1 to 2 kcal in 6.P) cannot be considered satisfying. 

Further, any explanation must take into consider
ation possible differences in the structures of the 
polymeric aggregates. Such differences in structure 
arc by no means unexpected since uranates are known 
to crystallize in several different crystal modifica
tions.13• 101 Thus, calcium m anate forms hexagonal 
orthouranate layers, the barium compound tetrago
nal layers and the magnesium compound chains. 
However, it appears likely that at high dilution all 
three elements form polymers oE the same type 
( chains or sheets?) and that the abrupt formation of 
insoluble materials (and abrupt increase in acidity) 
during titrations of U(VI) is due to a change in 
structure of the U (VI) polymers, e.g., a transition 
from chains to sheets or sheets to 3-dimensional 
strnctures. Should this view be correct, the observed 
differences in the acidities of U(Vl), Np(VI) and 
Pu ( VI) might indeed become again legitimate tar
gets for further explanations. 

TEMPERATURE COEFFICIENT OF 
HYDROL YTIC REACTIONS 

At the present time very little is known regarding 
the temperature coefficients of hydrolytic reactions in 
general and of the actinides in particular. In view of 
the large variety of possible hydrolytic reactions and 
products, i.e., monomers .. low-molecular-weight poly
mers and high-molecular-weight polymers, a great 
deal of work will be required before this subject can 
be clarified. 

Regarding the temperature coefficient of the hydro
lytic polymerization reactions, relatively little is 
known, although present evidence suggests that these 
reactions may have positive values of M·/ 0 • A slight 
increase in the degree of polymerization of Th•' with 
temperature has been observed•• by equilibrium 
ultracentrifugation experiments. Thus at a hydroxyl 
number 11 = 2.4 and mTh = 0.015 the apparent de
gree of polymerization N was ca 40% larger at 30°C 
than at 3°C. A similar though more pronounced 
effect was observed for Zr(IV) and Jff(IV).45 These 
observations are consistent with the· more general 
notion that "colloid formation" in hydrolytic reac
tions is favored by high temperature. In cont rast to 
this AH= - 16 kcal has been reported by Hardwick 
and Robertson 61 for the dimerization of Ce(IV) 
(2CeOH+3 .== Ce2(0H)t0

). For this reaction a neg
ative value of AH is unexpected and such a large 
negative value is considered surprising. As pointed 
out below, a similarly imexpected entropy change 

for the simple monomeric hydrolysis reaction has 
also been reported by Hardwick and Robertson. 

Data regarding the temJterature coefficient of the 
simple monomeric hydrolytic reaction ( 1) are also 
very scant. Recently 103 the acid constant of U (IV) 
has been studied as a function of temperature. The 
heats and entropy of the reaction were found to be 
6.f-JO = 11.7 kcal and AS0 = 36.2 e.u. From these 
data S0uol!•8 = -25 e.u. was obtained. Thus the 
entropy of the hydrolysis product UOH•3 is approx
imately equal to that of U•3

, though about 5 e.u 
more positive (S0u•• = -30 e.u.140 ). The same 
situation may pertain in the hydrolysis of Fe(III) 
where S°Feon.,.2 = -23.2 e.u. has been reported, 
which is approximately equal to, though slightly more 
positive than, S 0

1, 6+2 = - 27.1 e.u.,10-1 although re
cently the reliability of earlier work on Fe(III) hy
drolysis has been questioned.10•• If, in spite of this, 
one may generalize from these few cases, one could 
predict the entropy of the simple hydrolytic reac
tions and hence t:..H0 by combination with t:..F0• This 
should not be restricted to those cases where the 
entropy of the ions in the appropriate oxidation 
states are known since the effect of change in charge 
on S0 can be estimated with reasonable certainty 
from an estimate of the change in metal oxygen dis
tances with charge and entropy-radius relations of 
the type proposed by Latimer.10s, 106 

It has earlier been shown that the hydrolytic prop
erties 33 of PuO2° and the difference in hydrolytic 
properties of PuOt+ and PuO2 • are in reasonable 
agreement with those predicted for ions of formal 
charge +4 ( or +3.5) and formal charge +3 ( or 
+2.5), respectively. This implies that electrostatic 
effects may also be dominant in a determination of 
the differences in the entropy of these ions and one 
might the1-efon: estimate the entropy change for the 
reaction MO/• + H 2O ~ MO2OH+ + H• ( if it 
occurs at all) in the following manner. Since S0u0 , .... 

- 17 e.u., S 0u o2+ = 12 e.u., one expects 
Souo2oFr• = ca 16 e.u. and 6.5° = 16 e.u. for the 
simple hydrolytic reaction. This, with an estimated 
A'F6 = 6.5 kcal (from Ahrland's value kh = 2 X 
10·5 ) yields AH0 for this hydrolytic reaction of 11 
kcal. 

It thus appears that the dimerization and polymeri
zation reactions may have a less positive value of 
6.H0 than the hypothetical simple monomeric reac
tion. This poses the interesting possibility that the 
simple monomeric step might be more readily identi
fiable at high temperatures than at room temperature 
provided rates of polymerization to yield "irreversi
ble" polymers do not become dominant. 

HYDROL YTIC PROPERTIES AND THE 
ACTINIDE HYPOTHESIS 

There has been a great deal of discussion in the 
literature regarding the exact place at which the Sf 
shell drops below the 6d shell, i.e., regarding the 
beginning of rare-earth-like behavior in the last row 
of the periodic table. This problem has been discussed 
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in numerous papers since Bohr made his original sug
gestion in 1923 that such a series would start in the 
neighborhood of uranium. A detailed discussion of 
this problem cannot be undertaken here. We shall 
confine ourselves instead to the information we 
might gain on this topic from the comparative study 
of hydrolytic properties of the heaviest elements. 

The hydrolytic behavior of the heavy elements in 
the oxidation state + 3 does not contribute signifi
cantly to the resolution of the question. As a first 
approximation the acidity is as expected for ions of 
this size and charge, irrespective of electron con
figuration, although Pu(III) seems to be somewhat 
too acidic compared with La(III). 

The ions of oxidation number four show a definite 
break in properties between Th( IV ) and U(IV) . A 
typical rare-earth-like persistence of properties ap
pears to occur from U (IV) upwards, as indicated by 
the startling similarity in the hydrolytic properties of 
U(IV) and Pu(IV) . Studies of the hydrolytic prop
erties of Pa(IV) would greatly assist in locating the 
break in properties more accurately. Unfortunately, , 
the great complexity of the l1ydrolytic properties of 
the +4 ions may make unambiguous conclusions 
difficult. One may recall that U(IV) and Th(IV) 
an: not acidic enough compared with Ce(IV). An 
"anomalous" acidity of the type shown by Ce(TV) 
may be characteristic for the beginning of a "rare
earth-like" series. 

The pronounced difference in acidity of the +4 
actinides and lanthanides is not reflected in the crys
tallographic data on the compounds of the type M02 • 

Instead, as is pointed out by Katz,101 the metal oxy
gen distances (lattice constants) show regular con
traction with increasing atomic number for both 
series. Since the crystal structures do not reflect such 
major changes in properties one must conclude that 
the metal oxygen distances in the oxides are inade
quate for identification of changes in the electronic 
structure of these elements. 

The ions of oxidation number five show the most 
unambiguous break in properties. It had been ap
parent for some time that hydrolytically there is an 
enormous difference between Pa(V) and Pu(V) and 
that these elements should not be classified as part 
of the same series.33 The work of Kolthoff and Har
ris72 and Heal 74 suggested that the break in hydro
lytic properties occurs between Pa and U. To 
strengthen this evidence further, a search for condi
tions under which U (V) could be prepared and 
studied in macro concentrations was hence instituted 
and the similarity between U(V), Np(V) anrl 
Pu(V ) unambiguously established.16 From a hydro
lytic point of view, the break in hydrolytic properties 
thus oceur5 between Pa(V) and U (V), i.e., typical 
rare-earth persistence of properties starts with U (V) , 
which is consistent with the hypothesis that near 
uranium the 5/ shell becomes more stable than 
the 6d shell, as suggested, for example, by M. Goep
pert-Mayer.'00 For recent work on this subject, see 
reference 109. 
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The ions of oxidation number six from uranium 
on up unquestionably show the persistenc~ of prop
erties expected for a rare-earth-like series, as already 
recognized by MacMillan and Abelson, the discov
erers of element 93. The interesting decrease in acid
ity with increasing atomic number which occurs for 
the ions M02•+, as well as MOt, might qualitatively 
be explained in a number of ways but will probably 
have to await further data, perhaps from other fields, 
before its significance with respect to the Sf shell 
entry can be completely understood. 

One might thus conclude that the hydrolytic prop· 
erties support the point of view expressed also by 
Paneth,11° Coryell,111 Haissinsky,112 and others, that 
we are dealing with a series of elements for which 
persistence of properties starts principally with ura
nium, i.e., a uranide series. However, since unques
tionably the properties of the elements of higher 
atomic number behave as if the series had started 
with actinium, as pointed out particularly by Sea
borg, classification of these elements as an actinide 
series appears fully justified provided that the im
plied limitations are recognized. 
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Effective Capture Cross Sections of Pa2
aa and Np231 

for Thermal Reactor Neutrons 

By J. Ha.lperin,* R. W. Stoughton,* D. E. Ferguson,* C. V. Elliso n,* D. C. Overholt* and 
C, M. Stevens, t USA 

Pa'"~ and Np030 are intermediates in the conversion 
of Th2 s2 into U 23' and U 238 into Pu2 39 in nuclear reac
tors. They play quite parallel roles in these two very 
similar systems. The capture cross sections of Pa233 

and Np230 will affect both the neutron economy of 
the systems and the isotopic composition of the prod
ucts. The contribution to 234 or 240 chain formation 
resulting from neutron absorption by Pa003 or Np030 

during Th"' or U 238 irradiations, respectively, will 
increase with irradiation time and gradually ap
proach a constant value with a half-time equal to the 
beta decay half-life of the Pa233 or Np239

• 

The ratio 4>0/>.. is a measure of the loss by neutron 
capture while in the reactor compared to the product 
produced by beta decay, where <f, is the average neu
tron flux, c; the effective capture cross section and A 
the radioactive decay constant of either Pa233 or 
Np239• The total contribution to the reactor system 
losses is then approximately 24>0/ >.., since an other
wise useful neutron is lost as well as a potential prod
uct atom of either U 233 or Pu239

• In order to evaluate 
these losses effective values for the capture cross 
sections of Pa233 and N p090 were obtained. 

The work reported here is in essence an activa
tion cross-section measurement (including a com
posite of neutron capture to all energy states) of the 
isotopes Pa233 and Np239 when produced during the 
course of a neutron irradiation. However, the meas
urement is made of the decay product of the 234 or 
240 chain rather than the capture product itself. This 
method has the advantage 0£ yielding the total capture 
cross section independent of a detailed knowledge of 
the decay scheme, and isomeric transitions; and the 
additional need for absolute beta counting. It is 
assumed here that no long lived isomeric states of 
Pa234 and Np240 have escaped detection. The princi
pal analyses required l>y this method are the mass 
speetrographic determinations of the U 231/U233 and 
Pu2 • 0/Pu239 ratios, the analyses of the U 233 and Pu230 

produced in the Th232 and U238 respectively, and the 
irradiation times. The Th232 samples were irradiated 
for periods of time varying from about two weeks to 
about six months such that the fraction of 234 chain 
ansmg from Pa'33 capture varied from about 90 to 
SO per cent. The U238 samples were irradiated for 

• Oak Ridge National Laboratory. 
t Argonne National Laboratory. 
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periods of time varying from 12 to 423 h ours such 
that the fraction of Pu2• 0 arising from Np239 capture 
varied from about 80 to 10 per cent. Although it is 
somewhat difficult to evaluate all the sources of error 
it is felt that the reported values of the cross sections 
are good to about 15 per cent. 

When U 238 is irradiated with neutrons, three paths 
exist for the fonnation of members of the 240 chain. 
The genetic relationship between the isotopes of 
interegt is shown in the following diagram. 

uuo IJ· N puo 11· Pu"o .. 
H hr 7 ruin; I l1r 6600 yr 

r(n, 't) IC•, el le,,, .,) 
~ ~ a u239 ___ N p•so - --Pu2s& ---► 

23 min 56 hr 24,400 yr 
(1) 

r(n, 't) 

For the irradiation times used in this work ( 12 ·to 
423 hr). the contribution to the 240 chain by U 239 

capture is small and only a minor correction need be 
made. For times up to about two days Np239 capture 
is the major contributor, and thereafter the Pu239 

path predominates. 
Uranium metal cylinders (99.97 per cent U 238

) 

about 1.8 cm in diameter, 4.0 cm long, weighing 
about 190 grams and canned in aluminum were irra
diated in a beryllium channel adjacent to the active 
lattice in the Low Intensity Test Reactor (LITR) 
of the Oak Ridge National Laboratory. Cobalt moni
tors were attached both above and below each slug in 
order to measure the integrated flux. Following the 
irradiation and about a one month cooling period, the 
uranium was chemically processed to determine the 
amount of plutonium produced and to prepare a 
purified sample for mass spectrographic analysis of the 
Pu"0

• This latter measurement was made on a 12-in. 
60-degree mass spectrometer of the type developed 
by Inghram. The multiple-filament ionization source' 
was used since this source produces highly efficient 
ionization of the plutonium as metal ions compared 
to the simple surface ionization source which pro
duces PuO• ions. 
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Table I. Pu230 a nd Pu240 Yields and Derived Crass Sections 

Length <>I P -u:!39 Producti.on. rng 
irradiation Computed from 

(hr) Co ,nonitor da:ta• 01,servtdt 

12.00 0.950 0.855 
12.00 0.850 0.801 
11.47 0.84s 
12.00 0.87s 0.841 
12.00 0.88o 0.821 
12.00 0.877 0.864 

avg 11.9 
24.00 1.735 1.642 
24.07 1.69s 1.621 
24.00 1.75¼ l.~ 
24.00 1.714 l.62-1 
25.17 1.700 1.619 
24.00 1.631 1.58. 

avg 24.2 
48.0 3.427 3.29; 
48.0 3.463 3.33-1 
48.0 3.533 3.351 
48.0 3.414 3.21, 

avg 48.0 
96.0 6.422 
95.45 6.SOo 6.301 

avg 95.7 
192.0 13.6s 13.24 
423.0 27.30 27.05 

* Uncorrected for the depression in the 
uranium cylinder. 

A convenient formulation of the problem is shown 
in Equation 2 where the quantities to the left of the 
equality sign are the experimentally measured mass 
ratios. 

Pu2•o;pu2s9 

Pu•39;u2ss 

·F,, F, and F. are functions of the irradiation time, 
and the production and destruction constants, a. and 
b,, of the set of differential equations, dNi/ dt = 
a.N,-

1 
- b~N1, which describe the formation of the 

species in Equation 1. The solution is of the form 
of Equation 3 

where n = 2, 3, 4; all Ni = 0 at t = 0, except 
N(U2SB) = N(U238)o 
for ti= 2, N L= U239, N2 = Ptt240. 

n = 3, NL= u239' N2 = Np239, Ns = Pu 240. 

n = 4, N, = uzs•, N 2 = Np230
, N 3 = Pu'3', 

N, = Pu040• 

The cross sections of the 239 chain members are all 
expressed relative to that of U .. 6, <rc(U238

) . All o's 
are used here as effective cross sections ( i.e., includ
ing both thermal and epithermal capture). The effec-

0.0063 ± 0.0002 

0.0124± 0.0002 

0.0311 ± 0.0004 

0.081 ±0.001 
0.228 ±0.003 
0.590 ±0.007 

d c(Pu2:~) q-
0
(Np230) 

(bar...-)t (banu)t 

366 

373 

386 
409 
405 

93 

77 

74 

75 

t Corrected for Pu240 alphas and burnout. 
:1: Effective cros_s section. 

tive cross section accounts for all the product ob
served in neutron capture but is based on the thermal 
neutron flux. The thermal flux is taken as that meas
ured by a ( 1/v) absorber with the epicadmium con
tribution subtracted and based on the 2200 m/sec 
cross section.2 • 

The irradiated cobalt and the plutonium produced 
(based on the thermal value of 2.80 barns 3 and a 
calculated value for the epithermal contribution such 
that 0 0.(U238 ) = 3.5 barns) independently serve as 
flux monitors. Their agreement is within So/o, and 
thus lies well within the experimental error. See 
Table I, columns 2 and 3. 

A least square analysis of the data in terms of 
Equation 2 handled as a two parameter case yielded 
0 0 (Np239 ) = 81 barns and oc(Pu239

) = 402 barns. 
For this purpose o-0 (U229 ) was taken as 50 barns 
based on the work of M. H. Studier and co-workers 
of the Argonne National Laboratory and modified by 
a reinterpretation of their data. Actually due to the 
very small contribution to 240 chain formation by 
U 2M capture, the derived cross sections are insensi
tive to the exact value chosen. In Table I,-columns S 
and 6 show the value of <rc(Pu239 ) and oc(Np239

) ' 

where the least square values of Oc(Np239) and 
ac(Pu289), respectively, were substituted into Equa
tion 2. The error based only on the precision of the 
data reflects an uncertainty of about 2% in the aver
age value. A more realistic appraisal of the numerous 
factors entering into such a measurement suggest an 
uncertainty of 10 to 20 per cent. Therefore the 
effective capture cross section of Np20

• in our experi
ment is reported as 80 ± 15 barns and that of Pu2s9 

as 400 ± 40 barns. • · -
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p0 2ss 

In the neutron irradiation of Th232 to produce U233 

in a reactor, the following sequence of nuclear reac
tions will take place: 

Th"' __ JJ_-_ Pa08' fJ· U"' a ► 
24.1 d I.I min; 6.7 hr 2.35 X !OS yr 

r,. .. , f< ... , r,._ ., 

USA J. HALPERIN et al. 

with the experimental data yield an average value for 
the Pa 233 effective capture cross section of 1 ~ l barns 
for the LITR (see Table II). An average value of 
129 barns was obtained for five irradiations in the 
graphite reactor. A value of 140 ::!:: 20 barns is there
fore reported as the effective neutron capture cross 
section for Pa233 in these irradiations. 

Tobie II . U233 ond u m Yields ond Derived Cross 
Sections for LITR lrrodiotions 

Th2s3 -~ Pa2sa __ 13_-__ u233 ___ a _ _ 

23.S min 27.4 d 1.62 X J05 yr 
l 06 X ~ ~ ~ o/o 

Ti,,,e in T/1232 JOO X T/.;!32 ZJJ choon 
<r~(Pa::J:..),r, 

(barru) 

Th2s2 

In 1946, Katzin and Hagemann of the Argonne 
National Laboratory obtained a value of 37 ± 14 
barns for a.(Pa233),11 for graphite reactor neutrons 
by an alpha to neutron-fission ratio measurement in 
the uranium product following a thorium irradiation. 
More recently Katzin and Stevens of the Argonne 
National Laboratory reanalyzed mass spectrographi
cally this same U 233-U2

" product and thereby ob
tained a value of 55 ± 6 barns for this cross section 
exclusive of errors in the reported integrated flux
time. Smith of the Phillips Petroleum Company at 
Idaho Falls has measured 0 0 ( Pa2 33

) = 60 barns for 
thermal neutrons by counting the two isomers of 
Pam (UX2 and UZ) formed during the neutron 
irradiation of Pa2ss. He has further found a large 
absorption integral for resonance neutrons such that 
the effective cross section under his conditions (in 
a more thermalized flux than used in this work) was 
about 100 barns. In the present work an effective 
capture cross section, oc(Pam),!f, (i.e., including 
epitherrnal as well as thermal activation) has been 
measured for the LITR and a graphite reactor. 

Thorium slugs, about 4 cm in diameter and 15 cm 
long, weighing about 1700 grams, were irradiated in 
both the LITR and in a graphite reactor. Following 
irradiation, cooling and processing, the isolated U"' 
in each case was mass spectrographically analyzed for 
its U 2311 content on a 6-in. 60-deg instrument by in
troducing the uranium as UF0 • The um arose from 
neutron capture by all three of the species, Th233

, 

Pa233 and U233, although the predominant path of 
formation in these irradiations was via Pa233

• Correc
tions were made for neutron capture by Th'" and 
u•aa_ 

The U'33 produced acted as the neutron Rux moni
tor. Using 12.S barns for the resonance integral of 
thorium in the slugs as measured by Untermeyer of 
the Argonne National Laboratory, an<l 7.0 barns for 
the thermal capture cross section, the ratio of reso~ 
nance to thermal absorption in thorium can be shown 
to be about 0.13 at the site of the irradiations in both 
reactors, and a value of c;,(Th'32).,, of 8.0 barns was 
taken for the current work. This latter value together 

reactor cobalt observed obsertttd 
(days) monitor co,,.,,cctt>d cor-rcctcrd 

62 170.8 134.0 .0904 138 
113 457.0 329.0 .2024 149 
175 568.0 488.0 .259 145 
35 46.4 36.7 .032s 154 
42 77.5 65.8 .055s 152 
63 131.6 107 .0781 140 

133 248.0 196 .1359 172 
(LITR) weighted avg 151 b 

In the LITR irradiations, cobalt monitors were 
placed in aluminum boxes at the two ends of each 
slug. The calculated yield of um from the cobalt 
monitor data (column 2, Table II) was about 20% 
higher on the average than the observed uz33 yield. 
This discrepancy is larger than expected and may be 
due to a greater self shadowing in the thorium than 
in the cobalt. In this connection, a correction was 
made for the depression of flux within the slugs but 
not for the depression in the vicinity of the slugs. 
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The ~ormation of Higher Isotopes and Higher Elements 
by Reactor Irradiation of Pu2 39

; 

Some Nuclear Properties of the Heavier Isotopes 
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J. R. Huizenga, M . G. Inghram, A. H. Jaffey, L. B. Magnusson, W. M. Manning, J. F. Mech, 
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The capture cross section of Pu239 for thermal neu
trons is 340 barns.'• 2• 3 a value little less than half 
the fission cross section, 805 barns.1 • 2• 3 The capture 
to fission ratio for neutron energies corresponding 
to Pu23

• resonances is as high, or higher.1 Conse
quently, when plutonium is generated or used in a 
reactor under conditions where an appreciable frac
tion undergoes slow neutron fission, such Pu240 is 
formed. Heavier isotopes will also be formed by suc
cessive neutron captures. In a fast reactor, the cap
ture to fission ratio for Pu"°, particularly in the core, 
is substantially less than in a slow neutron flux,' and 
the influence of the heavier plutonium isotopes is 
somewhat less important. Nevertheless, appreciable 
production of heavier isotopes takes place, particu
larly in the outer or blanket zones, where the average 
neutron energy is diminished. In addition to their 
reactor aspects, the production and study of heavier 
plutonium and transplutonium nuclei is of basic sci
entific interest, making possible more extended stud
i~s of such fields as heavy element chemistry, nuclear 
sys.tematics and fission. 

T he importance of instituting a program of Pum 
irradiations was recognized by Fermi, who initiated 
plutonium irradiations at Hanford in 1944 ( the so
called CW samples) . These and other early irradia
tions uncovered, among other things, Pu240 and its 
interesting spontaneous fission properties,5 Pu241 

/ 

and Am241.7 Cm2.. was also found, in this early 
period, among the products of neutron irradiation of 
plutonium.8 Since 1948, a g roup at Argonne has car
ried on a plutonium irradiation program, making 
use of the reactors at Argonne, Hanford, Chalk 
River, and Idaho Falls, with the objectives of pro
ducing and studying the heavier plutonium and 
transplutonium nuclei. 

Studies have been made of the properties influ
encing the behavior of plutonium in reactors, as well 
as less detailed studies of the nuclear properties of 
the many other nuclides formed in the irradiations. 
This paper summarizes some results of the Argonne 
program, with emphasis on previously unpublished 

* Argonne National Laboratory. 
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results. Work of other groups is cited, bllt the lit
erature is not reviewed comprehensively. 

NEUTRON CAPTURE CROSS SECTIONS OF 
Pu240, PuZ'l1 AND Pu20 

The pilc9 cross sections of the heavier plutonium 
isotopes have been measured by irradiating plu
tonium samples and by using the mass spectrometer 
to measure the growth and depletion of the various 
isotopes.10 

The measurements reported here were made prin
cipally on three samples of plutonium irradiated in 
the Chalk River heavy water reactor for 6 months, 
1 year, and 2 years. The starting material was one of 
the original irradiated Fermi samples and was desig
nated as CW-3 (Table I). The irradiated plutonium 
was separated from fission products, americium and 
curium through the use of ion e..'1'.change resins. 

Following a procedure originally devised at the 
University of California Radiation Laboratory, the 
material was adsorbed on Dowex A-1 anion resin. 
This was followed by a thorough washing of the 
resin with concentrated hydrochloric acid, and elu
tion of the plutonium from the resin using concen
trated hydrochloric acid saturated with ammonium 
iodide and hydrazine hydrochloride. 

The samples were purified by thenoyltrifluoroace
tone (TTA) extractions just prior to the mass spec
trometer analysis in order to remove americium 
which had grown in from Pu24 1 beta decay. The sam
ples were then analyzed with a 12-inch, 60 degree 
single-focusing mass spectrometer. Table I gives the 
mass spectrometric analysis and the approximate in
tegrated flu.'\': ( nvt). In the cross-section calculations, 
Pu••9 was used as an internal flux monitor. Although 
samples CR- 1, 2, and 3 were re-irradiations of frac
tions of samples CW-3, for simplicity in calculation 
they were treated as though they had started as pure 
Pu139 and had been continuously irradiated to the 
final isotopic composition ( corrected for Pu241 

decay). 
The values employed for the effective thermal neu

tron absorption cross section and the effective cap
ture cross section of Pu239 were 1150 barns and 385 
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barns, respectively. These values are probably some
what different from the cross sections to be expected 
within the Chalk River reactor, since the neutron 
"temperature" was undoubtedly above room tempera
ture and resonance absorption probably occurred. 
Because of uncertainty in the required correction, no 
allowance was made for this effect in the calculations. 
Results are given in Table II. For reasons described 
later, O'p(Pu240 ) 11 has been assrnned to be zero. 

The difference in o"(Pu240
) values obtained from 

CR-I and CR-2 on the one hand, and CR-3 on the 
other, may be a result of experimental conditions. 
CR-1 and CR-2 were irn1diated in similar positions 
in the Chalk River reactor, but CR-3 was placed in a 
different part of the reactor. Furthermore, CR-3 ini
tially contained about IO times as much plutonium as 
did CR-I and CR-2, which may have resulted in 
different self-shielding factors. It is known that Pu ... 
has a very large resonance just above thermal ener
gies,'• 12 and since neutron energy distributions vary 
with position within the reactor, the effective Pu240 

cross section can vary considerably. 
The neutron cross sections of Pu .. 0 and Pu"' cal

culated from this series of samples agree fairly well 
with those obta ined earlier from a similar series (but 
in a lower nvt range) measured in the Hanford 
graphite reactors. [Average, 0 0 (Pu2·10 ) = 515 barns 
and <111 (Pu'") :::: 1420 barns.] The most important 
errors lie in the calculation of nvt. The mass spec
trometer errors, by themselves, would lead to errors 
of only a few barns, but the other errors raise the 
uncertainty in the Pu2

•
0 cross section to about 50 

barns. Other uncertainties in addition to the flux 
determination ( e.g., correction for Pu•u decay in 
intermittent radiations) serve to increase the error 
in the Pu241 cross section to perhaps 20%. 

The capture cross section of Pu2• 2 was determined 
by irradiating a known amount of sample CR-2 for 
a short time in the central thimble of the Argonne 
heavy water reactor. A pile neutron capture cross 
section of 30 ± 10 barns was obtained for Pu242 

from the amount of Pu243 formed in the irradiation.1 s 

FlSSIONABILITY OF Pu ISOTOPES 

0£ the higher plutonium isotopes, Pu2• 1 is the only 
long-lived one with a measurable thermal neutron 

Table I. Isotopic Composition (Atom Per Cent) of 
Plutonium Samples before ond after Irradiation in the 

Chalk River Pile 

Sample CW- 3 CR- I CR-2 CR-J 

Pu"• 92.63 :i:0.07 74.31 ±0.22 53.3 ± 0.3 23.82±0.16 
Pu'<O 6.96 ± 0.07 21.96 ±0.20 35.6 ± 0.2 49.35±0.40 
Pu"'* 0.406± 0.0:)5 3.39 ± 0.07 9.17±0.04 17.07±0.24 
I'u2•2 0.337 ± 0.01 1.96±0.03 9.76 ± 0.07 

Approx. 
nvt ix1020 7x 1020 1 X 1021 Jx 1021 

* The measured Pu2" concentration was corrected for 
decay and all the isotopic \•alues were then readjusted to ·· 
100%. 

W. C. BENTLEY el ol. 

Table II. Neutron Absorption and Capture Cross 
Sections of Pu240 and Puin 

Ba,od on Toblo I ond d.-(Pu239} = 1150 b, .-. :Pu"3') = 385 b, 

crF(Pu2•0) = 0 and O'p(Pu141) = 1100 b . 

IT , ( Pa2'0) = t:ro(PHi.10) ~o ( Pu2u J tic( Pu"u) 
Sampl, (bar,.,) (bor,ss) (N.1oq) 

CR- I 560 1450 350 
CR- 2 550 1450 350 
CR- 3 495 1450 350 

fission cross section. Because of the large capture 
cross sections of Pu239 and Pu240, quite appreciable 
concentrations of Pu241 may be built up in high flux 
reactors. 

From a study of the systematics of fissionability, it 
was felt that Pu"0 should not fission with thermal 
neutrons, so that the fissionability in excess of that 
ascribable to the Pu2 39 in irradiated plutonium could 
be assigned entirely to Pu2u. This assumption was 
proven in a separate experiment, in which it was 
shown that 0F(Pu2

• 0 ) <0.5 barns . 
The latter measurement could not be made on 

pile-irradiated plutonium samples, because all such 
samples had too high a concentration of either Pu23~ 

or Pu241
• A sample relatively free of highly fissionable 

isotopes was isolated as the alpha decay product of 
a curium fraction formed in an extensive irradiation 
of plutonium." The composition was: Pu240-S7.0 ± 
0.3% ; Pu238--42.7 ± 0.3%; and Pu23 9-0.285 ± 
0.007%, the Pu2

•
0 and Pu2 38 coming from the alpha 

decay of Cm2
" and Cm"2, respectively.15 The upper 

limit given for Op(Pu2'° ) was set by the uncertainty 
in the cross-section value oF(Pu038

) = 18 ± 2 
barns .16 No fissions ascribable to Pu240 were ob
served. 

The same fissionability systematics would predict 
a zero cross section for Pu242• This question was 
examined on a highly irradiated plutonium sample 
(for isotopic composition, see Table III, MTR-3). 
The Pu242 concentration predominates, so that it was 
possible to set a limit of o,,(Pu242 ) <0.3 barns.17 

The fissionability of highly irradiated plutonium 
samples containing Pu2

•
1 was examined by compari

son of fission rates in a thermal beam with those of 
a pure fissionable nuclide. The earliest measurements 
were made on Hanford-irradiated plutonium con
taining less than 2% Pu241 , with the resulting value 
O',.(Pu241

) ~ 1700 barns. This measurement was 
inherently inaccurate because of the large corrections 
necessary for the fission activity of Pu'"". As more 
~nrichcd sai:riples became available, the accuracy was 
improved. A sample of Hanford-irradiated plutonium 
with 6.½o/o Pu241 yielded the value 1090 ± 90 barns. 
Our most recent and most accurate measurements 
were made on plutonium samples irradiated for two 
years_ in the Chalk River reactor. Two such samples 
contained 12.91 and. 16.74o/o Pu2u, respectively;" 
the corresponding Pu230 concentrations were 30.3 and 
23.8%. The non-fissioning PuH0 and Pu2' 2 consti
tuted the remaining mass. 

I. 
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For measuring the fission cross section, the en
riched samples were exposed to thermal column neu
trons (presumably with a room temperature Max
wellian energy distribution) from the Argonne heavy 
water reactor ( CP-3') and the fission rates were 
compared to those of pure Pu"'9 in a double ioniza
tion ch~ber.'0 The Pu030 samples served as fission 
cross-section standards and also permitted corrections 
for Pu239 fission in the enriched samples. 

Alpha counting was utilized to assay the weight of 
plutonium in each sample, through the use of mass 
spectrometer analysis and the known alpha half-lives 
for calculating the specific activity. A separate cor
rection was made for Pu238, which contributed about 
25% to the alpha activity but very little to the mass, 
through pulse analysis with an alpha-energy spec
trometer ( ionization chamber plus multichannel pulse 
analyzer) . 20 

The results for the two samples gave the average 
ratio (for fixed neutron flux) : 

fi • t P 241 sswn coun s per u atom = 1.362 ± 0.023 
fission counts per Pu239 atom 

This is also the ratio of 

fm op(Pu"') 
f239 op( Pu2a9) 

where "f' is the factor by which Op (mono-ergic 
value at 2200 meter/sec) is multiplied in order to 
correct for the fact that the cross section is not in
versely proportional to neutron velocity in the ther
mal region. The most recent valuesi, 2 of t he· Pu239 

cross section are Op(Pu239
) = 750 + 15 barns and 

fm = 1.078 ± 0.010. 
Thus, if Pum does not have a "1/v' fission cross 

section, /241up(Pu2
") = 750 X 1.078 X 1.362 = 

1100 ± 30 barns. If Pu241 does have a 1/v cross sec
tion, then f,,. = 1, and 1100 hams is the 2200 m/sec 
fission cross section. 

FISSION NEUTRONS PER FISSION (v) FOR Pu"' 

Because Pu2
" builds up so rapidly in irradiated 

Pu239
, the attractiveness of using plutonium reactor 

fuel for long periods without removal from the re
actor depends appreciably upon the fission proper
ties of Pu2 41

• The quantities of interest are <Jp and 11 
( fission neutrons produced per neutron absorbed). 
The latter quantity can be calculated from v ( fission 
neutrons produced per fission) and the ratio of <Jr 

to the total absorption cross section ( O'c,). 
The value of v for Pum has been measured by 

comparison of the fission neutron yield from an en
riched Pu20 sample with those of Pu239, U 23s and 
u•ss standards. The sample used was plutonium ir
radiated in the Materials Testing Reactor ( Sample 
MTR-1, Table I II), containing 5.32% Pu239 and 
21.8% Pu241 (the remainder being the essentially 
non-fissioning Pu240 and Pu242

). 

The samples were exposed to a well-collimated 
thermal neutron beam. Surrounding the beam was a 

cylindrical cadmium shield, around which was placed 
a cylindrically symmetrical, long, annular BF

3 
coun

ter imbedded in paraffin moderator. Thermal neu
trons scattered out of the beam were absorbed in the 
shield, but fission neutrons passed through the shield, 
were moderated and then counted in the BF8 counter. 
Most of the samples were exposed to the same neu
tron flux, and small corrections were made where 
such exposure was not feasible. The counting effi
ciency for fission neutrons was the same for all sam
ples. Thus, the c9unting rate for each substance, 
normalized to equal numbers of atoms, was propor
tional to the product Opv. 

Using the best values' of <Jp and,, for the standard 
materials, the standards were found to agree among 
themselves well within the assigned errors, thus 
checking the accuracy of the method. Comparing the 
Pum neutron yield with those of the standards, 
Opv(Pum) was found to be 3200 ± 60 barn neu
trons/fission. This value combined with <Jp(Pu"•) 
= 1100 ± 30 barns, yields the value ,, = 2.91 ± 
0.10 neutrons/fission. Assuming the measurement of 
oa(Pu24i) described earlier can be treated as a ther
mal cross section, 11 (Pu241

) may be calculated as equal 
to 2.91 ( 1100/1450) = 2.2. · 

LONG-TIME VARIATION IN NEUTRON YIELD OF 
PILE PLUTONIUM 

I t is of some interest to consider the neutron econ
omy of a system of thermal reactors employing plu
tonium fuel on a long-term basis. A special case is 
treated here, which, however, cannot be applied pre
cisely to any actual reactor for the following reasons: 
( 1) the effective pile cross sections are peculiar to 
individual reactor designs, since they are sensitive to 
the neutron "temperature" and to the neutron con
centration in the resonance region; (2) the actual 
charge-discharge cycle for fuel elements may differ 
significantly from the "continuous feed" case consid
ered here; and ( 3) the effect of accumulated fission
product neutron-absorbing poisons is not considered 
here. Nevertheless, the results give a semi-quantita
tive picture of the phenomenon. •1 

The case treated here represents a situation in 
which the Pu239 content is kept constant, i.e., it is 
fed in at a constant rate just balancing the rate of 
destruction, under conditions of a constant neutron 
flux of 3 X 10• neutrons/cm2/sec.2 : 

Using the cross sections in Table IV, the growth 
and decay of the various nuclides in the main chain 
(Fig. 6) were calculated using an analog computer23 

to solve the differential equations involved. 2• The 
growth in the amounts of the various nuclides is 
shown in F ig. 1 ; the corresponding variation in the 
isotopic composition of the plutonium is shown in 
F ig. 2. 

One method of demonstrating the long-time varia
tion in neutron yield from pile plutnnium is to de
termine the variation of the effective ; as a function 
of time, where effective ";j is defined as the number of 
fission neutrons per neutron absorbed by all plu-
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Table Ill. Products from Plutonium Irradiations in the Core of the Materials 
Testing Reactor 

Som('lc numbq,.: 

Mass of Pu239 inserted (mg) 
nvt ( neutrons/cm2) 

lvfass of Pu after irradiation (mg)** 
Isotopic composition of the Pu* 

Pu20
• 

Pu239 

Pu240 

Pu21
' 

Pu24? 

Pu2" 
Composition of Pu by activityt 

Pu"• 5.5 Mev 
Pu259 and Pu2•0 5.15 Mev 
Pu211 and Pu2" 4.9 Mcv 

Mass of Arn recovered (mg)** 
rsotopic composition of Am* 

Am2H 
Am2,2 
Am2~3 

Mass of Cm r ecovered (mg)** 
Alpha activity of r ecovered 

Cm ( dpm) :j:** 
Cm spontaneous fission activity 

recovered ( dpm) •• 
Isotopic composition of curium*fl 

cm2•2§ 
Cm2t4 

Cm245 

Cm"s 

cm2•1 

Alpha energy distribution of Cmt 
Cm°" 6.1 Mev§ 
Cm"5 and Cm244 5.8 Mev 

{J activity of recovered Bk2'9 (dprn) § 
Mass of Cfrecovered (mg)** 
Alpha activity of californium 

recovered ( dpm) ** 
Isotopic composition of californium• 

Cf?•o 
CfO<>O 
Cf?Sl 
Cf••• 

Spontaneous fission activity 
recovered of Cf"" ( dpm) • • 

Alpha activity of !)!)253 

recovered ( dpm) 
Alpha activity of 100254 recovered 
Alpha activity of 100205 recovered 

JlTR-l 

350 
4Xl021 

~SO 

5.33±0.05 
39.0 ± 0.4 
21.6±0.3 
34.1 ±0.3 

0.0018±0.0001 

26.06±0.23 
72.6±0.25 
1.35±.08 

~5 

13.8 

862 
0.5 

~1012 

~l.6Xl0' 

16.8±0.3 
82.1±0.3 

093 ±0.1 
· 0.02 

0.24±0.01 

<0.004 

88 
12 

6 

0.07 

0.002 

M TR-2 

350 
1.1x1~2 

~20 

0.216±0.004 
0.087 ± 0.002 
2.02±0.02 
1.31 ± 0.01 

96.33±0.02 
0.037 ± 0.002 

81.71 ±0.3 
10.09 ± 0.24 
8.20±0.22 

~7 

0.05±0.02 
<0.002 
99.95 

3 

~1012 

1.84±0.04 
95.51 ±0.07 

1.27 ± 0.04 

1.36±0.04 

0.016±0.002 

55 
45 

3.5x10·1 

2.3xlOS 

4.3± 0.5 
49:t:6 
11±3 
36±5 

6000 

6.6X10' 
trace 
trace 

MTR-3 

liO 
J.4XJ02Z 

~6 

0.16±0.02 
0.068± 0.004 
0.633 ± 0.006 
0.308±0.006 
98.77±0.03 
0.052±0.004 

81.9±0.3 
5.3±0.3 

12.8±0.2 
~3 

2.3 

~5x1ou 

0.68±0.01 
96.29±0.03 

1.14±0.02 

1.86±0.02 

0028 
... 0.003 

· - 0.020 

25 
75 

4xl05 
Bx 10-1 

Jxto• 

7.5Xl0" 

8xto• 
trace 
trace 

* Mole per cent, measured by mass spec• 
trometer. 

§ Measured · ·soon after removal from the 
reactor. 

t Per cent of total alpha. activity as measured 
by alpha pulse analyser."' 

:j: Disintegrations per minute. 

fl Cm~~3 was found to be less than 0.07% of 
MTR-3. 
•• Approximate yield. Efficiency of recovery 

not determined accurately. 
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Tobie IV. Nuclear Properties of Nuclides Resulting from MTR Irradiations of Plutonium 

Nuclid~ 
Ttt 

decay 
Partial 
holf.Jifc 

PuZ39 a 24400 yr <84,6s> 
S.F.t Sx101• yr<•> 

Pu"0 a 6580 yr''"' 
S.F. 1.2x1011m 

Pu2◄1 p 13.0 yr'67> 
(t 4 X 105 yr'38> 

Pu240 a 3.9x1o•yr 
S.F . 7.25X I010 yr 

Puzo p· 4.98 hr<7o> 
Pu~« a <7XJ07 yr 

S.F. 2.Sx 1010 

Pu2•• fl' 10.l hr 
Pu•·•0 p· 11.2 d '"' 
An12 d a 8.Sx 10• yr"" 
Am2" p· 26 min<m 

E.C.t 44.S d 
Arn"'• fr 119 min 
Am:!<o p- 25 min<:S2> 
Cm2 ... a 18.4 yr' 1•> 

S.F. l.4xl07 yr<W 
C.-n~us a 1.1sx10• yr"" 
cm2•0 a 4.0X 103 yr<W 
cm2•1 long 
Cm"'8 long 
cm2.,o p· short 
BkZ49 p 290 d'58) 

a ~ 105 yr<ss> 
Bk:!SO p- 3.13 hr179

' 

az•o a 470 yr<SS> 
Cf2SO a 10 yr<6Sl 

S.F. 1.5x 1.0• yr'58' 

Cf!•• 
Cf!S2 a 2.2 yrlSSl 

S.F. 66 yr<•S> 
Cf'·" p· 18 d'°"' 
Cf2S•t S.F. 60d 
992,3 a 19.3 d'55l 
99°04 p· 37 hr'05' 

E.C. 150 cl <67> 
99zss p- ~30 d<so> 
100m a 3.3 hr'551 

S.F. 220 d"~' 
1oozss a 15 hr'80' 

~ Measured in thermal column of a reactor. 
t S.F. = Spontaneous fission. 

tonium isotopes ( with a small correction for the 
effect of other nuclides in the chain, through Cm'''5 ).

25 

Combining the results shown in Fig. 1, the cross sec
tions in Table IV and the v values of Pu239 and Pu241, 
the effective °;j was calculated and is shown in Fig. 3a. 

The value of -;j is important in that it determines 
whether the fuel can be used to sustain a chain 
reaction. Neglecting neutron escape and non-plu
tonium neutron capture, :;:; must e.,.,_ceed unity, since 
one neutron per cycle is needed for the chain reac
tion. Figure 3a shows that ',i > 1 by a wide margin, 
which is not surprising considering the constant addi
tion of new Pu 2 39

• rj starts at 2.02 ( the value for 
pure Pu039

) and drops fairly rapidly to ,_ 1.65 as 
Pu240 and Pu2•t build up toward saturation. Beyond 
this region, ·,j drops slowly as a result of increased 

M aximum 
tart iaJ 
tnergy 
(M'11) 

5.150'60' 

S.162'60' 

0.0205'68' 

4.893'681 

4.898'70
' 

0.57<70> 

0.534tm> 

0.904'00
' 

1.2<s2> 
5_793<73> 

5.34"" 
5.36 

o.os<5s> 
5.405'78) 
1.9'70

' 

5.81 '58' 
6.033(6!1) 

6.117'58) 
6.08'58) 

6.611m 

7.17'55> 

7.J <So> 

Pile 
fission 
~rO.$.J 

sectiotis 
(barn,) 

1100* 

1800• 

60Q<77l 

+ E.C. = electron capture. 

Pile 
capture 

cros,1 
.scction-s 
(bot<n.r) 

530 

350 

170 
1.5 

260 

115'""' 

200"''" 
15'56) 
180 
4<10> 

1100<11> 

3000'581 

2s<ss> 

<2(77> 

160(771 
<15'771 

neutron absorption in Pu2
•

2
• If Pu242 is allowed to 

reach saturation, rj levels off at about 1.53, or at 1.60 
if absorption by transplutonium nuclicles is elimi
nated. 2• 

A lso of interest is the regenerative property of the 
system. If neutron absorption by U 238 is utilized to 
supply the required Pu259

, then the reactor would be 
completely regenerative if as much PL1259 were made 
by this means as was destroyed by neutron absorp
tion. Under these conditions, regeneration would only 
require constant addition of the fertile material 0 238. 

Per neutron absorbed in plutonium,,; - l represent; 
the number of neutrons in excess of those needed for 
the chain reaction. If O = l.9/~Pu is defined as the 
number of neutrons absorbed in Pu299 per neutron 
absorbed in all the plutonium -isotopes, then .,,.49 = 
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figure 1 o. Growth of higher mass nudidcs when Pu239 is irrcdi:ttod 
al a flux of 3 X 1014 neutrons/cm• for long•1ime periods. The case 
treated represents one in which !he Pu,.. level is kept constant by 
contlnuou$ feed-In of new ma terial. The ordinates represent lhe 

amount of each nuclide relative to Pum. 

2,) 

2.0 
:E 

~ 
~:, 

IS 

Q. ...... 
:E 
8 1.0 .. 

o.s 

figure 1 b. Corresponding c.vrvc, for several interesting t"luclides 
over a longer period of time 

( i - 1) /IJ is a measure of the regenerative property 
of the system, and is called the prod1tctivity. In this 
situation, the quantity .,,.. 0 is also a braeding ratio for 
Pu239• Neglecting neutron escape and parasitic ab
sorption by structural materials and fission products, 
1r49 = 1 corresponds to the "break-even" point. If 
.,..,0 < 1, the Pu23" content cannot be kept constant 
solely by neutron absorption in U238

; some fuel must 
then be supplied from outside sources. The decrease 
in 1r , 0 after one year ( solid line in Fig. 3b) is due to 
Puw absorption and could be minimized by with
drawing individual "spent" plutonium fuel elements 
from further irradiation after the plutonium in them 
becomes almost pure Pu"'. (See Fig. 5.) Figure 3b 
shows ?T40 as a function of time and indicates the some
what surprising result that a system may be self-regen
erative even though ;i-is quite appreciably less than 2. 
This is a consequence of the fact that the parasitic 
neutron captures in plutonium are not entirely 
wasted, in that two neutron absorptions (Pum ~ 
Pu°'•~ ) lead to the formation of the fissionable 
Pu20. At 1.0 year, Pui39, Pu2 • 0 and Pu20 are essen
tially in equilibrium, so that it is only necessary to 
feed in 63 Pu289 atoms (via '{J238 absorption) for 
every 100 neutrons absorbed by all the plutonium 
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isotopes. Since the corresponding neutron yield in 
excess of the 100 neutrons required for the chain is 
66, the system can be made regenerative. 

LONG-TERM IRRADIATIONS OF PLUTONIUM IN THE 
MATERIALS TESTING REACTOR (MTR) 

After the results of experiments on Chalk River 
irradiated plutonium were becoming known, the 
MTR began operation. The production of relatively 
large amounts of nuclides from very high order neu
tron reactions was feasible not only because of the 
high neutron flux ( nv = 3 X 1014), but also because 
most of the nuclides involved had relatively high cap
ture cross sections. 

The desirability of irradiating considerable amounts 
of plutonium for extended periods of time was evi
dent. However, at such high fluxes, heat generation 
in the plutonium was a serious problem, the initial 
rate being about 40 kw/gm Pu. Heat transfer was 
facilitated by dilution of the plutonium in an alumi
num alloy; the alloy was clad with aluminum,21 and 
the samples fabricated in a form designed for the 
rapid removal of heat with high velocity water during 
irradiation. At the time the MTR began operation 
in September, 1952, a large number of specimens, 
containing up to 350 mg plutonium each, were placed 
into the reactor.•• 

Following irradiation two immediate problems in 
the separations program were faced. A relatively 
large amount of aluminum was present in each plu
tonium sample-about 20 grams. In addition, each 
unit contained about 100 curies of fission product 
activity and one curie of heavy element alpha activity. 
The separation from the bulk of the fission product 
activity was performed in a heavily shielded "hot" 
laboratory. 29 

The aluminum was dissolved in a mixture of 
sodium hydroxide and sodium nitrate. The heavy ele
ments and most of the fission products were cen
trifuged away from the sodium aluminate in the form 
of the hydrated oxides. The transplutonium elements 
were separated from plutonium and fission products 
by a combination of ion exchange, solvent extraction 
and precipitation techniques."•, 30 The transplutonium 

100 

4.0 ,.o 
Y(ARS 

f igure 2. Isotopic composition of p)utonium derived from 
curw,s of Fig. 1 · 
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Figure 3a. Effective 7/ as a function of time. Effective .; is the ratio 
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figure 3b. Variation in "'••• the productivity, or breeding rcitio 
for Pu2», o:s a function of time (for dofinition of 1'1"0 , soo tex t). 

"•• = 1 corresponds to the case where Pu"" is formed as rapidly 
from U""' as it is destroyed by neutron absorption, neglecting other 
1ources of neutron loss (as noutron e,cape or pgrcuilic absorption}. 
The doshed curve includes the effect of Am"', Cm'", and cm••$, 

while the solid curve represents only the plutonium isotopes 

elements were then separated from each other by 
development on a cation exchange resin column with 
a citrate or glycolate eluting agent at carefully con
trolled pH.29• 31 

The products of these irradiations are listed in 
Table III and are described in greater detail in later 
sections. A si1mmary of the nuclear properties is 
given in Table IV. Samples removed after irradia
tion for a year were found to contain all elements 
from atomic numbers 94 through 100, and nuclides 
with mass numbers up to 255. The tremendous 
effectiveness of such high fluxes in making possible 
very high order reactions is demonstrated by the 
fact that despite extensive reactor neutron irradia
tions since 1944, nuclei had not previously been 
built up beyond Z = 96 and A = 244. 

Using the cross sections in Table IV, the growth 
and decay of the nuclides of the main chain were de
rived using the analog computer. In this case, of 
course, the initial conditions were different from 
those described previously in that single charges of 
Pu282 were considered to be placed in the reactor 

and samples withdrawn at various time intervals. 
In addition to the cross sections in Table IV, the 
fission cross sections for Cm2

•
1 and Cf251 were 

required for this computation. Values were estimated 
on the basis of fission-to-capture ratio estimates 
which were made by the method of Huiz:enga and 
Duffield32 using binding energy systematics.33 The 
estimated fission-to-capture ratios for these nuclides 
turns out to be small, around 10% .84 In Fig. 4 
is shown the calculated variation in amounts of 
the various nuclides; F ig. 5 shows the change in 
isotopic composition of the plutonium fraction. 

NUCLEAR PROPERTIES OF PLUTONIUM AND 
AMERICIUM ISOTOPES FORMED IN THE MTR 

IRRADIATIONS 

In these samples, a number of plutonium and 
amenctum isotopes (A > 241) have been made 
either for the first time or in greater purity than 
before. 

Puu2 

Because the plutonium fractions of the longer 
irradiations were mostly Pu242

, it has been possible 
to make more accurate measurements of the alpha 
and spontaneous fission half-lives of this nuclide. 
P lutonium from irradiations MTR- 2 and MTR-3 
were utilized in these determinations. Mass spectro
metric analyses and alpha pulse analyses of the two 
plutonium samples are given in Table III. Combin
ing these two analyses, and making small corrections 
for the expected Pu2

•
0 and Pum alpha activities, 

the ratio of the Pu242 and Pu"" half-lives was de
termined. From the Pu2 • 0 half-life, 6580 ± 40 
years,35 the Pu242 half-life36 was calculated as 
( 3.9 ± 0.1) X 105 years. This value is to be com
pared with the values 3 X 10$ years37 and 4 X 105 

years38 previously reported 

Figure 4. Production of heavier nuclide, when Pu239 is irradiated at 
a flux of 3 X 10~• neutrons/cm• for long time periods. The case 
t-reoted repn;uonh one in which an individuo l Pu239 somplo is placed 
in o reactor and the composition calculated for various alternative 
times of withdrawal. This case corresponds to that of the MTR bom
bardments, and tho arrows indicote the opproximate withdrawal time, 
for the MTR samples described In Table 3. It may be noted that 
within the period shown, only the nuclidcs through Am"'3 have 
reached saturation. further irradiation would increase the amounts 

of the higher nuclides 
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The alpha activity and spontaneous fission activity 
of an MTR-3 plutonium sample were separately 
measured, and the ratio was found'° to be ( 1.86 ± 
0.05) X 105• Using the measured alpha half-life, 
the spontaneous fission half-life of Pu212 was fottnd 
to be (7.25 ± 0.3) X 1010 years, in good agreement 
with the previously reported approximate value.•0 

Pu24S 

The pile neutron-capture cross section for Pu243 

has been reported to be of the order 0£ 100 barns.13 

This value was calculated from the Pu2••JPu2•
2 

ratio in MTR-I plutonium (Table III), assuming 
that all of the Pu244 was formed by the reaction 
Pu"•(n,y)Pu•••. A more recent (and more accurate) 
mass spectrometric analysis of the plutonium yielded 
a higher Pu244/Pu242 ratio, thus raising the cross
section value. However, as shown below, Pu24' is 
also formed by Am244 electron capture, approximately 
10% of the final product coming through this path. 0 

Correcting for both factors, the net change is an 
increase in the capture cross section to 170 :± 90 
barns, the major error resulting from uncertainties 
in the neutron flux. 

A study of the Pu• .. /Pu242 ratio (Table III) in 
several MTR irradiations showed that Pu•,. was 
being formed more rapidly than might be. expected 
from the path Pu242 

- ~ PuH3 ~ Pu244• This result 
and the fact that Pu244 is apparently beta stable13 

suggested that Am241 might be unstable to orbital 
electron capture. This hypothesis was checked42 by 
irradiating a sample of Am'" in the Argonne heavy 
water reactor ( CP- 5) and later in the MTR reactor. 
The isotopic compositions of the plutonium separated 
after these two irradiations, samples A and B, re
spectively, are given in Table V. The electron
capture/beta-decay branching ratio was obtained 
from the measured Pu2 ''/Cm2

" ratio and was found 
to be 3.9 X 10·•. The partial half-life for Am24' 

electron capture is then 46.0 days, using the re
ported twenty-six minute43 Am'14 beta decay half-life. 
Separate measurements have shown that less than 
0.002% of the Am2 

.. formed remained as a possible 
long-lived isomer. 

Despite the short half-life of Pu243 (Table IV). 
the very high flux of the MTR made possible the 

Table V. Isotopic Composition of Plutonium Produced 
by Irradiating Am2113 

Iso:ope 
Sample A 
(CP-5) 

Sa,.pte B 
(MTR) 

Pu•ss 17.S ±0.2% <2.1% 
Pu230 13.0 ±0.2 8.1±0.2 
Pu2<0 67.5 ±0.3 70.4±0.4 
Pu2◄1 0.052± 0.004 1.7±0.1 
p 0 2•2 1.63 ±0.09 4.2±0.2 
Pu24

' 0.058±0.004 IJ.5:c!:0.3 

.... z 
"' u 

"' Ii! 

W. C. BENTLEY el al. 

... 
IIITR-1 YEARS MTR-z MTR-3 

figure 5. Isotopic compo,ition of plutonium derived from 
curves of fig. 4 

formation'3 of Pum and higher plutonium isotopes. 
The possible importance of Pu2•• in the history of 
the earth"·'" led to an investigation of its alpha 
half-life. Its decay products, U210 and Np2•0, were 
separated from the plutonium 0£ sample MTR-3 and 
counted. These nuclides had been previously pre
pared through second-order neutron captures by 
U238 and the radiations characterized.'6•" The decay 
chain is: 

14. J hr 7. l min 

/I /J, 0.56 llfev •1 

These measurements yielded the value (7 ::!:: 2) X 
101 years for the Pu2" alpha decay half-life. Since 
U236 was used as a tracer to measure chemical yield 
and since the degree of isotopic e,xchange between the 
U 2

•
0 daughter and the U236 tracer has not yet been 

determined, this value must be considered an upper 
limit for the Pu244 half-life. Thus, with this relatively 
"short" half-life, the probability of detecting Pu244 , 

or its U236 descendant, in the earth's crust is small. 
The availability of a sample containing a relatively 

high Pu2
" content (sample B, Table V) made pos

sible spontaneous fission measurements on this 
nuclide. A portion of this sample, containing 0.0064 
µg of Pu21

', was counted, a period of 50,356 minutes 
yielding 110 fissions. Corrections were made for 
background and the spontaneous fission contribution 
of the accompanying Pu240 and Pu242• The net 40 fis
sion counts corresponded to a spontaneous fission half
life for Pu2-14 of (2.5 :± 0.8) X 1010 years.42 This 
hal£-life is iri excellent agreement with the extrapo
lated value taken from the correlations 0£ Huizenga 
and Studier.400,48 

Pu 245 and the Neutron Capture Cross Sections'" of Pu" • 
and Pu2'45 

The Pu244 pile neutron-capture cross section was 
determined by measuring the amount of Pu245 formed 
by re-irradiation of some MTR-2 plutonium in 
CP-5. Because the Puus beta radiations were ob-
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scured_ both by the Pu2• 1 initially present and by the 
Pu"• formed in the irradiation, the activity of 
Pu245 was determined by measuring the amount of 
Am2.., <laughter activity formed by decay in a known 
period of time. The pile neutron-capture cross section 
of Pu20 obtained in this manner was 1.5 ± 0.3 barns, 
assuming the cross section of the gold foil monitor 
to be 98 barns. 

The Pu245 beta half-life was found to be 10.1 ± 
0.4 hours, using the technique of separating Am20 

from the plutonium at two-hour intervals over a 
period of about a day. This value is in fair agreement 
with other reported half-lives of 12 ± 1 hours50 and 
11 hours.•1 

A half-life measurement of Am245 yielded the 
value 119 ± 1 minutes, in good agreement with other 
reported values, 125 ± 5 minM and 120 min.5 ' 

Measurements on the radiations of Am245 have been 
reported elsewhere49•50 and a complete decay scheme 
for Am"~ has been proposed.00 

The capture cross section of Pu?" in the MTR 
core was determined by measuring the amount of 
Pu246 in equilibrium with Pu2

" in sample MTR-3. 
The details of the decay of Pu246 and Am246 are 
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Figure 6. Choin of slow neutron ca pture reactions ob,erved following 
irrodiotion of o plutonium sample in the MTR reactor. The heavy 
arrows represent the main chain (excluding fission) through which 
the bulk of the reactions go. Dashed arrows correspond lo collateral 
branches, involving only a relatively smoll fraction of the rooctions. 
A horizontal orrow corresponds to a beta or electron capture decay, 
while Vbrtical arrows represent neutron capture. The diagonal doshed 

line corre,ponds to the position of maximum beta stability 

reported elsewhere.52 The activities involved are 

0.1S Mev fl· ►Am20 __ 1_.2_M_c_v_/J_·~ cm24G " 
11.2 ± 0.2 d 25 :!: 0.2 min 4000 yr 

In the cross-section measurements, the plutonium 
activity was measured through the activity of its 
americium daughter. The resulting value for the 
Pu2••s capture cross section was 260 ± 145 barns, 
most of the error arising from uncertainties :in the 
neutron flux and in the value of <l'c (Pu244 ) in the 
MTR reactor. 

ELEMENTS Cm THROUGH 100 

At the neutron flux level of the MTR, very high 
order ·neutron reactions occurred. The arrows in 
Fig. 6 show the experimentally observed paths for 
the formation of isotopes of plutonium and trans
plutonium elements from Pu239 by processes of 
neutron capture, beta decay and electron capture. 
Much of the work done at Argonne on these nuclides 
has been recently published. i 3 ,14, 4oa,53,5s The yields 
in the MTR bombardments are summarized in 
Table III, while the nuclear properties are presented 
in Table IV. In supplemental work, pure elemental 
fractions were re-irradiated with neutrons to prepare 
nuclidcs which were not clearly identified in the 
original MTR material. 

In a re-irradiation not previously reported, a 
carefully purified sample of 99m was bombarded and 
the resulting activities were chemically separated. 
In the californium fraction, a single isotope was found 
which decayed by spontaneous fission with a half
life of 60 ± 10 days. The activity was assigned to 
Cf25

,1 formed by electron capture branching of 992s•. 
The electron capture to beta branching ratio of 9925• 

was calculated to be 0.001. Another bombardment 
of a 99m sample gave an activity in the 100 fraction 
which decayed by the emission of 7.0-Mev alpha 
particles. The activity was assigned to 1002 ' 5 • 

The mass number ranges of isotopic nuclides 
formed by neutron capture depend primarily on beta 
stability. The trend of beta stability was predictable 
in an approximate manner from the beta-decay 
properties of the isotopes of americium, plutonium 
and lighter elements through t he use of a modification 
of the Bohr and W heeler59 parabola method. The 
dashed diagonal line in Fig. 6 is drawn through the 
positions of maximum beta stability, Z,1 according 
to Bohr and Wheeler, as determined by the beta decay 
energies of even 2, odd N nuclides and the electron 
capture energies of odd Z, even N nuclides in the 
"low" mass range 239-245. 

The beta decay energies of odd Z , even N nuclides 
(e.g., Np239

) appear to be about 0.4 Mev more 
energetic than the values calculated from Bohr
Wheeler parameters established in this manner. The 
effect is ascribed by various authors to an excess 
of proton pairing energy over neutron pairing 
energy.60

-6
2 Including this pairing difference, the 

position of the ZA line in the high mass region was 
determined from the beta-decay energy of Bk249• 
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The resulting ZA line of Fig. 6 indicates correctly 
that Cf2G3 should be beta unstable. No startling aber
ration in beta stability appears in the high mass 
region. However, a relatively small effect does appear 
near atomic number 96, which may be significant in 
the interpretation of properties of nuclides of 
higher Z . Frnm separations of berkelium from 
irradiated curium, a lower limit of the order of 105 

years may be placed on the beta-decay half-life of 
Cm247

• Since Cm2
"' appears to be beta stable, some 

sort of trend or discontinuity is suggested in the 
beta-stability relationship in the high mass region. 
Specifically, the beta instability of Pu211, the stability 
of Cm247, and the instability o[ C("3 are not con
sistent with a linear Z,,_ representation. 

Conspicuous evidence for irregular behavior near 
the same mass region is found in the alpha-decay 
energies of the californium isotopes. As a general 
rule, the alpha-decay energy at constant Z decreases 
with increasing A. The observed alpha-decay energy 
of Cf252 is about 80 kev more energetic than that of 
Cf250

. Ghiorso, Thompson, Higgins, Harvey and 
Seaborg63 postulate a magic number subshell of 
152 neutrons to explain the unexpectedly large 
alpha-decay energies of Cfm, 99253 and 10025 '. 

The nuclear properties summarized in Table IV, 
with the c,'-;:ccptions of the anomalous decay energies 
already mentioned, conform to patterns char;:icteristic 
of lighter mass nuclides. Even neutron nuclides have 
shorter alpha and spontaneous fission half-lives and 
smaller neutron cross sections than neighboring odd 
neutron isotopes. 

One important <levelogment derived from studies 
of the transplutonium nuclides concerns tlie study 
of spontaneous fission behavior. The early fission 
theory of Bohr and Wheeler led to the correct predic
tion that the spontaneous fission decay rate would 
increase rapidly as a function of Z 2• Huizenga has 
observed that the spontaneous fission half-lives of 
even proton, even neutron isotopes ( constant 2) 
appear to go through a maximum as A is increased.•8 

The hypothesis is further confirmed by the results 
found for the curium and californium nuclides 
(Table IV). 

In the high mass region, it may be seen that the 
spontaneous fission half-lives arc relatively short, i.e., 
this mode of decay competes appreciably with other 
modes for even-even nuclides. For example, high Z 
and high A cause the heavy californium isotopes to 
decay prominently (Cf252

) or almost entirely (Cf25' ) 

by spontaneous fission. 

LONG TERM OUTLOOK 

Formation of Higher Nuclides 

The formation of nuclides with mass numbers 
much greater than 255 by neutrou reactor irradiations 
will be made difficult by instability barriers. Ex
trapolation of the beta stability line (Fig. 6) indicates 
that 100259 should be the lightest isotope of element ·· 
100 which will decay by beta (13··) emission. From 

W. C. BENTLEY et al. 

Studier and Huizenga's correlation•0a between Z 2/A 
and the ratio of spontaneous fission to alpha half
lives, the spontaneous fission half-lives of the heavier 
even-even isotopes, especially 100258, may be pre
dicted to be so short as to greatly limit the number 
of atoms that can be formed by further neutron 
capture. A further obstacle to mass increase is the 
likelihood that some of the odd neutron nuclides 
will have large fission cross sections. 

The large number of nuclides in the high mass 
region with high spontaneous fission rates will be 
valuable in further nuclear research. Detailed studies 
of these nuclides should contribute to an under
standing of the fundamental mechanism of the 
fi ssion phenomenon. 

The greater availability of low specific acttv1ty 
isotopes of plutonium, americium and especially 
curium will greatly facilitate investigation of chemical 
properties of these elements, by reduction of radio
activity hazards and of interfering radiation effects. 

Some Useful By•Products of Long-Term Irradiation' 
of Plutonium 

Neutron emission from the fission fragments of 
the short-lived spontaneous fission emitters makes 
it possible to utilize them as neutron sources. For 
example, Cf252 has a neutron emission rate of 
3 X 1012 neutrons per sec per gram. If sufficient 
californium were manufactured. portable neutron 
sources far more intense than any now available 
could be made. The calculated yield of Cf252 as a 
function of time is shown in Fig. 4 for the case in 
which a single charge of Pu030 is placed in a reactor, 
and the experimental yields from the MTR bom
bardments are given in Table III. 

The anticipated yields for the situation in which 
the Pu239 is constantly replenished in a flux of 
3 X 1014 n/crn2 /sec have been calculated for long 
time periods and are shown in Fig. 1. The long 
delay in building up considerable amounts of Cf••• 
is due to the fact that several of the capture cross 
sections in the chain (Fig. 6) are small. Because 
of the relatively short alpha half-life (Table IV), it 
would be most appropriate to extract the californium 
at periodic intervals, leaving the parent material in 
the reactor for fur ther irradiation. The production 
rate of Cf25' has been calculated for these conditions 
for various time periods (Table VI). From Table VI, 
it can be seen that in a situation in which the average 
Pu239 consumption is 10 gm/day, after ten years 
of buildup of the parent material, the predicted Cf252 

p1·oduction r-ate is 1.3 mg/day. This corresponds to 
producing a neutron source of 1011 neutrons/second 
every 25 days. After 20 years, the Cf252 production 
rate would be almost tenfold greater. Of course, 
the predicted production rates a re subject to experi
mental errors in the cross-section values. Also, the 
yields would be decreased by the inevitable imperfec
tions in chemical processing and by C£252 destruction 
through neutron absorption and .decay, but these 
losses should be less than 50%. 
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Table VI. Predicted Ratio of Rate of Production of Cm 244 ond CPG• 
to Rote of Consumption of Pu230*, t 

Flux: 3 X 1014 n/cmt/,cc 

Time (years) : 
Cmz.i• production 
Pu"" consumption 
Time (years): 

Cf!~2 production 
Pu•su consumption 

0.5 

5 X 10"' 

2.5 

2.5 X 10·• 

5 X 10·3 

4.5 

7.4 X 10·7 

* Assumes condition in which the Pu230 
level is kept constant by continuous feed-in 
(see Fig. 1). The cmzH or Cf2 52 are ex
tracted from the fuel material periodically; the 
parent materials are returned for re-irradia-

Another type of neutron source can be made from 
the highly alpha-active Cm244• When mixed with 
beryllium, a gram of Cmm would yield about 3 X 10s 
neutrons/second.61 Yields for Cm2« are shown in 
Figs. 1 and 4, and in Tables III and VI. 
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The CHAIRMAN : This session will be concerned 
with the chemical and some other properties of the 
heaviest or "actinide elements," a group which 
presently includes, besides actinium, twelve known 
elements. The discovery by Hahn and Strassman of 
the fission process paved the way for the opening 
of the field of transuranium elements with the dis
covery of the first of these elements, number 93, by 
McMillen and Abelson. Today nine transuranium 
elements are known: No. 93, neptunium; No. 94, 
plutonium; No. 95, americium; No. 96, curium; No. 
97, berkelium; No. 98, californium ; No. 99, einstei
nium; No. 100, fermium; and No. 101, mendelevium. 
The eventual discovery of elements 102 and 103, 
ekaytterbium and ekalutetium should complete the 
heavy rare-earth series of fourteen elements and then 
if further elements are found they should be homo
logues of hafnium, tantalum, etc. The first four of the 
transuranium elements, that is, neptunium, plutonium, 
americium and curium, have been isolated in weigh
able amounts and the results of work with such 
macroscopic quantities will be included in this dis
cussion. 

It should be possible eventually to isolate the ne..xt 
three, that is, berkelium, californium, and einsteinium 
in weighable amounts, but it now seems that this 
will not be possible for the following elements 
because of their short half-lives. All of these elements 
have been investigated by the tracer method and lhe 
results of some such c..xperiments will also be 
described here. 

Mr. B. B. CUNNINGHAM (USA) presented 
paper P /726 as follows: Thermodynamic data that 
enable the engineer or technologist to predict by 
calculation alone whether a given chemical reaction 
can proceed under specified conditions of techno
logical interest are of great practical value, and find 
extensive application in many phases of modern 
chemical industry. 

The thermodynamic properties of such heavy ele- . 
ments as uranium, thorium and pluto~ium clearly 
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are of concern to engineers and chemists interested 
in practical methods for the production of nuclear 
power. 

The technological significance of studies of the 
rarer heavy elements, while less obvious, is not 
negligible in the sense that such investigations serve 
to reveal trends in thermodynamic properties, which 
furnish a basis for estimating quantities that have 
not been measured experimentally. 

There is no attempt here to review in detail the 
mass of existing thermodynamic data pertaining to 
the heavy elements. It is the purpose of this pap~r 
rather : ( 1) to call attention to certain general 
problems of an experimental or theoretical character 
which in the opinion of the speaker, have not in the 
past received sufficient emphasis; (2) to summarize 
briefly some recent advances in heavy element 
thermodynamics; and ( 3) to illustrate trends in 
thermodynamic properties of the heavy elements as 
a function of atomic number. 

Among the general problems encountered in the 
C.'Cperimental study of the thermochemistry of the 
heavy elements perhaps the most persistent is that 
of securing substances in a state of high chemical and 
crystallographic purity. The latter requirement par
ticularly is often overlooked. As an e..'<llmple one 
may cite the fact that most of the existing thermo
dynamic values for the heats and free energies of 
formation of plutonium ions and compounds refer 
ultimately to heat-of-solution measurements on 
samples of metal which were of doubtful crystallo
graphic purity, and which also may have contained 
significant quantities of oxide. 

Critical -examination of the available literature 
for such clements as uranium and lhorium reveals 
many similar ambiguities. It is to be hoped that 
future workers in this field will regard crystallo
graphic as· well as chemical purity of the utmost 
importance in thermochemical work involving the 
solid state. 

At the present time in our Berkeley laboratories, 
methods of high vacuum distillation and subsequent 
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annealing are being used to prepare milligram quan
tities of chemically and crystallographically pure 
americium metal for thermochemical work. 

Problems in experimental thermodynamics of a 
quite different kind arise because of the intrinsic 
radioactivity of the heavy elements. For e:x:ample, 
self-heating effects preclude the possibility at the 
present· time of third-law entropy measurements for 
any of the actinides except thorium, uranium and 
neptunium. The eventual production in quantity of 
longer-lived isotopes - the 500,000-year plutonium 
isotope of mass 242 for example - may solve this 
problem in some instances, but for many of the 
transuranium elements, third-law entropy measure
ments will remain forever inaccessible. 

Self-heating effects may be quite spectacular for 
short-lived isotopes. For example, in attempting low
temperature measurements of the magnetic suscepti
bility of a ten microgram sample of curium-242, 
thermal isolation of the sample produced a rapid rise 
in temperature to· approximately 800°C, as judged 
by the susceptibility. The calculated rise in tempera
ture of thermally isolated curium-242 trifluoride is 
17.000 degrees per minute, near room temperature. 

In general, serious temperature ambiguities may 
appear in an alpha-active sample of half-life shorter 
than a few thousand years. The calculated self-heat
ing of the trifluoride of americium-241 amounts to 
seventeen degrees per minute. 

Aside from heating effects, radioactive disintegra
tion may produce rapid destruction of crystal lattices 
and the breaking of chemical bonds. Such partially 
destroyed structures are, of course, unsatisfactory 
for thermodynamic measurements, and the possible 
cumulative effects of self-irradiation on the com-

. pounds under investigation must be kept in mind. 
An interesting example of what probably is an effect 
of radioactivity on chemical properties occurs in 
curium oxide. A detailed report on the curium
o:xygen system is to be presented in a subsequent 
paper in this session. It will suffice to note here that 
a higher oxide of curium never was unambiguously 
identified with the short-lived curium isotopes of 
mass 242, in spite of many attempts to do so. 
Success in this undertaking was not realized until 
small quantities of the longer-lived isotope of mass 
244 became available for study. 

The disturbing effects o{ irradiation are not con
fined to the solid state. In aqueous solution there 
may be a rapid build-up of hydrogen peroxide, with 
the possibility of formation of complex ions. In 
addition oxidation-reduction reactions may occur 
which prevent the attainment of true-thermodynamic 
equilibrium between oxidation states. 

The production of hydrogen peroxide may be 
extremely rapid in the case of short-lived isotopes. 
It is found for example that 0.01 molar solutions of 
curium-242 form greater than 0.1 molar peroxide 
solutions in less than two hours. 

As a third problem common to thermodynamic 
study of the heavy elements, one may note that in 

general there is a lack of an experimental or theo
retical basis for assignment of that portion of the 
entropy of heavy element ions or compounds arising 
from the multiplet character of the electronic ground 
state. Some recent experimental work-to be men
tioned later- as well as recent theoretical calcula
tions have dealt with this problem, but neither 
experiment nor theory is adequate to clarify the 
situation in detail. 

Turning now 'to the second topic to be considered 
in this paper, I wish to mention briefly some recent 
advances in heavy element thermodynamics which 
appear to me to be of special interest. Limitations 
of time preclude the possibility of discussion of all 
of the values tabulated in the printed version of this 
paper. 

The unique position of actinium as the prototypic 
element of the heavy element series, according to the 
actinide hypothesis of Seaborg, makes that element of 
unusual interest. From the work of Farr, Giorgie, 
Money and Bowman, it is now known that the struc
ture of the metal is face-centered cubic with coordina· 
tion number twelve. The structure is similar to that oE 
many of the so-called "normal" metals. The radius 
indicates that the metallic valance is three. Jn most .of 
its properties actinium probably is rather similar to 
lanthanum. Estimates of the entropy of the metal and 
heats and entropies of fusion and vaporization have 
been estimated from trends of these properties in 
neighboring elements of the periodic system. Values 
of thermodynamic functions for the trifluoride, tri
chloride and oxyfluoride have been calculated or 
estimated by methods indicated in the printed paper. 

Two recent studies on the thermodynamics of 
thorium which are of great interest are the third-law 
measurement of the entropy of the metal-which, 
unlike the case of cerium metal, failed to reveal any 
heat capacity anomaly down to l5°K-and the 
third-law measurement of the entropy of the dioxide. 
The latter is of special value as it may be taken to 
he representative of the lattice entropies of heavy 
element dioxides in general, leaving excess entropy 
to be assigned to contributions arising from the 
multiplet character of the ground state in the para
magnetic dioxides. 

Heats of formation of thorium triiodicle and tri
chloride have been calculated from existing values for 
the heats of formation of the corresponding tetra
halides and the assumption that the entropy of 
disproportionation of the trihalides is zero, within 
two or three entropy units. 

Attention is re-directed to the measurement o{ the 
heat of formation of aqueous tetrapositive thorium, 
carried out by Westrum and Eyring some years ago. 
Although the work is of high caliber, these authors 
made only two measurements, using a single source 
of metal. 

Substantial progress has been made in the last 
few years on the chemistry of protoactinium, from 
which it is possible to estimate a few quantities of 
thermodynamic interest. These are tabulated in the 
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paper. Of these values the most doubtful is the 
estimated entropy of aqueous protoactiniurn live. The 
structure for the aqueous ion may be quite unlike 
that of other heavy element pentapositive ions, with 
a corre5ponding difference in entropy. 

The very recent measurements of the vapor pres
sure of url\nium metal by Rauh ::ind Thorn represent 
a contribution of great importance, not only becausP. 
the work provides accurate thermodynamic data on 
the vaporization process for uranium but also because 
it has served to reveal the e.-.::trcme sensitivity of the 
app.·uent vapor pressure to the pre;cnce of traces 
of oxygen. 

It seems reasonable to e.-.::pect that similar diffi
culties would be encountered in vapor pressure 
studies of other heavy element metals and that work 
of Lhis kind must be carried out in extremely high 
vacuum if it is hoped to obtain reliable values. 

The e.-.::periments of Jones, Gordon and Long on 
the heat capacity of uranium <lioxicle, although 
published some years ago, are cited here since it 
is to be anticipated that low temperature heat capacitJ 
anomalies will be found in the dioxides of all of the 
known he:i.vy elements beyond thorium, as has indeed 
been found to be the case for neptunium dioxide. 

Low temperature heat capacity effects are to be 
expected in other salts of tetrapositive uranium. 
Although no anomaly in the heat capacity of UF. 
was noted by Brickwedde, Hoge and Scott in 
measurements ~tending dowu to 20°K, Lohr, 
Westmm and Osborne believe that n hump in the 
h~t capacity curve for UF. must lie below this 
temperature since they find no residual entropy after 
subtracting their curve for ThF, from the UF. 
heat capacity curve of the workers mentioned. 

The measurement of the low temperature heat 
capacity of neptunium dioxide, carried out with only 
two grams of material, represented a remarkable 
technical achic\'ement, and was of great interest in 
revealing an expected hump in the heat capacity curve 
at low temperature, due to the presence of unpaired 
electrons in the dioxide. 

Relatively little work on the thermodynamics of 
plutonium has been reported in the last few years. 
Recent publications dealing with the allotropy of the 
metal, and with its magnetic behavior, while of great 
interc:st, do not yield thermodynamic information. 
However, the measurements of Phipps, Simpson and 
others on the vapor pressure of plutonium metal and 
the thermodynamic study of plutonium h exnfluoride 
have been of g reat technical and scientific interest. 

Paramagnetic resonance absorption measurements 
on sodium plutonyl acetate support the assignment 
of nn f2 rather than n d configuration for the plutonyl 
ion. This work i5 discussed more extensively in 
another paper in this session. 

Recent work on the thermodynamic properties 
of americium, in part not hitherto published, include 
measurements of the heat of vaporization of the 
liquid metal :ind solid trifluoride as well as revised 
values for the beat of formation,. of aqueous ions, 
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calculated from calorimetric measurements done by 
Gunn. 

~ Entropies o( the aqueous neutral ion of curiu111 
trifluoride, and CmF,• have been calculated from 
solubility measurements at various temperatures. 
This last work is based on unpublished data of Feay. 

No thermodynamic studies of trans-curium ele
ments have l>ecn reported since the publication some 
years ago of an approximrue value for the berkelium 
three-four potentfal. 

It is realized that much of the work summarized 
in the printed version of this paper has been passed 
over hastily, or ignored entirely. Perhaps questions 
concerning these values can best be handled in 
private discussion. 

Turning now to the final topic of this paper, 
I wish to point out certain trends in thermodynamic 
properties when the elements are arranged in the 
order of atomic number in Slide l (Fig. 1 of P /726). 

The vertical axis gives the f ree energy of formation 
of the aqueous ion in kilocalories per mole. The 
energy o[ formation is based on the calorimetrically 
observed heat and estimated entropies. 

The horizontal axis is a plot of atomic number 
from 89 to 95. The stability of the tripositive state 
increases rapidly with atomic number, as shown by 
the rapidly diminishing Yalucs for the free energy of 
fonnation. All of the higher oxidation states become 
less stable with increasing atomic number. In the case 
of elements of atomic number 93 and beyond, the 
aqueous tripositive state has the most negative free 
energy of fonn.ition, and in tl1at sense, is the most 
stable that can be formed in aqueous solution. 

In Slide 2 (Fig. 2 of P/726) somewhat similar 
data are displayed for the free energies of form51tion 
of the various higher oxidation s tates from the lower 
states. 

The Yertical and horizontal a.,es are free energies 
of the couples in kilocaloncs per mole, and atomic 
number respectively. 

As may be observed, the figure displays a number 
of interesting regularities. The free energies of the 
3-4, 3-5, and 3-6 couples all increase wilh increasing 
atomic number along roughly parallel lines, except 
for a marked deviation in the free energy of the 
uranium 3-6 couple, probably due to the exceptional 
stability of the noble gas structure of the U (VI). 
The free energies of the 4-5, 4-6 and 5-6 couples are 
less strongly dependent on atomic number, especially 
in the case of the former. It appears that the en
ergies 0£ oxygen bonding and hydration in the penta
positive ion differ by nearly a constant amount from 
the energy of ionization of the fiith electron, through
out the series. 

It is ,o be hoped that future investigation will 
supply a deeper un.dcrstanding of these relationships. 

DISCUSSION ON PAPER P/726 

Mr. G. S. ZHDANOV (USSR) : I should like to stress 
the great importance of ~ermodynamic and physico
chemica 1 research on plutonium and its alloys, for the 
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following reasons. Firstly, plutonium has a large 
number of modifications and, secondly, the chemical 
bond in the case of plutonium is covalent and direc
tional. As a contribution to the exchange of scientific 
data, I 1ihould like to inform you that research on plu
tonium· and a number of its alloys has been carried 
out in the Soviet Union under the direction of Mr. 
Konobeevsky. A study has been made of the equi
librium diagrams of plutonium with a number of 
other metals--vanadium, manganese, iron and nickel 
- and this study showed a regular change in the 
type of equilibrium diagram with the position in the 
periodic table of the alloying element. Six poly
morphous modifications of plutonium were discov
ered. As an example, Slide 3 is an equilibrium dia
gram for plutonium with iron and osmium. Both 
elements are in the same column of the periodic table. 
The increasing comple..xity of the type of equilibrium 
diagram can be seen. These data were made public at 
the Moscow conference of July and may be consulted 
in the collection of Soviet papers submitted to that 
conference. 

Mr. CUNNINGI-IAM (USA) : Yes, I might say of 
course that there have been numerous studies of 
intermetallic systems involving plutonium. vVe have 
done no work of this kine! at Berkeley, however, and 
I do not feel qualified as an expert to outline the 
work 0£ this kind which has been done in the United 
States. 

Mr. K. DAWSON presented paper P/440. 

DISCUSSION ON PAPER P/440 

Mr. V. M. KLECHKOVSKY (USSR): The regular 
· sequence in which the electrons fill up the quantum 
levels, thus raising the atomic number of the element 
throughout the Mendeleev periodic table obeys the 
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general rule that the direction of filling goes from 
groups of energy-levels having a lower value for the 
sum of the primary and orbital quantum numbers to 
groups of levels with higher values for n + l and, 
within each ( n + 1)-group, from sub-states with 
lower n and higher t to sub-states with higher n and 
lower/. 

This regularity was, apparently, first pointed out 
in 1946 in the work of Yu-Ta. As shown by the work 
of Reino Hakal and the work of Klechkovsky, a 
series of equations may be derived from the rule of 
consecutive (n + /)-group filling, expressing in 
mathematical form the relationship between the posi
tion of the element in the periodic table and the 
electronic configuration of its atoms. The fact that 
in the series of elements following radium, where 
{11 + l) -group fi lling ends at the value (n + l) = 
7, there is a transition to Sf-level filling is in full 
agreement with the rule of consecutive ( n + l)
group filling and also with the general regularity 
which characterizes the whole periodic system. 

As an example of a mathematical expression for 
the dependence between Z and the electronic con
figuration of atoms arising out o{ the rule of consecu
tive (n + l)-group filling, I should here like to 
give an expression for the Zi-atomic number of an 
element in which the first electron must appear in 
the electron envelope of its neutral, unexcited atoms 
with a given value for its orbital quantum number l. 
The expression appears in this form: 

z, = ¼(2l + 1) 3 + ¼(S - 2l) 

The form of this equation is close to that of simi
lar equations derived by Sommerfeld from the 
Thomas-Fermi model and subsequently by I vanenko 
and Larin from the Thomas-Fermi-Dirac model. The 
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expression given for Z 1, unlike equations derived 
from statistical theory, gives integral values for z, 
which completely coincide with the empirical values, 
thus: l = O(Z,= 1), I= l(Z, = 5) , l = 2(2, = 21). 
For the value l = 3 the equation given yields Z, = 
57, which is lower by unity than the empirical value. 
lt is necessary, however, in evaluating this discrep
ancy to bear in mind the fact that in the case of 
cerium (2 = 58) two 4f-elcclrons appear simul
taneously and the further process of 4/-lcvel filling is 
in agreement with the value 7., = 57. Simil:.irly, in 
accordance with the rule o[ consecutive ( 11 + l)
group filling, the commencement of the filling of the 
2s, 3p, 4d, and Sf levels corresponds wiLh the values 
Z = Z, + 2 ( l + 1) ', and the Sf-levels must be filled 
in the case of the actinides, which is apparently 
closely in :i.ccordance with the facts. 

Mr. CuNNTNCUAM (USA): The published mag
netic susceptibility measurements done at Berkeley 
on americium trifluoride indicate that the tempera
ture magnetism of the ion becomes tempered at low 
temperatures, as is expected theoretically in the 
ground state, which is that calculated for sections of 
electrons and, therdore, is in Lhat respect in excellent 
agreement with the nctinidc concept of Seaborg. 

The C1tAIRMAN: Mr. G. Racah (Israel) wishes to 
ask Mr. Dawson whether computations on the elec
tronic configurations of the actinide elements have 
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been made by the method of Hartree, and also have 
other quantum mechanical computations been made, 
for example, by the method of Slater. 

Mr. DAwsoN (UK) : The calculations which have 
been made by Eisenstein and Pryce have been pub
lished elsewhere, and the written paper P /440 con
tains the reference where this information may be 
obtained. 

Mr. R.AcAH ( Israel): I should like to point out 
that the s-, d- and f-shells are filling up at the same 
time and the competition between tl!_e shells depends 
on the degree of ionization. (I am speaking about 
free atoms and ions, because I do not know anything 
about ions in crystals.) For example in Th++ there 
are two electrons outside closed shells, and it is not 
yet dear whether the fundamental level belongs to 
the jd- or to the d2-configuration, because the two 
configurations are at about the same position. But in 
U .. it is almost sure that the two electrons are in the 
f2 configuration. We know very well from the lan
thanides that the number of electrons which are not 
in the j-shcll depends essentially on the degree of 
ionization and is almost independent of the total 
number of electrons. 

If we consider the singly ionized lanthanide ions, 
we see that the fundamental level has always one 
s-electron and zero or one d-electron while the num
her of f-electrons increases from O to 14. 
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Radi~chemical Separations Methods for the Actinide Elements 

By Earl K. Hyde,* USA 

The purpose of this paper is to review the radio
chemical methods which have been developed to sep
arate and purify the elements of atomic numbers 89 
to 101. 

The need for radiochemical analytical techniques 
arises in every stage of any program designed to em
ploy a nuclear reactor for generation of industrial 
power or for the production or radioactive isotopes 
for widespread use for industrial, medical and s_ci
entific purposes. Large-scale processes f~r the pu~1fi
cation of heavy elements such as uranium, tbortum 
or plutonium before fabrication of fuel elements re
quires preliminary testing on the laboratory scale. 
Chemical plant processes for separation of uranium, 
plutonium and other heavy elements from the radio
active fission products have to be devised nnd tested 
on the laboratory scale. Heavy element samples may 
be used as flux monitors during reactor operation. 
Neutron reaction cross sections maJ have to be made 
by irradiating small samples and separatiog the prod
ucts by radiochemical methods. These are just some 
of the problems which have to be solved by the ap
plication of Jaboratory scale radiochemical techniques. 

A rather large fraction of the radiochemical tech
•niques which were developed in the United States 
for the heavy elements during and since the war has 
been published in unclassified form in books. techni
cal journals or in unclassifie~ or declassified r~P?rts 
of the United States Atomic Energy Comm1ss1on. 
References 1-4 can be consulted Ior considerable in
formation or for references to detailed published 
information. The cumulative indexes of Nuclear Sci
ence Abstracts5 provide an excellent guide to the 
published information. The purpose of this article is 
to re,•iew briefly those methods which have proved 
most useful in actual service and to emphasize newer 
methcxls which show excellent promise. In outline 
this article follows closely a review• on the same sub
ject written by the author in 1951. Matters which 
were discussed there in considerable.detail are treated 
much more briefly in the present article. On the other 
band, there is a number of excellent chemical pro
cedures involving solvent e.-xtraclion, cation exchange 
and anion exchange which wer e not treated in the 
earlier review which are treated here. 

The author has tried to summarize developments 
in this field from all laboratories in the United States 

* t;nh-ersity of California ludiation Laboratory, Berkeley, 
Ca1ifomia. 

Atomic Energy Commission. He has drawn freely on 
his own experience and on the e.,l)erience of his pro
fessional colleagues at the :Metallurgical Laboratory 
during World War II and at the Argonne National 
Laboratory and the University o[ California Radia
tion Laboratory since the war. 

RADIOCHEMICAL PURIFICATION OF ACTIN IUM 

Element 89, actinium, occupies the place in the 
periodic chart directly beneath lanthanum nnd bean. 
the same relation to the tripositive states of the ele
ments which succeed it that lanthanum bears to the 
tripositivc lanthanide elements. In its chemistry ac
tinium closely resembles the lanthanide elements 
with the small differences expected from the larger 
size of the actinium io:1. 

In practice, any precipitation or e>--tractioo. proc
ess useful in the isolation of the rare earths wlll also 
be useful in the isolation of actinium. For the pre
liminary isolation of actinium from most elements, 
this sim ilarity is a great convenience, but in some 
cases it makes the complete purification of actinium 
difficult. Frequently a solution from which the 
radiochemist wishes to isolate an actinium activity 
contains considerable amounts of rare-earth activities 
or of inert lanthanum. This is true, fo r example, in 
the preparation of actinium by the cyclotron bom
bardment of thorium and uranium, because of the 
simultaneous production of fission-product rare-earth 
activities. The isolation of Ac221 from natural sources 
is complicated by the presence of inert rare earths. 
fn some cases, such as the isolation of Ac22

' from 
neutron-irradiated radium (to be discussed), this dif
ficulty is not present. 

The radiochemical isolation or actinium, then, usu
ally involves a two-step procedure : ( 1) the isolation 
of actinium and the rare earths as a group with or 
without tl1e use of rare-earth carrier and (2) th~ 
separation of actinium from the rare earths. 

The extensive classical literature on actinium and 
its isotopes up to 1940 is covered by Gmclin.1 Hage
mana8 has reviewed the chemistry of actinium with 
particular emphasis on the literature of the period 
1944-1951. Oarke• bas pro";ded a bibliography of 
unclassified project literature. 

Coprecipita tion Beha vior of Actinium 

The coprecipitation of actinium together with rare 
earths on such carrier precipitates as lanthanum Au-

281 
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oride, thorium fluoride, a number of insoluble hy
droxides, zirconium iodate, bismuth phosphate, 
barium sulfate and lead sulfate has been discussed 
by McLane and Peterson.10 

Solvent Extraction of tho Thonoyltrifluoroacetone 
Complex of Actinium 

A very useful method which is not based on the 
use of a carrier precipitate is the e.waction of the 
thcnoyltrifluoroacetone chelate complex of actinium 
into nonpolar organic solvents.11 This extraction is 
strongly dependent on acidity, as shown by Fig. 1. It 
is decreased by the presence of inorganic ions in the 
aqueous phase which form strong comple.'-'.es with 
actinium and by the presence of large quantities of 
cations which also form chelate comple,"'es with 
thenoyltrifluoroacetone (TTA). In practice, the aque
ous solution is intimately contacted \\ilh a dilute solu
tion of TT A in benzene for a period of 10 to 20 
minutes, and then the phases are separated. The 
actinium can be returned to an aqueous solution 
simply by contacting ii for a few minutes with a dilu te 
acid solution. This metho<l is not specific in the sense 
that a single extraction will produce a pure actinium 
fraction, but it is possible to obtain almo~t any de
sired specificity by a combination of steps. There is 
a number of ions which will extract readily from 
solutions of lower pH; among these are the tetra
positive ions thorium (IV), zirconium (JV), plu
tonium (IV), neptunium (JV), etc., and other ions 
such as lead(II) and iron(III). If any of these 
ions are present in great quantity, they must be re
moved by some suitable preliminary separation. 
Tr.lee quantities of these interfering clements can be 
removed by a preliminary TTA extraction at a pll 
adjusted below the point of appreciable extraction 
of actinium, e.g., a pH of 3.0. Afterward the acidity 
may be decreased to the point where the extraction 
coefncient for actinium is high (pH 5.5 or higher), 
and the actinium may be removed to the organic 
phase. The extraction of a few ions which e.'-'.tract 
under alkaline conditions may be minimized by ad-
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justing the pH to a value just above the break in 
the extraction curve where the essentially complete 
extraction of actinium is achieved. A convenient 
method of adjusting the pH to the proper value is 
to use a buffer solution of ammonium acetate-acetic 
acid. 

Some work has been done on the separation of 
the triposit ive actinide elements from the tripositive 
lanthanidcs by TT A extractions carried out under 
carefully controlled conditions. The separation of 
actinium from the rare ear ths should be the easiest 
but has received little study, and it is not clear 
whether it can be made as effective on a laboratory 
scale as the ion-exchange methods which are favored 
at present. Hall and Templeton 12 report the separa
tion of rare-earth fission products from Ac226 by an 
extraction with a 3 M TT A-benzene solution with 
the pH mafotained at 3.0 to 32. The Acm was sub
sequently e.xtracted into a 0.15 J,f TTA-bcnzene so
lution at a pH maintained at 6 .0 to i.O. 

lon-Exchonge Behavior of Actinium 

The ion-exchange method has been applied with 
great success to the separation of the rare earths as 
is well known from numerous published articles. 
Most of these separations involve the adsorption from 
dilute acid oi a mixture of the ions on top of a cation
e."'change resin bed followed by the selective elution 
of the individual elements with solutions of ammo
nium citrate, ammonium lactate, ethylenediamine
tetraacctic acid or some other complexing agent. 
These papers will not be reviewed in detail here. 

In any of these rare-earth separations actinium 
may be expected to elute after the rare earths because 
of its larger ionic radius. Also it should be much 
easier to separate actinium from the rare ear ths than 
to separate individual rare earths from each other. 
A few publications deal specifically with the ion-ex
change separation of actinium using ammonium 
citrate.'·1:.-u Elution with nitric acid has been stud
ied by Hagemann• who suggests 4 M HNO3 for 
desorption of actinium from Dowcx-50. Elution of 
actinium from Dowex-50 whh hydrochloric acid of 
various concentrations is shown in Fig. 9 later in this 
report in the section on transplutonium elements. 
l\{ore complete data are given by Diamond. Street, and 
Seaborg'" who have effected the separation of ac
tinium from the rare earths by elution from Dowex~ 
SO with 3M, 6M, and 9 M HCI. 

Solvent Extraction of Actinium 

Actinium is but poorly extracted into most organic 
solvents. Recently it has been found that the rare
earth elements are extractable into tributyl phosphate 
from very concentrated nitric acid or hydrochloric 
acid i-olutions.17 The extraction of actlnium has been 
investigated and found to be appreciable, but not 
high enough to be attractive as a separations method 
F or example, for 15.6 M· HN03 the distribution co
efficient into tributyl phosphate is approximately 0.1 
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and from 12 M HCl it is approximately 0.02.Js How
ever, if the aqueous phase is strongly salted with 
aluminum nitrate the extraction of actinium into tri
butyl phosphate is essentially quantitative.1° Even 
from solntions saturated with ammonium nitrate and 
0.3 M in nitric acid the extraction of actinium is 
quite high. 20 This property is quite useful in radio
chemical problems involving actinium. 

Difficulties in Radioactivity Measurement of Actinium 

Most tracer work with actinium has been done 
with the isotope Ac221 which occurs in nature as the 
daughter of U 235• A ton of pitchblende contains about 
0.15 milligram of actinium. Ac227 with a half-life of 
22 years is the most stable of the actinium isotopes; 
the next most stable isotope is Ac225 with a half-life 
of only 10 days. Hence Ac221 is the only possible iso
tope for chemical studies on weighable amounts of 
material. 

Unfortunately the nature of the radiations of Ac227 

makes it difficult to do quantitative studies on either 
the tracer or the milligram scale. The beta-particle 
energy of Acm is only 40 kev and the alpha branch
ing is only 1.2 per cent. Only under the most favor
able conditions when working with highly pure and 
very thin samples can accurate measurements be 
made by direct counting of the Ac221 radiations. 
Two ways in which this problem can be met are the 
following: 

The Ac207 sample can be allowed to come to equi
librium with its daughter activity and the hard beta 
and gamma radiation or the energetic alpha par
ticles of the daughters can be counted. The objection 
to this is that the rate of build-up of the daughter 
activity is quite slow because the immediate daugh
ter RdAc(Th227 ) has a half-life of 18.9 days and the 
next chain member AcX (Ra223 ) has a half-life of 
11.2 days. The maximum in the daughter activity 
does not occur until 175 days have elapsed. T his 
means that in any chemical s tep in which actinium 
is partially or completely separated from its daugh
ters, the samples must be counted daily for at least a 
few weeks and the resulting growth curves compared 
with theoretical curves to determine the amount of 
actinium in the fraction under study.8 

Those methods of assay which depend on the quan
titative separation and quantitative measurement of 
radioactinium, or actinon, on the me:isurement ~f 
total heat liberated in a calorimeter from the eqm
librium mixture suffer from the same disadvantage, 
i.e., the actinium must come to equilibrium with its 
daughters before assay. 

Another method of actinium assay developed by 
Perey is based upon the fact that Ac227 decays by 
alpha emission in l.2 per cent _of its disintegratio~s 
to a short-lived isotope of francmm called AcK. This 
AcK has a half-life of only 21 minutes and comes to 
equilibrium with a freshly purified Ac221 . sample 
within a few hours. Perey pointed out that it should 
be possible to assay actinium samples by isolating 

AcK and counting the energetic beta particles which 
it emits. She has published details for doing this.21 

Hyde 22 has introduced a new coprecipitation and ion
exchange method for effecting this assay somewhat 
more easily. The AcK method requires that large 
enough samples of Ac22' be used to overcome the 
disadvantage of the small 1.2 per cent branching to 
the AcK product.' 

The difficulties and extra time required by these 
assay methods has··had a great deal to do with the 
relative scarcity of published information of the 
solvent extractability, ion-exchange behavior and 
other chemical properties of actinium. 

In tracer work one may avoid these difficulties by 
using shorter-lived isotopes having better radiation 
characteristics. 

MsTh2 (Ac228
) is a 6.13-hour activity which oc

Cllrs in the thorium decay chain as a daughter of 
l\'1sTh1 (Ra2 28

) . MsTh2 emits hard beta particles and 
decays to a Jong-lived alpha-emitting daughter, RdTh 
(Th'"8

) , so there are no counting difficulties other 
than the half-life correction which is not serious for 
experiments completed within one day. Jt is only 
necessary to have a strong source of 6.7-year MsTh, 
available from which MsTl½ can be isolated for use 
as needed. 

Ac"' has a half-life of 10 days for the emission of 
energetic alpha particles. A sample of Ac225 comes to 
equilibrium with its alpha-emitting daugh_te;s ':it~in 
a few hours, so that the total alpha activity 1s in

creased 4 fold. 
A stock solution of Acm can be used for actinium 

tracer experiments for a few months. Such a stock 
solution may be prepared in two ways. 

One approach is to isolate Ac22• from a large 
source of U 233 which has been allowed to sit for a 
considerable period of time. In the U 233 decay chain 
there is a long holdup at 7340-year Thm, but never
theless a one-gram source of U 233 set aside for one 
year will contain 1.8 X ,106 disintegrations per min
ute of Ac225 • 

Alternatively, Ac2z5 can be prepared by bombard
ing thorium with high-energy protons in a cyclotron. 
The cross section for formation of Acm is about 5 
millibarns for 100-Mev protons rising to about 20 
millibarns at 340 Mev.23 The 29-hour alpha emitter, 
Ac22e, is prepared in about equal yield on an atom 
basis so that the Ac225 will be appreciably contami
nated with Ac"6 activity until 10 days after born- • 
bardmcnt. 

RADIOCHEMICAL PURIFICATION OF THORIUM 

The chemical and radiochemical properties of 
thorium are of very great importance in any nuclear 
reactor program and a vast amount of information has 
been collected on these properties. In this section no 
attempt will be made to review older information on 
thorium chemistry such as precipitation and copre
cipitation behavior. A few topics of special interest 
for radiochemical separations will be treated. 
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Extraction of Chelate Complexes of Thorium 

Thorium forms chelate compounds with a large 
number of reagents such as salicylic acid, cupfcrron, 
hydroxyquinoline, phenylarsonic acid and nitroben
zoic acid. The insolubility of these complexes in aque
ous solutions and their extractability into organic 
solvents makes them of possible usefulness in radio
chemical separations. Two beta diketones 1vill be 
given special mention here. 

The compound a-thcnoyltrifluoroacetone (TT A) 
was found 24 to form a stable complex with thorium 
easily extracted into benzene when the pH was higher 
than l or 1.5. 

Hagemann n has published a curve showing the 
extraction of thorium tracer into a 0.25 M solution 
of TT A in benzene :is a function of the pH of a nitric 
acid solution. Above pH l the extraction is qmtntita
tive (see Fig. l ). In strongly acidic solutions the ex
traction is negligible. Careful studies on the effect of 
various inorganic ions in the reduction of thorium 
extraction by formation of competing complexes in 
the aqueous phase have been published."- 28 

In radiochemical scp:i.ration of thorium from other 
radioacth•e elements the pH is adjusted to the range 
1 to 2 to extract the thorium. The rare-earth ele
ments, actinium and a few other clements which are 
extractable in the higher pH ranges are left in the 
aqueous phase as are a large number of elements 
which are not extracted under any conditions. The 
thorium is then stripped from the benzene phase by 
contacting the benzene with a l M acid solution. 
Other ions such as zirconium(IV), hafnium(IV), 
protactinium(V), plutonium(IV), neptunium(IV), 
and iron (III) are left in the benzene phase when 
the thorium is backe."<tracted. 

Thorium may be sepa1·ated from uranium (VI) 
when both are present in small concentrations if the 
solution contains no great quantity of neutral salts 
but the pH must be regulated carefully. The extrac
tion of thorium from concentrated solutions of ura
nium is not satisfactory and it is necessary to remove 
the bulk of the uranium by some preliminary step 
such as extraction into ethyl ether. 

The solubility of the thorium-TIA complex in 
benzene is limited and in the ex-traction of gram 
quantities the volume of TTA-benzene required be
comes excessive. In this case a more recently intro
duced beta diketone is more satisfactory, since the 
solubility of this thorium complex is many fold 
greater. This compound is 1-(3, 4-<lichlorophenyl)-4, 
4, S, 5, 6, 6, 6 heptafluoro-1, 3 hcxanedionc and the 
structural formula is 

This compound has been made iu :~search quantities 
by the Dow Chemical Company, Pittsburg, Caljfor-
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nia. Iddings, Tellefson, and Osbome2o,so have studied 
the extraction of thorium with this reagent. 

As an example of the application of this new 
diketone reagent, Iddings employed it in a study in 
which thorium metal foils weighing a few grams were 
bombarded in a cyclotron and it was desired to meas· 
ure the yield of actinium isotopes. After dissoluti~n 
of the thorium the acidity was adjusted to pH 1 with 
sodium hydroxide and extracted twice with a 0.6 
M solution of the diketonc in benzene to remove the 
thorium. Lanthanum fluoride was then precipitated 
from the aqueous phase to carry the actinium out of 
the salt solution. 

The new reagent suffers from the disadvantage 
that in the pres<:nce o{ ammonium ion it tends to form 
an emulsion very difficult to centrifuge. 

Solvent Extroction of Thorium 

The extractability of thorium Crom aqueous solu
tions into organic solvents has been studied for d~z
cns of representative solvents. Most of these stL1d1es 
have been concerned with hydrochloric acid systems, 
nitric acid systems or mixed nitric acid-neutral sail 
svstems. Most of this work was originally published 
i~ classified reports and journal publication of the 
results has provided only scattered information. In 
this section a brief account will be given of several 
of the best solvents for application to laboratory 
radiochemical separations. 

Ethyl ether does not extract thorium unless the 
aqueous phase acid and salt concentrations are so 
high that numerous other impurities would also 
extract. 

Methyl isobulyl ketone will extract thorium with 
a distribution coefficient up to as high as 9 to l 
provided the aqueous phase nitric acid concentration 
is maintained at 1 M to 3 M and if in addition a 
high concentration of such strong salting agents as 
calcium, magnesium, or aluminum nitrate is main
tained. The Ames, Iowa, laboratory purified large 
quantities of thorium from rare-earth impurities using 
an aqueous feed solution 3 M in calcium nitrate and 
3 M in nitric acid ... In ordinary radiochemical analy
sis thi5 solvent is of limited usefulness. 

Pc11tactltcr ( dibutOl\.")'tCtraethylene glycol) will e.'<
tract thorium from aqueous nitrate .solutions under 
moderate salting conditions. For example, tracer 
amounts of thorium in a solution 2 M in nitric acid 
and 1 M or gr<:ater in calcium nitrate are removed to 
the extent of 90 per cent or more from the aqueous 
phase by an equal volume of this solvent. Fifty per 
cent is removed from a 4 M HNO3 solution and 80 
per cent from an 8 1vl HNO, solution by an equal 
volume of solvent. If the aqueous phase is l M in 
HNO3 and saturated with ammonium nitrate the 
extraction is essentially complete.st Peppard83 has 
reported the use oE pentaether in the purification of 
ioniurn from pitchblende residues. 

M esityl orid, bas been reported to be a useful 
solvent for thorium. Levine and Grimaldiu have 
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made use of it in an analytical procedure for thorium. 
Hiller and Martin•• have used it to e.'<tract thorium 
away from rare-earth fission prnducts in a thorium 
target solution. 

Trib11ryl phosphate (TBP) is an excellent solvent 
for thorium. Undiluted TBP from which dibutyl
p~osphate has been removed by alkaline scrubbing 
will not extract trace amounts of thorium from 
hydrochloric acid in the hydrochloric acid concentra
tion range O to 6 M HCI. At concentrations 10 to 
12 M HCI partition coefficients of 2 to 10 are ob
s~rved.18 In nitric add solutions high partition coeffi
cients are observed even at low acid concentrations. 
These range from about S to 10 at 1 .M HN0

3 
to 

values of 100 to 400 for nitr ic acid concentro.tions in 
the range 6 to 15 molar.19 Mixed nitric ncid-neutral 
nitrate salt solutions cause high extraction of thorium. 
For e.'<amplc, Peppard and co-workers33 report that 
trace concentrations of the thorium arc extracted in 
greater than 99.9 per cent yield from an aqueous 
phase 0.1 Min nitric acid and saturated with respect 
to calcium nitrate. 

The viscosity and density of undiluted TBP make 
it somewhat troublesome to use. Hence it is fre
quently diluted to a lO to 20 volume per cent solu
tion in some other solvent such as n-butyl ether, ben
zene, carbon tetrachloride, or kerosene. This reduces 
the e..xtraction coefficient for thorium but the cxtracta
bility of a number of other ions is reduced below the 
point where they will extract appreciably. 

With the diluted TBP the C..'Ct raction coefficient of 
thorium has a ma.ximum of about 4 in 4-8 M HN0

8
• 

Below 0.5 M HN08 the extraction coefficient is low 
enough that very dilute ac:id solutions may be used to 
b_ackextract thorium from TBP into an aqueous solu
bon. Extraction of thorium into 10 or 20 per cent 
solutions of TBP in a diluent is much more complete 
if the nitric acid concentration is made 0.5 M and a 
neutral nitrate salt is added to rnise the tot.al nitrate 
ion concentration to 4-6 molar. Sodium nitrate is 
quite effective for this purpose. 

T he extraction of other heavy elements will be dis
cussed bter in this report. It wilt be shown that the 
ions uraninm (VI), plutonium(VI), neptunium 
(Vf ) , plutonium(IV). neptunium(IV) , are also 
highly extractf'd. Zirconium (IV) and hafnium (IV) 
are highly extracted under most conditions. Cerium 
(IV) is extracted under some conditions.•• The t ri
valent lanthanides and actinides arc not extracted 
under most conditions, but from strc;mg hydrochloric 
acid some of them are highly extracted. This will be 
discussed in the succeeding section on transplutonium 
elements. 

./110110- and dialkyt phosphates such as mono-octyl 
phosphate or dibutyl phosphate show phenomenally 
high extraction coefficients for thorium even from 
dilute acid solutions. These coefficients can be as high 
as several thousand.19 For special purposes these 
powerful solvents CTln be of great use, but when 
tributyl phosphate extraction cycles are being em-

ployed it is important that the TBP be free of the 
mono- and dibutyl derivatives to prevent trouble in 
the backexrraction of the thorium into an aqueous 
solution. 

Ion-Exchange Behavior of Thorium 

In hydrochloric acid solution and in nitric acid 
solution of ony concentration thorium forms no nega
tively charged complexes. Passage of a thorium solu
tion through :m anion-exchange resin column will 
separate thorium cleanly from any clements which 
do form adsorbable negative ions. This is important 
in the separation of thorium from uranium, ncp· 
tuuium, plutonium, and protactinium among the 
heavy elements and from a large number of transi
tion elements among the lighter elements. 

On the other hand, thorium is strongly adsorbed 
on cation-exchange resins from acidic solutions and is 
not desorbed at any appreciable rate with any con
centration of nitric or hydrochloric acid. A simple 
way to separate thorium from most other elements 
is to adsorb it on a cation-exchange resin column and 
wash it exhaustively with 6 M HC1 or HNO •. Anio11s 
and simple monovalent and divalent ions pass 
through the column immediately. Other ions such 
as trivalent rare-earth ions require a considerable 
volume of acid wash for their complete removal but 
the elution of thorium does not begin until long after 
the rare earths are gone. The recovery of the thorium 
from the column is done by elutions with a solution 
which forms a complex ion with thorium. Bane37 

separated small amounts of thorium from 0.15 M 
uranyl nitrate solution containing 0.1 lrl HN08 by 
passing the solution through a bed of Amberlite 
IR-1 resin. The column was thoroughly washed with 
0.25 M H:SO, to remove all the uranium. T he 
thorium was then eluted with 1.25 M NaHSO •. 
Dryssen 118 adsorbs UXl from a 2 M HCl solution 
of uranium and later elutes the thorium with 0.5 M 
ox:ilic acid. 

On occasion thorium is eluted with citric acid or 
lactic acid buffered to a suitable pH for rapid re
moval of thorium. This pH can be considerably 
lower than that ncedccl to elute rare-earth ions. 
Asaro, Stephens, and Perlman° devised a method 
for the rapid purification of Th2n. The impure sam· 
ple was adsorbed from dilute acid on a Dowex-50 
resin column 3 mm diameter by 3 cm tall, jacketed 
to allow operation at an elevated temperature (87°C) .. 
Radium, lead, and bismuth fractions were eluted with 
several milliliters 4 M HN03 after which the tho
rium was stripped with one milliliter of a 50-volume 
per cent solution of lactic acid at pH 3. The elevated 
temperature was essential for rapid elution of the 
thorium. 

RADIOCHEMICAL SEPARATION O F 
PROTACTINIUM 

An excellent review of protactinium chemistry has 
been given by Elson.40 The radiochemistry of pro
tactinium has been reviewed by Hydc.0 Hence pro-
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tactinium chemistry will be summarized only brie.fly 
and some facts which have not been described in 
detail in the unclassified literah1re will be emphasized. 

A number of excellent coprecipitation, solvent ex
traction, and ion-exchange methods is now available 
for effecting quantitative recovery of protactinium in 
high chemical and radiochemical purity. In practice 
these methods frequently fail until the chemist has 
worked with the element long enough to become ac
quainted with its special properties. In aqueous solu
tions, particularly in those of low acidity, protactinium 
has a pronounced tendency to undergo hydrolytic 
polymerization reactions of unknown nature which 
arc not readily reversible. This can cause loss of pro
tactinium by adsorption on the walls and by failure 
to duplicate the chemical behavior expected of sim
ple aqneous ions. Frequently the conversion of the 
protactinium to the strong fluoride or oxalate com
plex will overcome these difficulties and detailed in
structions to meet certain situations can be found in 
the li tcrnture. When the starting sample is of un
known composition and history, the difficulties of 
protactinium recovery can be rather formidable. 

Coprecipitation Behavior 

Compounds which have frequently been used in 
the past as carriers of protactinium from aqueous 
solutions include zirconium phosphate, zirconium 
iodate. manganese dioxide, lanthanum fluoride, and 
various insoluble hydroxides. Details can be found 
in the survey papers mentioned above6••0 and in the 
references cited therein. 

Solvent Extraction 

Extraction by organic solvents from mineral acid 
solutions with or without neutral salting agents is 
one of the most useful methods for the purification 
of protactinium. This method was introduced by 
Hyde and \·Yolf.41 The preliminary survey of a num
ber of solvents indicated that the lower ethers and 
n1any other general solvent types are very poor 
solvents for protactinium but that some of the long
chain alcohols, such as heptanol and isopropyl ketone, 
are excellent solvents. Considerations of availabili ty, 
stability, physical characteristics, and extractability 
of other elements led Hyde and Wolf to the selec
tion of di-isopropyl ketone as the best solvent. Later 
work at Oak Ridge by Overholt, Steahly, and 
others"2 showed that di-isopropyl carbinol was also 
an excellent solvent for protactinium; in some re
spects it is to be preferred to di-isopropyl ketone. 

To indicate the general characteristics of the ex
traction, a few curves are reproduced from the work 
of Hyde and Wolf on the extractability of Pa233 

tracer from aqueous solutions by di-isopropyl ketone 
(see Fig. 2). In these experiments Pa033 tracer was 
added to aqueous solution and contacted with an 
equal volume of di-isopropyl ketone. Results are 
plotted as percentage extractions vs the initial com
position of the aqueous phase. 

An examination of the curves in ''.Fig. 2 and others 
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Figure 2. Extraction of protactinium tracer by an equal volume of 
diisopropyl ketone from on aqueous solution. Initial compositions 
(A) varying concen11a1ions of HNO,; (8) curve l, l M HNOs and 
varying concent,ations of NH,NO,,; curve 2, 1 M HNOi arid varying 
concentrations of Ca(NO\,),; (C) l M HNO,, 1 M Th(NO,),, and 
varying concentrations of Mg(NO,)::; (0) 0.75 M Th(NOs), and vary-

ing concentrations o! Mg(NO~):: with pH 1.5 

given by Hyde and Wolf•1 reveals that a prominent 
feature of protactinium extraction is its great acid 
dependence. At low acid concentrations protactinium 
extraction is quite low and remains low even in the 
presence of high salt concentrations. Another fea 0 

ture is the steep rise of the extraction curves to a 
maximum at comparatively low total salt or acid 
concentration, provided that acidity is maintained at 
1 M or higher. These characteristics are markedly 
different from the behavior of uranium, which can 
be extracted from solutions of low acidi ty by these 
ketones if neutral salts are added and which has ex
traction curves with a sigmoid shape not reaching a 
maximum until the aqueous solutions arc nearly satu
rated with neutral salts. The extraction of thorium i:; 
typical of many impurities which are not appreciably 
extracted until quite high salting strengths are 
reached, particularly if neutral salts rather than nitric 
acid are used to raise the salting strength. 

Hence, for protactinium extraction high acidities 
(greater than l M) and comparatively low total salt 
concentrations (3M to 4 M NO3-) would be used in 
order to obtain high extractability and keep the ex
traction of unwanted impurities to a minimum. 

Kraus and Van \Vinkte 0 have extended the study 
of di-isopropyl ketone to hydrochloric acid systems 
and find similar extractabilities. Some of their re
sults are given in Table I. They found that hydro
chloric acid was prefernble to nitric acid for the 
extraction of macro amounts of Pa231, presumably 
because of the greater strength of the chloride com
plexes and lower tendency to hydrolytic and pre
cipitation reactions. For target work nitric acid sys-
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Table I. Extraction of Protactinium from Hydrochloric 
Acid · Solutions by Di-isopropyl Ketone 

Initial aqueous HCI concen
tration, moles/liter 0.8 2.4 4.8 7.2 9.6 

Pa233 tracer extracted into an 
equal volume of di-isopropyl 
ketone,% 10 55 72 71 73 

tems are ordinarily to be preferred because the 
extraction of undesirable impurities, such as iron, is 
much lower in nitrate systems. 

Kraus and Garen 44 studied di-isopropyl carbinol 
extraction in the presence of fluoride ion and found 
that the addition of aluminum ion, boric acid, or 
thorium ion tied the fluoride ion up in a competing 
comple..x and restored the protactinium extractabil
ity to normal. Elson and co-workers•$ ha,;,e found 
that an important point of technique in this method 
is to stir the solvent and the aqueous solution as the 
aluminum ion is added so that the protactinium is 
drawn into the organic phase as soon as it is freed 
from the fluoride complex and before it has an op
portunity to hydrolyze. 

Moore "6 has described the separation of protac
tinium and niobium by solvent extraction. His stud
ies show that di-isobutylcarbinol is a better solvent 
for protactinium under proper conditions than is di
isopropylcarbinol. Table II is based on information 
from his report. 

Tobie II. Extraction of Po 233 Tracer from Aqueous 
Solutions of Adds into Various Organic Reagents 

Aqueous f!/tase 

6MHCI 
6MHCI 
6.MHCJ 
2MHCI 
6MHNO, 

6.MHCI 

6MHCI 

Orucrnic phase 

5% MD0A*-xylene 
5% :MDOA*-chloroform 
O.S M TT At-xylene 
0.5 M TTAt-xylene 
di-isopropylcarbinol 
(saturated with 6 M HCJ) 
di-isopropylcarbinol 
(saturated with 6 M HCI) 
<li-isobutylcarbinol 
(saturated with 6 .M HCI) 

* Methyldioctylamine. 
t ThenoyltriAuoroacetone. 

Pa233 
aetiv,'tl• 11:rtr-(J..Clt d 

(%) 

95.0 
88.S 
88.5 
95.8 
89.S 

99.6 

99.9 

Another good solvent is tributyl phosphate (TBP). 
Peppard 19 reports that an extraction coefficient of 
about I into undiluted TBP is found when the aque
ous phase is approximately 3 M HCI. This coeffi
cient rises rapidly to about 20 for. initial aqueous 
concentrations of 5 M HCI and to values in excess of 
2000 for 11.8 M HCI solutions. The presence of 
fluoride ion in the aqueous phase drastically reduces 
the extraction of protactinium into TEP. Protac
tinium in TBP solution can be separated from oth<.'r 
elements which show high extractability into TBP 
by washing the solvent layer with a mixture of hydro
chloric acid and hydrofluoric acid. Protactinium is 
removed, leaving the other elements in the organic 
phase. 

Still another solvent which can be used to extract 
protactinium is dibutoxytetraethylene glycol (penta
ether) . To achieve high extraction coefficients mix
tures of nitric acid and neutral nitrate salts can be 
used. 

Solvent Extraction of the a-Thenoyltrilluoroocetone 
Cc:,mplex of Protactinium 

The outstanding feature of the extraction of ti-acer 
amounts of protactinium into benzene solutions of 
TTA is the high extraction coefficients observed 
from strongly acidic solutions. Solutions of protac
tinium in 0.4 M solutions of TTA in benzene can be 
washed wjth strong mineral acid solutions without 
appreciable backwashing of the protactinium. This 
washing removes nearly every other possible contami
nating ion including a large number which form ex
tractable TT A complexes under conditions of lower 
acidity. Zirconium, hafnium, and iron are the prin
cipal clements likely to contaminate the protactinium. 

Backextraction of the protactinium is easily 
achieved by contacting the benzene layer with a dilute 
hydrofluoric acid solution or oxalic acid solution. 

Anion-Exchange Behavior of Protactinium 

Kraus and Moore•• have studied the separation of 
protactinium, uranium, and thorium bv anion ex
change. In strong hydrochloric acid s~lutions ura
nium and protactinium are strongly adsorbed by 
anion-e,'Cchange resins such as Dowex-1. (A copoly
mer of styrene and divinylbenzene containing quater
nary ammonium groups.) The distribution coefficient 
Ka, defined as the amount of protactinium per gram 
of resin to the amount per mjl)i!iter of solution, is 
about 2 to 4 in the range 1 to 4 M HCL rises ab
ruptly to about 100 at 6 M HCI and to > 1000 at 
I-IC! concentrations above 8.48 In the concentration 
region below 8 M HCI distribution coefficients for 
uranium (VI) are considerably higher. 

Kraus suggests two procedures for separating a 
thorium, uranium, protactinium mixture. In the first 
procedure the mixture in 8 M HCI is passed through 
a. Dowex-1 column to adsorb uranium and protacti
rnum at the top of the column. Thorium is not ad
sorbed at any hydrochloric acid concentration and 
passes through the column. The protactinium is eluted 
with 3.8 M HCI. It elutcs rapidly. The uranium is also 
eluted but more s lowly than the protactinium. 

In the second method the protactinium is eluted 
with a mixture of 7 M HCI and 0.11 M HF leaving · 
the uranium fim1ly bound to the resin. The presence 
of fluoride ion causes a dramatic decrease in the 
distribution coefficient for protactinium; 0 without 
affecting that for uranium. After the protactinium 
is off the column the uranium is rapidly desorbed 
with 0.5 M HCI. 

Isolation of Protactinium by Distillation of 
Protactinium Chloride 

· Malm and Fried50 have introduced a new method 
for the isolation of protactinium from irradiated 
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thorium oxide. The method consists in the treatment 
at 600°C of the thorium oxide with carbon tetra
chloride vapor carried in a stream of nitrogen. The 
thorium and protactinium are converted to the 
chlorides and PaCl5 distills out quantitatively. For 
further purification the PaCl5 can be redistilled at 
400°C. Other chlorinating agents such as phos
phorus pentachloride at 200°C and aluminum chlo
ride at 400°C have been used. 

Cation-Exchange Behavior of Protactinium 

No comprehensive study of the elution of pro
tactinium from cation-exchange resins has been pub
lished. Sullivan and Studier5' found that thorium 
and protactinium could be adsorbed completely from 
dilute (0.1 M to 2.0 M) nitric acid solutions. The 
thorium was then eluted with 0.2 M ammonium 
sulfate solution at pH 3.4 with no elution of pro
tactinium. 

Protactinium can be desorbed52 with oxalic acid 
solutions at a pH of 3.0 to 5.0. 

Radiocolloidal or polymerized protactinium can 
be filtered on to a Dowcx-50 resin and treated with 
oxalic acid to convert it to a simple complex ion. 

RADIOCHEMICAL PURIFICATION OF URANIUM 

An enormous amount of work has gone into the 
development of extractive and analytical methods 
for uranium to meet the problems which have arisen 
in the extraction of uranium from ores, the purifica
tion of uranium, the reduction of uranium to the 
metal and the recovery 0£ uranium from radioactive 
solutions after neutron irradiation. 

Rodden3•~3•s• has written several reviews of the 
analytical chemistry of uranium which abstract much 
of the most significant wartime and postwar develop
ments in the United States. 

In the sections which follow a few characteristics 
of uranium which are particularly useful in the 
purification of small amounts of uranium ranging 
from a few grams down to trace amounts will be 
discussed. 

Extraction of Uranium by Ethyl Ether 

Ether Extroction 

The extraction of uranium by ethyl ether from 
aqueous nitrate systems is applicable to a wide 
variety of problems because of its simplicity and spe
cificity. There are but few elements which extract to 
nearly the same extent. F rom a mixture of fission 
products and heavy elements only the halogens, nep
tllnium, and plutonium coextract with the uranium. 
The neptunium and plutonium can be reduced to 
lower oxidation states to keep them from extracting. 

It is necessary to add inorganic nitrate salts 
(" salting agents") to the aqueous phase to get good 
extraction of the uranium, particularly if the uranium 
is in trace concentration. A wide variety of nitrate 
salts has been studied for this purpose. The most 
effective salts are magnesium, calch.1m, and aluminum 
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nitrate. A minimum concentration of nitric acid of 
approximately 0.05 M is required. A high concentra
tion of nitric acid improves the extraction but also 
markedly increases the extraction of certain impuri
ties ; hence in general the acidity is maintained below 
lM. . 

2.5 M magnesium nitrate in the presence of 0.5 J.1 
to 1 M HN03 can be recommended when quantitative 
extraction into a small solvent volume is required. 

Sometimes a saturated solution of ammonium 
nitrate acidified to 0.05 M in nitric acid is used in 
spite of its relatively weak salting strength because 
the extraction of impurities is also relatively low 
and because any ammonium nitrate salt which finds 
its way by mechanical transfer or otherwise into 
the final uranium fraction can easily be destroyed 
by aqua regia or by volatilization. When samples 
of uranium absolutely free of extraneous solid matter 
are desired for a careful study of radiations this can 
be quite important. 

The extraction of uranium from the aqueous phase 
can be made quantitative by repeated extraction with 
larger volumes of ether. 

An idea of the effect of various salting agents on 
extraction of tracer uranium may be obtained from 
Table III. 

Table 111. 

HNO~ 
molts/ liter 

3 
7 
0.5 
0.5 
0.5 
0.5 

Extroction of Tracer Uranium by Ethyl Ether* 

TuitfriJ compositlou. of tire aq1t~o1u pliase 

E.rtro,ti<,11 by 
Additional niJra.lc Total N03= cqualuolu,ne 

salt molu/Jiter of sqfvetu 

0 
0 

S M NH,NOa 
9.5 M NH4N03 
1.55 Af Mg(NO~h 
2.5 M Mg(N03)2 

3 
7 
5.5 

10 
3.6 
5.5 

23 
62 
25 
60 
38 
99 

* Hellman, N. N. and Wolf, M. J .. unpublished information. 
Metallurgical Laboratory, University of Chicago (1945). 

The extraction of uranium may be considerably 
hindered in the presence of fluoride, phosphate and 
sulfate ions which form complex ions with uranium. 
The use of ferric nitrate will counteract this effect 
for ·phosphate and sulfate and aluminum nitrate 
effectively removes the fluoride ion. 

The tendency of nranium to form complex iom 
may be taken advantage of when _it is desired to 
backextract the uranium from the ether into a small 
aqueous volume. Ammonium sulfate, for example, 
may be us~d for this purpose. 

Increased purification of the ether-extracted 
uranium can be achieved by washing the ether phase 
several times with small volumes of saturated mag
nesium nitrate. Impurities arc backwashed into the 
aqueous phase if their partition coefficient into the 
ether phase is substantially less than that of the 
uranium. 

Alternate Solvents for Uranium 

A number of organic . solvents has been shown 
to be as effective as, or considerably more effective 
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than, ethyl ether in the extraction of uranium from 
aqueous solutions. Dibutoxytetraethylene glycol 
( pentaether) and tributyl phosphate have been 
applied to routine analysis of uranium samples. Other 
solvents which are useful are dibutyl cellosolve, 
dibutyl carbitol, methyl isobutyl ketone and several 
dialkyl phosphates. Some of these are discussed m 
the next sections of this report. 

Extraction of Uranium by Tributyl Phosphate 

The solvent tributyl phosphate (TBP) is soluble 
in water only to a slight extent, is stable toward 
acidic solutions, and undergoes hydrolysis to the 
mono- and dibutyl compounds only slowly. I n addi
tion to these favorable chemical propert ies it shows 
a very high extractive power for uranium. The 
extraction is rather specific except for certain ele
ments, principally cerium(IV), thorium(IV), 
plutonium(IV), zirconium(IV), and hafnium(IV) 
which also extract. The tributyl phosphate is fre
quently diluted to a 20 volume per cent solution with 
such solvents as carbon tetrachloride, hexane, ben-
zene and n-butyl ether. . 

The mechanism of the extractionss is believed to be 

uo"2(aq)H + ZN03-(aa/ + 2TBProrDI ~➔ 

[UO.(NO,).(TBP),(oro)] 

The equilibrium constant has been measured to be 
7.70.55 

The extraction of uranium requires the presence 
of nitric acid in the aqueous phase. For 2 M HNO, 
the partition coefficient, E!;~~;,:<,, is of the order of 33 
for 100 per cent of TBP.60 If the acidity is raised 
the partition coefficient increases ; for example, at 
8 M HN03 it increases to 150. 

Table IV. Comparison of Salting-Out Agents for 
Extroction of Uranium* by TBP and Pentaether 

Solt 
ton.cen• Acid E :~;!~{:;' for uronimn traJion eouc,11-

Salting-0111 (grams/ tr'1'icn 
(l!lenl 100 ml) (M) TDP P£ntattliet 

Al(NO3)3 60 2 1000 83 
NH4K03 70 2 370 70 
Ca(N0s)2 · 4H20 58 2 370 32 
Fc(NOs)a · 9H20 53 2 430 33 
NaNOa 66 0 1800 140 
none 2 35 1.8 

• S mg uranium/ml in ol"iginal aqueous solution. 

Neutral inorganic nitrate salts may also be used 
to increase the partition coefficient. Several of these 
are more effective than nitric acid, provided a certain 
minimum of nitric acid is present. Table IV taken 
from the data of Bartlett shows the high coefficients 
which can be achieved. F rom these data sodium 
nitrate appears to be the best salting agent. 

I n normal practice tributyl phosphate is diluted 
to a 10 or 20 volume per cent solution in a second 

solvent such as carbon tetrachloride, hexane, benzene 
or n-butyl ether. 

The usc of one of the diluents mentioned above 
reduces the uranium extraction several fold but may 
be desirable for several reasons. The extraction of 
other ions, particularly the quadrivalent ones men
tioned above, may be reduced more drast ically, thus 
permitting better separation from these elements. 
The density and viscosity properties of the organic 
phase may be mote suitable. The eventual back
extraction of the uranium into an aqueous phase can 
be handled more easily from the diluted solvent. 

Small amounts of sulfate, phosphate and fluoride 
do not interfere seriously but when larger amounts 
are present iron or aluminum nitrate may be added 
to remove the interfering ions. 

The backextraction of uranium into water is com
plicated because of the presence of nitric acid ex
tracted from the original aqueous into the organic 
phase. Hence repeated water washes may be re
quired to get complete recovery of the uranium. 
Alternatively, a solution of sodium carbonate, or 
ammonium sulfate may be used to remove the 
uranium from the TBP by complex formation. 

Old samples of tributyl phosphate may contain 
an appreciable concentration of dibutyl phosphate 
(DBP) . This compound is rather soluble in aqueous 
solutions but in the presence of tributyl phosphate 
or other organic solvents it remains in the organic 
phase. When it is present the partition coefficient for 
uranium increases markedly in favor of the organic 
phase. Usually, however, it is desirable to remove the 
dibutyl phosphate by repeated washing of the tributyl 
compound with alkali followed by distilled water. 
The reason for this is that the extraction of a number 
of impurities is increased when DJ3P is present and 
the backextraction of uranium into an aqueous phase 
is more difficult. Furthermore, with certain salts 
insoluble precipitates form. Occasionally the rather 
remarkable solvent properties of the dibutyl com
pound are of use. This will be discussed in the next 
section. 

Uranium will extract into tributyl phosphate with 
a high part ition coefficient from hydrochloric acid 
solutions of moderate strength. Peppard19 reports a 
partition coefficient for uranium of about 40 jnto un
diluted TBP from 5 M HCI. When the hydrochloric 
acid concentration is 11 .8 M the partition coefficient 
is >2000. 

Extraction of Uranium ~y Diolkyl Phosphates 

The extraction of uranium by dialkyl phosphates 
and similar compounds has been studied a t several 
US Atomic Energy Commission Laboratories. [Uni
versity of California Radiation Laboratory (Stew
art, H icks, Crandall), Argonne National Labora
tory (Peppard, and co-workers), and Oak Ridge 
National Laboratory (Higgins and co-workers) and 
oLhers.J 

Commercially · available compounds are mixtures 
of the mono- and dialkyl compounds, but the pure 
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dialkyl compounds can be prepared by the method 
given by Stewart and Crandall.37 

The dialkyl phosphates can be extracted from 
aqueous solutions with organic solvents such as 
he.xane and carbon tetrachloride. They form very 
strong complexes with uranium which are highly 
extracted into the organic phase. The solvent power 
is so great that very dilute solutions can be used 
to extract small amounts of uranium from dilute 
acid solutions without the use of salting agents. It 
is possible to extract uranium from a large volume 
of aqueous phase into a small volume of organic 
solvent. 

Some representative data are presented in Fig . . 3 
taken from the work of Stewart and Hicks.58 The 
partition coefficient, E~~-~~~:t:, for tracer amounts 
of uranium from an aqueous phase originally 1.98 M 
in nitric acid is shown as a function of the concentra
tion of the dialkyl phosphate in hexane. Data are 
shown for 8 different phosphate compounds. It is 
observed that the dioctyl phosphate shows the highest 
extraction of uranium, but the extraction is quite 
high for all compounds studied. The mechanism 
of the extraction is believed to be 

UO,r.,,,J0 + 2HR,PO. ~➔ UO,(R,PO,),cou
2
o> 

+2Hra"!' 

Additional data shown in Fig. 4 show that increased 
extraction can be achieYed at lower acidity. 

Equilibration of one volume of "sea water" con
taining U233 tracer with ½oo of its volume of 0.726 
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figure 3. Partition coefficients1 E,.9 _, . . ... °''0"'c for trace <oncentrotions 
of U.., extroded into dilute solutions of dialkylphosphates in bui;,i 
or propyl ether From 1 .98 M lfNO,. (Stewbrt, D. C. and Hi<ks, T. E., 
University of California Radiation l oboratory Report, UCRL-861, 

August 1950.) 
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figure 4. fxtra,tion of uronium into a dilute solution of dibutyl 
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!ration a nd of con,entrotion of dibutylphosphote is shown. {Stewart, 
D. C. and Hi<ks, T. E., University of Colifornio Radiation laboratory 

Report UC:Rl.861, Au9u,t 1950) . 

M dibutyl phosphate in carbon tetrachloride followed 
by one wash of the water with carbon tetrachloride 
removed all of the uranium.~9 · 

The Extraction of Uranium by Dibutoxytetroethylene 
Glycol (Pentaether) 

This solvent lies intermediate between ethyl ether 
and tributyl phosphate in its extractive ·power for 
uranium from nitrate-containing aqueous systems. 
Various groups within the United States have carried 
out extensive research on the effect of various con
ditions on the extraction of uranium by this 
solvent.60- 62 

To obtain high partition coefficients E :;~:;,~, it is 
necessary to add nitric acid and nitrate salts to the 
aqueous solution. An idea of the effect of various 
salting agents on the extraction can· be obtained by 
e,--camining the data of Bartlett's presented in Table 
IV. Wright63 has compared tributyl phosphate and 
pentaether for routine analysis of uranium. 

Organic Compounds of Uranium: Solvent Extraction of 
Glycol (Pentaether) 

Investigators interested primarily in finding new 
reagents for the detection and estimation of small 
quantities of uranium have reported liter~lly 
hundreds of organic compounds which form pre
cipitates or highly colored complexes with tetr~
valent or hexavalent uranium. Many o{ these corn
ple.,es are of the chelate inner-complex type, anrl, 
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as would be expected, some of them are soluble in 
organic solvents. This makes them attractive for the 
radiochemical isolation of small quantities of uranium. 

The only chelate complex which will be discussed 
in detail in this report is the uranyl complex of 
a-t heno)'ltrifl uoroacetone. 

The chelating agent, thenoyllrifluoroacetone 
( TT A), is used for the separation of many of the 
actinide elements and frequently the extraction is 
made from solutions in which uranium is present 
so that it is desirable to know to what extent uranyl 
ion is compJe,..,_cd and extracted. The group of 
Berkeley chemists2• which introduced the reagent 
and studied its application to many elements, studied 
the behavior of uranium under many conditions. 
King/• for e."<ample, studied the extraction of uranyl 
ion at a concentration of approximately 0.1 M from 
lithium perchlorate-perchloric acid solutions of vary
ing acidity by hen.zene solutions of TTA varying in 
TTA concentration from 1.53 M to 0.17 M. He found 
the extraction to be quite dependent on TTA con
centration and acid concentration. At high acidities 
and low TTA concentration the ratio oi uranium 
in the organic phase to that in the aqueous phase 
is quite low. For example, this ratio is 1.9 X 10·5 

for a TTA concentration of 0.51 Mand an aqueous 
composition of 1.24 M HCl04 , 1.45 M LiCIO., and 
0.10 M U02 (CI0. )2 • At higher TTA concentrations 
and lower acidities the extraction ratio is much 
larger. For e.x-ample, at a TT A concentration of 
1.53 M and an aqueous composition of 0,32 M 
HCIO◄, 2.32 M LiCIO,. and 0.129 M U02 (CI0.) 2 

the ratio is 0.27. A recent report by Day and Powers65 

gives data on the extraction of uranium(N) from 
solutions of varying molarities of perchlorate, chlo
ride and nitrate. Hyde and Tolmach" made a brief 
study of the extraction of trace concentrations of 
uranyl nitrate from dilute nitric acid solution using 
a TT A concentration in benze11e of 0.2 M. Their 
res·ults, shown in F ig. 5, indicate that near quan
titative extraction is to be expected at pH's above 3.0. 
These investigators found that the extraction was 
markedly affected by the presence of high salt con
centrations. This is shown for the case of solutions 

O.& 1.0 1.5 2.0 2.5 3.0 
pH 

Figure 5. Extracfian of trace amounts of uranyl nitrot• by on ~qual 
volume of 0.2 M btnzone solution of TTA from aqueous solution, of 
varying acidity: <,r) d"uto nark odd; (o) dilut• nitric acid plus 

2.5 M Ca(N 0.)1 

with a calcium nitrate concentration of 2.5 M. A 
similar effect was not observed for thorium extrac
tion. Such ions as neptunium(IV), plutonium(IV), 
zirconium(IV) are readily separated from uranium 
by TT A extractfon at reiatively high acidities. The 
extraction of such ions as thorium (IV) from uranium 
is not so clean and requires more careful attention 
to choice of pH, TT A concentration and aqueous 
phase composition. 

Uranium in the tetravalent state has entirely 
different extraction characteristics, being extractable 
at higher acidities. T n general, extractability of 
uranium(IV) falls between thorium(lV) and 
plutonium (IV). 

An interesting recent study of the extrnction of 
trace concentrations of uranium(VI) from nitrate 
systems into organic solvent solutions of TT A using 
solvents other than benzene has been made by Heisig 
and Crandall.66 Their results show that i( the non
polar benzene is replaced by a polar solvent such as 
cyclohexanone, dibutoxytetraethylene glycol or 

· methyl isobutyl ketone the extraction of the 
uranium(VI) in the form o[ the complex U02K~ 
( where K repr esents the lhenoyltrifluoroacetone 
molecule minus one proton) is markedly increased. 
The effect of this substitution of solvents on unoxy
genated ions such as zirconium(IV) is the reverse. A 
considera(ion of these results suggests several appli
cations to r:i.diochemical separation of uranium (VI) 
from other ions. 

A nion-Exchange Behavior of Uronium 

Independent studies which have been carried out 
at several laboratories within the United States have 
shown that hexnvalent uranium in strong hydro
chloric acid solution forms a negatively charged 
chloride complex whjch may he readily adsorlJed 
on an anion-exchange resin. Conditions are known 
under which the adsorption is quantitative and under 
which it is negligible. The behavior of nearly all cle
ments in the periodic system has been studied and 
conditions are known for the separation of uranium 
from nearly every other element. 

Quoting from the work of Kraus and his co-workers 
at Oak Ridge, the elements which are not adsorbed 
by Dowex-1 or 2 (commercial copolymers of styrene 
and divinylbenzene containing quaternary ammonium 
groups) are the alkali metals, the alkaline earths, the 
rare earths, aluminum, scandium, arsenic, nickel, nnd 
thorium, Among the elements which a re strongly • 
adsorbed are iron, zirconium, hafnium, niobium, 
zinc, cadmium, mercury, polonium, and antimony and 
uranuim. Among the elements which are moderately 
well adsorbed are cobalt. copper, lead, and bismuth. 

Data on most of these elements except u ranium can 
be found in a series of published articles by Kraus 
and co-workcrs.41-eo 

Published data on the behavior of uranium and 
higher elements is sparse but can be summarized 
thusly: uranium(VI), neptunium(VI), and plu
tonium(Vl) are strongly adsorbed. Thorium(IV) 
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and uraniuin(IV) are not adsorbed. Neptunium(IV) 
is moderately well adsorbed and plutoniurn(IV) is 
strongly adsorbed. The (III) ions of the actinide 
elements are adsorbed but there are marked differ
ences in adsorption in going up the series : the lower 
elements are poorly a·dsorbed while the higher ele
ments (98-101) form much stronger complexes. 

The separation of thorium, protactinium and 
uranium by anion exchange was discussed earlier. 
The behavio1· of higher clements will be discussed 
later. 

Uranium(Vl) will also form anionic complexes in 
nitric acid solution of greater strength than 9 M. 
These complexes are readily adsorbed on Dowex-1. 
The removal of iron impurity from uranium is easily 
done by adsorbing the uranium from concentrated 
nitric acid solution and washing the resin with excess 
nitric acid. 

RADIOCHEMICAL PURIFICATION OF 
NEPTUNIUM AND PLUTONIUM 

Neptunium can easily be converted to the oxida
tion state (IV), (V), or (VI) in aqueous solutions 
by proper choice of oxidizing or reducing conditions. 
Plutonium can easily be converted to the oxidation 
states (III), (IV) or (VI). These oxidation states 
have markedly different behavior in coprecipitation, 
complex formation, solvent extraction, organic chelate 
formation, cation exchange and anion exchange. 
Hence a wide variety of chemical treatments is pos
sible in the isolation of these elements. \.Yhen either 
of these elements is separated from a complex 
mixture of elements such as a fission product mixture 
advantage is taken of the differing behavior of the 
various oxidation states in the i course of the puri
fication. The philosophy behind most of these pro
cedures is that those impurities which resemble 
and/or accompany the plutonium or neptunium in 
one of the oxidation states w ill show quite distinct 
behavior from them when they are converted to a 
different oxidation state. This very powerful method 
for the removal of impurities is not applicable to 
elements such as thorium, or curium, which exhibit 
but one oxidation state in aqueous solution. This 
principle will be illustrated repeatedly in the sections 
which follow. 

Coprecipitation Behavior of Neptunium and Plutonium 

This field has been covered rather thorou.ghly in 
published work on the second World \Var research 
of the American, British, aud· Canadian laboratories. 
A great deal of this literature can be found in the 
general references given at the beginning of this 
report. ' ·2.•.o 

In this section the LaF 3 oxidation-reduction cycle, 
and the zirconiuni phosphate oxidation-reduction 
cycle will be briefly reviewed as examples of the 
method. These older methods are still frequently of. 
considerahle use in radiochemical analysis s ince it is 
often convenient to use a coprecipitation method 
to remove gross quantit ies of uranium or other ele-
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ments before proceeding to the use of the ion ex
change, solvent extdction or orgauic chelate com
pound extraction methods to be discussed in the later 
sections. 

The Lanthanum Fluoride· Oxidation-Reduction Cycle 

Neptunium(IV ) and plutonium(III) or plu
tonium (IV) are,s'carried practically quantitatively 
by lanthanum fluoride precipitated under a range 
of acidities in hydrochloric acid, nitric ::icid, or 
sulfuric acid solution. Greatest decontamination ( de
contamination factor, greater than 1000) from 
uranium is obtained in sulfuric acid solutions because 
of the strong sulfate complexes of uranyl ion. In 
their hexapositivc state neptunium and plutonium 
are not carried . A typical sequence is as follows. 

A uranium metal or oxide cyclotron target or 
neutron irradiated sample is dissolved in concentrated 
nitric acid, evaporated partially to remove excess 
acid, and diluted to a final concentration less than 
0.5 M uranium. Lanthanum carrier (0.1 to 0.5 mg/ 
ml) is added, and sulfur dioxide is bubbled through 
the solution for a few minutes. \Vith the solution 
in an HF-resistant container, enough HF to make 
the solution 1 M to 3 M is if!troduced, and the result
ing LaF3 precipitate is centrifuged and washed with 
a few milliliters of wash solution ( 1 1vl HNO, and 
1 M HF, containing sulfur dioxide). The precipitate 
is dissolved in a small volume of concentrated nitric 
acid saturated with H 3BO3 or with aluminum or 
zirconium ion (to complex the fluoride), diluted 
to a few milliliters with sulfur dioxide water, and 
reprccipitated by the addition of HF. The washed 
LaF3 precipitate is converted to the hydroxide by 
treatment with a concentrated solution of potassium 
hydroxide ( carbonate free) repeated twice. A fter 
being washed, the hydroxide is dissolved in 1 ;l{ 
HNO$, and the neptunium and plutonium in solution 
are oxidized to the hexapositive state by the addition 
of KBrO 3 to a concentration of 0.1 5 M and heat ing 
at 95°C for 20 minutes. Then HF is added to 
precipitate LaF3 • An alternate oxidizing agent is 
argentic ion. This precipitate, which removes nearly 
all the activities, principally the rare-earth fission 
activities which coprecipitate with the LaF3 , is dis• 
carded. The HF used in this step is pretreated with 
a solution containing pcro~·ydisulfate ion to remove 
reducing impurities. Gaseous sulfur dioxide is passed 
through the supernatant solution (or else the bromate 
solution is diluted several fold with sulfur dioxide 
solution) to destroy the excess bromate and reduce 
the neptunium and plutonium to LaF 3-carryable 
states. The reduction of neptunium to neptunium(IV) 
by sulfur dioxide in the presence of F· is instantane
ous, but, if plutonium is present, 15 to 30 minutes are 
allowed. Additional lanthanum is added and pre• 
cipitated as LaF3• After metathesis of the fluoride 
to the hydroxide as before, it is dissolved in which· 
ever acid is suitable for the step next contemplated. 

'J;'o modify this cycle fQr the separation of nep
tunium and plutonium, bromate is used as the oxidiz-
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ing agent in the oxidatio_n step, and the solution is 
not heated or allowed to stand for more than 
20 minutes. The oxidation of plutonium(III) to 
plutonium(IV) is rapid, but the oxidation of plu
tonium(IV) or neptunium(V) to the hexavalent 
state is.• very slow in cold bromate solution. It has 
been shown, however, that the oxidation of nep
tunium (IV) by bromate is markedly catalyz:ed by 
fluoride ion, so complete oxidation occurs rapidly 
at the moment of precipitation of lanthanum fluoride. 
Plutonium(JV) does not show this marked catalysis 
and so precipitates with the lanthanum fluoride. 

When a high separation factor from uranium is 
necessary, as in the separation of neptunium isotopes 
from a cyclotron bombardment of milligram quantities 
of um, the lanthanum fluoride cycle should be 
repeated, substituting 1 M H 1SO~ for nitric acid 
and reducing the amount of lanthanum carrier to 
0.2 mg/ml or less. The strong sulfate complex and 
the reduction in the amount of carrier reduce the 
coprecipitation of uranium greatly (only 0.01 to 0.1 
per cent per precipitation even for uranium present 
in trace amounts). 

The coprecipitation of a few elements such as 
zirconium and the alkaline earths which carry when 
present in trace amounts but not when present in 
milligram amounts may be eliminated by the addition 
of an inert holdback agent to the initial dissolver 
solution. Magnusson, Thompson, and Seaborg70 also 
found it desirable to precede the lanthanum fluoride 
cycle by a manganese dioxide precipitation to remove 
protactinium which would otherwise coprecipitate 
on the initial lanthanum fluoride. 

The lanthanum fluoride cycle constituted the 
principal means of purification in the isolation of the 
first weighable quantities of neptunium and plu

·tonium.11••2 

The Zirconium Phosphate Oxidation-Reduction Cyde 

Neptunium and plutonium in the (IV) state re
semble other (IV) ions, such as thorium(IV) and 
cerium(IV), in coprecipitation with i irconium phos
phate. In the (VI) state they are not coprecipitatcd. 
These facts constitute the basis of a zirconium phos
phate cycle similar to the lanthanum fluoride cycle. 
One formulation of the zirconium phosphate cycle, 
with particular application to neptunium, is as 
follows!0 

A uranium target solution is adjusted to approxi
mately 3 M HNO3 , 0.01 M Zr( IV), 0.001 M 
Ce(IV), and 0.02 M NaBiO3 • The solution is heated 
1 minute to oxidize neptunium to- . neptunium(VI) 
and then made 0.5 M H 3PO, to precipitate zirconium 
phosphate. The solution is heated l minute to coagu
late the precipitate and is centrifuged. The super
natant solution containing neptunium(VI) is re
duced with excess N 2H, · H 2SO4 to destroy bromate 
and is then made 0.01 M N2H 4 • H 2SO1 and 0.005 M 
iron (II) to reduce neptunium to neptunium (IV). 
This reduction is rapid. About 1 mg of zirco
nium (IV) per milliliter of solution is added, and the 

solution is heated and stirred. Zirconium phosphate 
precipitates, carrying neptunium(IV), and the pre
cipitate is washed with 3 M HNO3-0.5 M H,PO. 
solution. Uranium remains in the supernatant solu
tion. About 0.1 mg of lanthanum( III) as a nitrate 
solution is slurried with the zirconium phosphate 
(about 1 mg), and the zirconium is dissolved by 
forming a complex ion with fluoride by the addition 
of a 1 M HF- 1' M HNO3 solution. A precipitate of 
LaF3 remains, bearing the neptunium. 

In this procedure, plutonium is separated in the 
second precipitation of zirconium phosphate because 
plutonium is reduced to plutonium (III), which is 
not carried by zirconium phosphate. 

In order to recover the plutonium, lanthanum 
carrier is added to the supernatant solution at this 
point and NH.OH is added to p1·ecipitate La(OH) 8 

which carries the plutonium. The La(OH) 3 is 
dissolved in nitric acid and heated to oxidize the 
plutonium to plutonium(IV) . Zirconium carrier is 
added and precipitated as zirconium phosphate by 
addition of H 3P0.1' The plutonium(IV) is copre
cipitated. About 0.1 mg of lanthanum(III) as nitrate 
solution is slurried with the zirconium phosphate. The 
zirconium is dissolved by the addition of 1 M HN03-

l M HF. A precipitate of LaF3 remains bearing the 
plutonium. 

Zirconium phenylarsonate is another compound 
which is very useful for removal of {IV) ions from 
solution. It can be used to analyze a mixture of 
plutonium ( IV) and plutonium (III) because plu
tonium (III) is not coprecipitated. 

Solvent Extraction of Neptunium and Plutonium 

As might be expected from their chemical similarity 
to uranium, par ticularly in the hexapositive st;lte, 
neptunium and plutonium may be extracted from 
an aqueous phase by ethyl ether and the other organic 
solvents which show the property of extracting 
uranyl ion. 

The type of solvents which show high extraction 
of neptunium and plutonium from nitrate systems 
are in general the same ones we have mentioned as 
being good solvents for uranium, thorium, or protac
tinium, i.e., diethyl ether, tributyl phosphate, ketones 
such as di-isopropyl ketone, methyl n-amyl ketone or 
methyl isobutyl ketone and a number of the glycol
ether type of solvents, such as diethyl cellosolve, 
dibutyl carbitol, dibutoxytetraethylene glycol. The 
same general classes of solvents which show low ex-, 
traction for uranium also show low extraction for 
plutonium and neptunium. 

Solvent extraction of neptunium or plutonium is 
usually carried out from nitrate systems. Chloride 
systems have been used but extraction is lower and 
specificity not as great. Other systems which have 
been studied are virtually useless. Ions such as 
fluoride, sulfate and phosphate which form complex 
ions with the heavy elements inhibit their extraction. 

Extraction shows a marked dependence on total 
nitrate ion concentration and to obtain a useful par-
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tition coefficient for radiochemical work the aqueous 
phase is made several molar in nitrate ion. The 
higher-valent neutral nitrate salts are more effective 
in increasing the amount of neptunium or plutonium 
extracted by the aqueous phase. If fluoride ion is 
kndwn or suspected to be in the solution, aluminum 
nitrate or calcium nitrate is used because of its 
fluoride complexing ability. 

Nitric acid acidity needs to be somewhat higher 
for neptunium and plutonium e.:id:raction than the 
low minimum required for uranyl extraction and 
usually a concentration of 0.5 to 1 .M HN03 may 
be necessary. 

High extractability may be obtained from con
centrated solutions of nitric acid (see Figs. 6 and 7) 
without the use of additional salting agent but this 
practice is not recommended for the three reasons 
that attack on the solvent is greater at higher acidities, 
extt-action of impurities is greater and re-extraction 
from the solvent is complicated by the high coextrac
tion of nitric acid into the solvent. 

It has been shown that plutonium(IIJ) is non
extractable. Plutonium (IV) is extracte9 well by 
some solvents such as dibutyl carbilol, methyl iso
butyl ketone, but not very well by ethyl ether. High 
extractability of plutonium (IV) has been observed 
in tributyl phosphate. Neptunium(IV) presumably 
would show extractability similar to, ii somewhat 
lower than, plutonium(IV) but is unstable in nitrate 
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systems. The extraction of the (V) state has not 
received much study. 

Figure 6 has been included to sho"· the extracl
ahil ity of plutonium (VI) into ethyl el her from nitric 
acid solutions and from mixed nitrate salt-nitric acid 
solutions. The curves demonstt-ate the necessitv for 
high nitrate concentrations and the greater "salting" 
effect of calcium nitra te over ammonium nitrate. 

Figure 7 has been included to give an idea of the 
extractability of plutonium (IV) into methyl isobutyl 
ketone from nitric acid and nitric acid-nitrate salt 
solutions. 

Tribulyl phosphate is usually used as a 10 to 20 
per cent solution in some diluting solvent such as 
carbon tetrachloride, benzene. or n-butyl ether. Dis
tribution coefficients into the organic phase of the 
order of 2 to 4 are observed from nitric acid solutions 
as dilute as 1 to 2 M. Considerably higher distribution 
coefficients are observed from more acidic solutions 
or from nitrate salt-nitric acid mixtures. Extraction 
into the organic phase is appreciable at acidities as 
low as 0.1 M HN08 and backextraction of plutonium 
into an aqueous phase may require repeated washing 
with distilled water because of the nitric acid content 
of the tributyl phosphate phase. Alternatively, a 
reducing agent may be added to reduce plu
tonium ( IV) to plutonium(III) which strips out 

, immediately. The use of tributyl phosphate is un
desirable in the preserice of thorium or zirconium as 
these elements arc highly extracted. The tributyl 
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phosphate should be washed with alkali and water 
before use, as previously mentio11ed in the uranium 
section, so that dibutyl phosphate is removed. 

In working up uranium targets neptunium, plu
tonium, and uranium are frequently isolated together 
by solvent extraction as a first step in purification. 
Alternately a lanthanum fluoride cycle may be used 
as a first step and an ethyl ether extraction used 
secondly as a method of removing residual con
taminants and of preparing carrier- free solutions. 
In solutions where the level of contaminating radio
activity is quite high it is usually desirable to use 
a severaJ-stage extraction incorporating the back
washing principle to remove residual coe.xtracted 
impurities. One tenth molar BrO- is added to the 
solutions to keep the neptunium and plutonium in 
the (VI) state. 

A very sharp uranium-plutonium separation may 
be made by a solvent method involving the reduction 
of plutonium to the noncxtractable (III) state, with 
some suitable reagent such as H 20 ,, N 2H., or ferrous 
ion and extracting exhaustively with ·ether or methyl 
isobutyl ketone to remove uranium. 

A uranium-neptunium separation can be carried 
out in a similar fashion by contacting an ether solu
tion 0£ uranium and neptunium with a saturated 
ammonium nitrate solution containing 0.1 M HNO8 

and a small amount of ferrous ion and urea. The 
ferrous ion reduces neptunium(VI) to nep
tunium(V) which is une.xtractable at this acidity. 
The urea maintains the iron in the ferrous st~te. 

Exrroction of Neptunium and Plutonium as the 
Thenoyltrlfluoroacetone Complex 

Pluto11iu01(IV) and neptuniwn(IV) are readily 
extracted by benzene solutions of a-thenoyltriAuoro
acetone from dilute acid solutions free of interfering 
ions. High partition coefficients in favor of the 
organic phase are obtained in solutions acidic enough 
(e.g., 0.5 M H•) that only a few other elements, 
notably zirconium(IV), cerium(IV), hafniurn(IV), 
iron(TII), protactiufom(V), tin(IV) , and urani
um{IV) are readily extracted. Separation is easily 
made from thorium as thorium(IV) extraction is 
quite low at acidities above 0.1 N. TTA extraction 
is best employed after a preliminary isolation by a 
lanthanum fluoride cycle or by ether extraction and 
serves as an excellent final step to remove the re
maining impurities ns well as carrier material. TTA 
e)..i:raction has frequently been eniployed as a method 
of separation of neptunium and plutonium by taking 
advantage of the difference in stability of the nep
tunium (IV) and the plutonium(IV) states. A pro
cedure developed by Magnusson, Hindman, and 
LaChapelle,'3 after a study of the kinetics of the 
reduction of neptunium in hydrochloric acid, is given 
below. 

Starting with a solution containing trace con
centrations of neptunium and plutonium and with 
or without macro concentrations of uranium, nitrate 

ion is eliminated by evaporations with concentrated 
HCI and the solution is rnadc S M in HCI, 0.1 M in 
KI, 0.1 M in N.H. · HCI. This solution is heated 
in boiling water for 2 to 3 minutes. Under these 
conditions uranium(VJ) is reduced, but very slightly, 
neptunium is rapidly reduced to neptuniurn(IV) 
and plutonium is reduced to plutonium(III) by tbe 
iodide ion. There is no danger of reducing neptunium 
to neptuniwn(II1). To obtain a proper acidity for 
the extraction the .solution is diluted tenfold. Dy 
heating the resulting 0.5 M HCI solution for 1 
minute, any free iodine, which might cause a slow 
reoxidation of the neptunium is reduced to the 
iodide by the hydrazine present. This solution is 
equilibrated with an equal volume 0£ a 0.15 M 
solution of TTA in benzene for a period 0£ 20 to 30 
minutes. ,The extraction of neptunium is nearly quan
titative and less than l per cent of the uranium and 
plutonium is coextracted. Contact with a wash solu
tion of the same composition as the original aqueous 
layer will remove most of the remaining uranium and 
plutonium. 

The neptunium may be returned to an aqueous 
solution by contacting the benzene solution briefly 
with 5 M HCI. If separation factors greater than 
100 from plutonium or uranium are required the 
neptunium solution should be oxidized, to convert 
uranium ( IV) to uranium (VI) then put through 
the above sequence of reduction and extraction 
operations once more. 

The plutonium(III) left in the aqueous phase may 
be oxidized to plutonium( IV) to prepare it for ex
traction. Oxidizing conditions must be chosen prop
erly to prevent oxidation to plutonium(VI) which 
is not extracted. Potassium iodate at a concentration 
of 0.02 M has been used. After 20 minutes standing 
at room temperature the plutonium is nearly com
pletely in the tctrapositive state and may be ex
tracted with a fresh volume of 0.1 NI TT A-benzene. 
The plutonium may be reh1rncd to an aqueous phase 
by contacting the benzene solution briefly with a 
5 M HCI solution. Alternately the benzene solution 
may IJc contacted with a solution 0.5 M in hydro
chloric acid and 0.2 J,f in NH2OH • HCI which 
will reduce plutonium(IV) to plutonium(III) again 
and cause its return to the aqueous phase. This lat ter 
method has the advantage of providing an additional 
separation from neptunium or other cocxlracted im
purities, if any, by leaving them in the benzene phase. 
It has the disadvantage that the reduction is slow. 

A complete discussion of the application of the 
TT A cycle to the purification of neptunium is given 
in the report by 1Vlagnusson, Hindman, and 
LaChapelle. 73 

A paper which gives considerable detail on the 
ex.traction of plutonium (IV) by TT A has been pub
lihsed by Peppard ct a/.74 

Some e.--cact data on the extraction of neptuni
um ( IV) by TTA from perchlorate and sulfate 
systems have been given by Sullivan and Hindman.1a 
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Jddings and Hicks'6 have incorporated the TTA 
method into a radiochemic::il procedure for the ex
tra~tion of neptunium from a complex mixture of 
fission products. Starting with a 6 M HCI solution 
formic acid is added and the solution is boiled to 
~edt~ce neptunium to neptunium(IV). The solution 
1s di luted to 1.5 !VI HCI and contacted with 0.4 M 
;1'TA i11 benzene for 15 minutes. The benzene layer 
is separated and washed once with a quarter volume 
of 2 \1 HCI. The neptunium is stripped from the 
benzene by two treatments with half volumes of 
8 M HCI. The aqueous solution is again treated with 
formic acid, diluted to 1.5 M HCI and contacted with 
0.4 M T T A in benzene. The benzene solution is 
washed with 2 M IICI, and with 0.1 M HN0

3
• The 

neptunium is then removed from the benzene by two 
treatments of the benzene layer with 8 }.If HNOs . 

. I~ the TTA method is used in the purification of 
m1l11grams of neptunium or tens of milligrams (as 
for example in the purification of a sample of Np2 3 1 

bombarded in a cyclotron or a nuclear reactor to 
measur~ nuclear 1<:3ction cross sections), some diffi
culty will be experienced been.use of the limited solu
bility of the neptunium-TT A complex in benzene. 

In. this_ case the_ substituted hexandione reagent 
described m the secttoo on T TA extraction of thorium 
is useful. Its main advantage is that the neptunium 
complex is several fold more soluble in benzene 
than _is the corresponding TT A compound. It has 
the d1~advantage that a long time (about one hour) 
must be allowed for formation of the comple..x. 

Anion-Exchange Behavior of Neptunium and Plutonium 

. One of ~he mo~t interesting recent developments 
in the rad1ochcm1stry of these elements in recent 
years ~as been. the ap~licat ion of anion-exchange 
separations, particularly m HCI solutions. 

It !1as been shown that readily adsorhed negative 
chloride complexes of neptunium and plutonium will 
form not only for the hexavalent ions in analogy 
with uranium, but also for the pentavalent and 
quadrivalent ions. Most experiments with which 
the author is acquainted have been done with the 
commercial resins Dowex-1 or Dowex-2 (a copoly
mer of _styr~ne a~d divinyl benzene with quaternary 
ammonmm ~unctional _groups). A brief summary of 
the adsorption behavior of the various oxidation 
states is given in the following few paragraphs. 

Adsorption Behavior of Hexavalent Ions 

Urani~1m(VJ) , neptunium (VI), plutonium(VI) 
are readily adsorbed from hydrochloric acid solution 
6 M or greater in concentration. They are readily 
desorbed with Oto 3 M HCI. 

Uranium(VI) and plutonium(VI ) are readily 
adsorbed from nitric acid solutions greater tlian 8 M 
in concentration. 

Adsorption Behavior of Pentavalent Ions 

Neptunium (V) is readily adsorbed above 4 M 
HQ. Uranium(V) and plutonium(V) are not stable .. 
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enough to be of radiochemical interest. Protacti• 
nium(V) is readily adsorbed above 8 M HCt.•s.•o 

Adsorption Behavior of Quadrivolent Ions 

Thorium(IV) is not adsorbed at any HCI con
centration. 

Adso:ptio~ of the ~allowing in order of increasing 
adsorption 1s: uramum (IV) < neptunium(IV) 
< plutonium(IV) . Uranium(IY) s ticks only in 
very concentrated HCI. Neptuniurn(IV) is adsorbed 
above 4 M HCI. Plutonium (IV ) is adsorbed strongly 
above 2.5 M HCI. 

Adsorption Behavior of Trivalent Ions 

Thorium(III) , uranium(III) are not stable. 
Plut?nium(III) is not adsorbed a t any HCI con

centration. 
Americium and higher actinide elements (see later 

discussion). 
A consideration of these facts makes it readily 

apparent that the actinide elements can be cleanJy 
se~ara~ed from each other by a proper choice of 
ox1dabon states and hydrochloric acid concentration. 
The manipulations are simple, rapid and quantitative 
when small amounts or weightless amounts of the 
clements arc used. The adsorpt ion behavior of most 
of the fis sion product elements is known68,69 ,n and 
rndiochemical procedmcs can be devised to decon
taminate these elements. 

The separation of neptunium from plutonium is 
easily and quantitatively effected by anion exchange. 
If l>oth elements are in hydrochloric acid, iodide ion 
can be added and if the solution is heated for 1 minute 
the neptu~ium will be reduced to the (IV) state, 
the plutonium to the (ll[ ) state. The solution can 
then be drawn through a short resin bed of Dowex-1 
re~in and washed with concentrated hydrochloric 
acid. The plutornum passes through quantitatively 
while the neptunium is adsorbed quantitatively. The 
desorption of the neptunium wilh 0.5 M H CI can 
then be proceeded with. 

An alternative procedure is to adsorb a mixture of 
plu!onium (IV) and neptunium (V ) or (VI) on the 
rcsm from concentrated hydrochloric acid. Then con
centrated hydrochloric acid containing 0.1 M HI is 
drawn into the resin and a llowed to stand ior 
20 minutes to reduce the plutonium to the (Ill) 
~alence state. More concentrated hydrochloric acid 
1s then drawn through the colt1mn to remove lhe 
plutonium. T he reduction of the plutonium is com• 
plcte within a minute if the anion resin is jacketed 
for operatfon at 80° to 90°C instead of at room 
temperature. ' 8 

Calion-Exchange Behavior of Neptunium and Plutonium 

Uranium, neptunium, and plutonium in all valence 
states for which they are stable · in acidic solution are 
readily adsorbed on cation-exchange resins such as 
Dowe.x_-50, T race amounts of these elements can be 
adsorbed on a small column of resin from rather 
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large volumes of dilute acid solution. This is useful 
for concentration purposes. 

The elements can be desorbed by eluting them 
from the column with moderately concentrated solu
tions of hydrochloric acid or nitric acid as would be 
expectectby the mass action influence of the hydrogen 
ion. However, the elution with hydrochloric acid is 
much speedier than would be expected from this 
effect alone because of the strong tendency toward 
the formation of chloride complexes. This com
plexing behavior which was discussed in the previous 
section on anion exchange is reflected in the elution 
behavior from cation-exchange resins. This is dis
cussed rather completely in a recent publication by 
Diamond, Street, and Seaborg!• 

A rough understanding of the effect of hydro
chlor ic acid concentration on the elution of these 
elements can be obtained from Fig. 8 constructed 
from the data of these authors. The data were 
obtained in the following way. Tracer amounts of 
the elements were adsorbed on top of a Dowex-50 
column 10 cm tall by 1 mm diameter prepared from 
25 to 500 mesh resin particles. The hydrochloric 
acid was allowed to pass through at the linear flow 
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Figuro 8. Summary of elution peak positions of thorium, uranium, 
neptunium and plutonium in various oxidation states showing effect 
of hydrochloric acid concentration on the elution of the elements. 

Doto from reference 16 

rate of 0.1 cm per minute. The elution of the tracer 
ions was followed by alpha counting and alpha spec
trum analysis of the successive fractions taken from 
the bottom of the column. The elution peaks as a 
function of volume of eluant were plotted. In Fig. 8 
the volume of eluant passing through the column 
before the elution peak for a given ion was reached 
is shown. The scale is logari thmic to allow ions 
of widely varying elution behavior to be compared. 
The ions which are.most readily eluted appear toward 
the left.· ' . 

The behavior of the entire actinide series of tri
valent ions will be discussed in a later section of 
this report. 

It is to be noted that there are some rather re
markable changes in speed of elution and in relative 
elutio1i positions shown by Fig. 8. 

The case of the tetrnpositive ions is particul:i.rly 
striking. Thorium(IV) is a comparatively large, 
highly charged, unoxygenated ion and adheres very 
strongly to the resin. In fact it is not eluted at any 
convenient rate by any concentration of hydro
chloric acid. It is usual to resort to elution with 
oxalic acid, citric acid, lactic acid or other com
plexing agents in orclcr to remove thorium. Urani
um (IV), neptunium(IV) and plutonium(IV), how
ever, show an increasing tendency toward chloride 
complex formation and plutonium in particular can 
be desorbed rather quickly with concentrated hydro-
chloric acid. · 

Extraclion of Plutonium as Cupferron Complex 

Plutonium(IV) readily forms a chelate complex 
with cupferron (phenyl nitroso hydrnxylamine) in 
di lute hydrochloric acid or sulfuric acid .which can 
be separated as a precipitate or extracted by chloro
form. This is not a specific separation since iron, 
gallium, zirconium, hafnium, niobium, tin, antimony, 
titanium, vanadium, and tantalum also form chloro
forri1-soluble complexes. However, it has proved of 
considerable use in radiochemical separations. For 
example, Nigon and Penneman79 separated plutonium 
from americium by this method. 'vVarren and Moore80 

have used this method to remove plutonium from 
solutions of neutron irradiated uranium. It is essen
tial in this method to secure the plutonium in the 
(IV) oxidation state with an appropriate reducing 
agent such as hydroxylamine. The presence oE fer
rous iron is essential. The acidity of the solution is 
maintained at 0.6 ± 0.1 M HCI. The extraction is' 
made quanti tative by extracting the aqueous phase 
three times by means of a small port ion of chloroform. 

RADIOCHEMICAL PURIFICATION O F ACTINIDE 
ELEMENTS ABOVE PLUTONIUM 

(ELEMENTS 95-101) 

In contrast to the situation with respect to nep
tunium and plutonium chemistry, every significant 
development in the chemistry of the transplutonium 
element group has been published in the standard 
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technical journals or in unclassified books and reports. 
IIcncc this section will merely outline the most 
significant radiochemical information and indicate 
where the complete information can readily be 
obtained. 

The early work on americium and curium up to 
about 1951 was covered rather completely in the 
Volumes 14A and I4B of the !\ational Nuclear 
Energy Series.1•2 The tracer chemistry of americium 
and curium was reviewed by Thompson nnd co
workers.8' Their discussion covered coprecipitat ion 
behavior and ion-exchange separation of americium, 
curium, and rare earths using Dowex-50 cation-resin 
columns and ammonium citrate elution as well as 
a number 0£ other matters. 

Perlman and Street82 have reviewed the chemistry 
of americium, curium, berkelium, and californium. 

Elution Separation of Transplutonium Elements 
from Cation-Exchange Resins 

The great similarity of the trivalent transplutonium 
elements to each other and to the rare-earth elements 
has 1uear1t that tht: powerful ion-exchange method is 
relied upon heavily in chemical separation. The 
evolution of the ion-exchange method has followed 
this sequence. 

The first separations were made by elution of 
the clements with ammonium citrate solutions of pH 
nbout 3.5 from a column o( Dowcx-50. To speed up 
and to sharpen the separations the total amount of 
material adsorbed on the column was kept below one 
mill igram. Also the resin was wet screened to sep
arate very small particles and the columns were 
operated at an elevated temperature. A detailed 
description of the method is given in a paper by 
S . G. Thompson and co-workers.83 

It was later found8•-&• that somewhat sharper 
separations could be obtained by using buffered 
ammonium lactate solutions for elution. A very 
complete description of the experimental techniques 
in the ion-e.xchangc separation of U1e transplutonium 
elements with ammonium citrate :md ammonium 
lactate elution is given in a recent paper by Thompson 
and his co-workers.0 

Quite recently a new eluant, ammonium a-hydroxy
isobutyrate has ucen found to give much better 
separations even than ammonium lactate for aclinide 
element and lanthanide element separations." 

Another ion-exchange method of considerable sig
nificance for the trivalent actinide elements is the one 
developed originally by Street and Seaborg.00 They 
found that a group separation of the actinide and 
lanthanide elements is possible by elution wilh con
centrated hydrochloric acid from Dowex-50 cation 
resin. The heavy elements have a tendency to form 
complex ions with chloride ion which decreases the 
concentration of tr ivalent' ions in solution and speeds 
up the elution from the resin. Hence by eluting with 
12 ta 13 M HCI or with 20 per cent ethyl alcohol 
saturated with hydrochloric acid it is possible to 
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strip the actinide clements as a group off the column 
ahead 0£ the lanthanide elements. Thls separation 
was studied in detail by Diamond, Street, and Sea
borg.10 Figure 9 which is taken from their paper 
illustrates the dramatic shift of americium and curium 
with respect to representative rare earths as a func
tion o( hydrochloric acid concentration in the eluting 
solution. To obtain the data shown in this figure 
tracer ions were :idsorbed from dilute acid solution 
on top of a 1 mm X 10 cm long column of Dowex-50 
resin. Hxdrochloric acid was then allowed to flow 
down through the column at a linear flow rate of 
0.5 cm per minute. The cluant solution was collected 
in successive equal volumt: fractions and each [raction 
was arolyzed radiochemically. Elution curves were 
plotted in the standard fashion. The volume of the 
eluant corresponding to the top of the elution peak 
for each element was plotted in Fig. 6 on a log scale. 
Those ions eluting. rapidly appear to the left of the 
figure. The behavior of radium, barium, and cesiun1 
0:nd of several oxidation states of neptunium and 
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plutonium was studied at the same time. Exper iments 
were run with 3.2 M HCI, 6.2 M HCl, 9.3 M HCI 
and 12.2 M HCI. Det::,.iled elution curves are shown 
in Diamond's paper. 

The comple.-..:ing of the trivalent actinide elements 
is greater as one goes up the series to the heavier 
elements am! it is possible to make separations of 
the individual clements by careful control of the 
elution conclitions. Figure 10 taken from the paper by 
Thompson88 shows the separation of the elements 
95-100 by elution from a 5 cm long by 3 mm 
diameter column of Dowex-50 (X-12 colloidal) 
resin with a 20 per cent ethyl alcohol solution 
s:iturated with hydrochloric acid. It can be seen that 
the comple...,ing of elements 98-100 is greater than 
that of the earlier members of the series. 

Anion-Exchange Behavior of Transplutonium Elements 

The rapid elution of the actinide elements with 
hydrochloric acid suggests that negatively charged 
complexes may be formed i11 strong hydrochloric acid 
solution. This was tested by placing 13 M HO 
solutions of the elements on top of a column of 
Dowex-1 anion resin and eluting the column with 
13 l\f Hc1.es The order of elution is shown ;n 
Fig. 10b. Americium and curium were held up 
only slightly. There was a definite delay in the 
elution of the h1gher elements indicating negative 
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comple.'C formation. Some separation of the elements 
was achieved with careful control of the conditions. 
All clements were eventually removed from the 
column when a few milliliters of 13 M HCl were 
passed through. When hydrochloric acid 10 M or 
less in concentration was used all the elements eluted 
imrnecliately. 

Tne elements 95 through 101 can be cleanly 
separated from uranium(VI) or from plutoni
um(IV), plutonium(VI), neptunium(IV), and nep
tunium (VI) by adjusting the hydrocbloric acid con
centration to 6 to 10 M and passing the mixture 
through a column of Dowex-l resin. Complete adsorp
tion of the uranium, neptunium, and plutonium 
occurs with no adsorption of the trivalent actinides. 

Solvent Extraction of Thenoyltrifluoroacetone 
Complexes of Americium a nd Curium 

Werner and Pe.rlman•1 carried out a study of the 
extraction of americi1un Into a benzene solution of 
a-thenoyltrifluoroacetonc (TTA) as a means of 
purification from lanthanum. It was found that low 
acidities were required if appreciable extraction was 
to be obtained and that the extraction was in general 
similar to that of the rare earths ( cf. section on TT A 
extraction of acljnium above). Nevertheless the 
differences in the extraction curves obtained on 
plotting the amount C>,.,'1:racted vs pH were sufficiently 
different that separation from some of the rare earths, 
particularly lanthanum, was quite feasible. 

Magnusson and Anderson92 have recently dis
cussed the TT A complexes of elements 95 through 
JOO. 

F igure 11 shows the influence of pH on extraction 
of americium and lanthanum. These curves may be 
compared with the p reviously shown curves for 
actinium and thorium (Fig. 1) . For highest extrac
tion of americium one would adjust the pH to 4.0 
or higher. For decontamination from lanthanum one 
would choose a pH around 3.3. For example, three 
extractions with an equal volume of 0.2 M TT A
benzene solution extracts 97 per cent of the ameri
cium and from 3 to 7.5 per cent of the lanthanum, 
from lhe aqueous solution at a pH of 3.27. The ex-
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tracted americium may be removed from the benzene 
by brief contact with a solution of pH < 2.5. Since 
lanthanum is frequently used as a carrier for 
americium this separation has considerable im
portance. T he separation of other rare earths is more 
difficult. Their extraction curves fall between those 
of americium and lanthanum. 

Separation is also made from those elements which 
do not extract at this acidity. Contaminants such as 
neptunium(IV) , plutonium (IV), protactinium (V) , 
thorium(IV), iron(III), and zirconium(IV), may 
be removed by a preliminary extraction at a 
pH< 2.5. 

The extraction curve for curium falls quite close 
to that for americium and preliminary attempts at 
americium-curium separation have not been promis
ing. Separation of curium from lanthanum is possible 
although if microgram quantities of curium are in
volved some difficulties from the attack of the 
intense a lpha radioactivity on the aqueous phase and 
the T T A are experienced. 

Higher Oxidation States for Transplutonium Elements 

The predominant valence state for the elements 
95-101 is three. There are, however, three examples 
of higher oxidation states in aqueous solution among 
the elements in this group: namely, arnericium(V), 
americium(VI), and berkelium (IV) . 

\,Verner and Perlman°3 found that americium(III) 
in a 20 per cent potassium carbonate solution i~ 
slowly oxidized by 0.1 M NaOCl to americium(V). 
Some success in the separation of americium from 
curium(III) was attained using this oxidation, but 
the method was not developed and its application 
must be considered somewhat limited. 

Asprey, Stephanou, and Penneman91 succeeded 
in oxidizing 0.002 to 0.025 M solutions of americi
um( III) to the hexapositive state and in studying 
the properties of americium(V) and americium(VI). 
The ox:idation was performed with peroxydisulfate 
ion or with argentic oxide. Complete details are 
given in their papers. 

Naturally, these developments have considerable 
significance for the radiochemical purification of 
americium. In the isolation of americium from 
cyclotron bombardments or neutron irradiated 
samples, there is always the problem of the separa
tion of rare-earth fission activities which exhibit 
marked chemical similarity to americium in the 
tripositive state. Also, in many instances it is neces
sary to separate americium and curium, which in 
their prevalent tripositive state exhibit the chemical 
similarities of adjacent rare earths. The ion-exchange 
procedu,-es are quite capable of effecting these sep
arations, but it is certainly desirable to supplement 
them with other methods whenever possible. 

The existence of the hexapositive state and its 
chemical similarity to the corresponding state in the_. 
other actinide elements makes it possible in principle 
to apply to the separation of ·americium all the 
methods discussed for nepfunium ,.and plutonium 
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which depend for their success on the differences 
in properties of the tripositive and hexapositive 
states, as for example, the lanthanum fluoride cycle 
or solvent extraction. However, e.,periments have 
shown that rate considerations seriously limit the 
applicabil ity of these methods for trace concentra
tions of americium. The oxidation by pero:\.-ydisulfate 
is definitely a function of americium concentration ; 
complete oxidation of trace concentration takes 
several hours, which is prohibitively long for many 
applications and, at any rate, makes the method 
more time consuming than the ion-exchange methods. 
This does not reject the possibility that a faster oxi
dation, involving perhaps some such specific catalysis 
as has been observed in the oxidation of neptunium, 
may be found. 

When weighable amounts of americium are being 
dealt with, the situation is somewhat different. The 
rate of oxidation is sufficiently great that the use 
of the hexapositive state is definitely attractive. In 
the first experiments on the discovery of element 97, 
milligram amounts of americium were bombarded,"• 
and the be,-kelium was isolated by ion-exchange 
methods. The resin-column ope,-ations weJ"e preceded, 
however, by an oxidation of the americium target 
material by making the solution 0.2 M in ammonium 
persulfate, 0.2 M in ammonium sulfate, and 0.1 M 
in nitric acid and heating for 1.5 hour at 75°C. The 
small frnction of the ame.ricium left unoxidized wa.s 
precipitated by americium fluoride, which served 
as a carrier for curium, element 97, and the rare 
earths. This initial separation served the purpose 
of reducing sharply the bulk of material which needed 
to be separated and hence simplified and speeded up · 
the ensuing column operations. 

In the case of berkelium aqueous solution oxidation 
states of (III) and (IV) are known.% Trace con
centrations of berkelium can be oxidized with the 
bromate ion, bismuthate ion, dichromate ion or eerie 
ion after a few minutes heating in a strongly acidic 
solution. Berkelium(IV) coprecipitates with zir
conium phenylarsonnte, zirconium phosphate or eerie 
iodate and can be separated from trivalent actinide 
ions which are not carried. 

Extraction of Trivalent Actinide Ions into 
Tributyl Phosphate 

The recent discovery96 of the high order of ex 
tractability of the lanthanide rare-earth ions into 
tributyl phosphate from highly concentrated nitric 
acid or hydrochloric acid solut ions naturally lead to 
the study of the extractability of the trivalent actinide 
elements under the same conditions. T he extraction 
coefficients for the actinide elements are not as high 
as fo,- the analogous lanthanide elements. However, 
the coefficients, particularly for the higher members 
of the series, are high enough to make the use of 
solvent extraction by this solvent very attrnctive. 
This is especially true of concentrated nitric acid 
solutions. Peppard has called attention to the re
markable analogies between the lanthanides and the 
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Figure, 13. Solvent extraction behavior of triva lHt lanthanide and 
actinido elements Into tributyl pho,phate from 1.5.6 N HNO, 

actinides in this solvent extraction behavior.97 Grayu 
has prepared some curves showing the distribution 
ratio (i.e., the ratio of the amount of the element 
per unit volume TBP to the amount per unit volume 
of acid) for the hvo ser ies of clements in 12 M HCI 
and 15.6 M HNO •. These are r~produced here as 
Figs. 12 and 13. 

Much higher distribution coefficients can be ob
tained by salting the aqueous phase strongly with 
powerful snltirig agJ!nls. For example, Peppard'9 

found that curium(III) was extracted into undiJuted 
tributyl phosphate with a distribution coefficient of 
aboue 100 from an aqueous solution 7.2 M Na(NO3 ) 

and 0.4 M HN03 • 
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On Methods of Separation of Neptunium from Plutonium 

By I. K. Shvetsov and A. M. Vorobyev, USSR 

During the operation of a nuclear uranium reactor 
weighable quantities of neptunium-237 are produced 
as by-product. The process may be written as: 

u2ss( 11,zn) u2s, ,! Np231 

u2aG(n,y)U2:is; u•ss(n,y)U2a1 .! Np•s1 

The yield of neptunium from the first reaction is 
about 0.1 per cent of the number of fissions. Forma
tion of neptunium by the second reaction is de
termined by the values of the slow neutron capture 
cross section for uranium-235 and uranium-236 
(G.r = 101 barns,3 cr/ = 24.6 barns) and can lead 
to considerably greater amounts of neptunium in 
uranium piles operating with enriched uranium-235. 
Therefore, the question of quantitative separation of 
neptunium and plutonium is of great scientific and 
technical importance. 

Separation of neptunium from the bulk of plu
tonium can be effected by the chlorination of their 
dioxides. The chlorination of neptunium and plu
tonium dioxides proceeds in different ways; for ex
ample, PuCl3 and NpCI, are formed on chlorination 
with carbon tetrachloride. At 750-800° neptunium 
and plutonium trichlorides sublime at an appreciable 
rate. For tetrachlorides this temperature is con
siderably lower. For example, the complete sublima
tion of uranium ( IV) and neptunium (IV) chlorides 
occurs quite rapidly at 500-530°C. The values of 
the. separation coefficients of neptunium and plu
tomum are dependent upon the chlorination con
ditions and the apparatus used. At 620-650° more 
than 90 per cent of neptunium is sublimed as tetra
chloride and concentrated in the sublimates. The 
presence of plutonium in chloride sublimates under 
these conditions is about 0. L per cent of its original 
amount. 

The methods for the following quantitative separa
tions are based on difference between the neptunium 
and plutonium oxidation-reduction potentials. The 
oxidation-reduction potentials of neptunium and 
plutonium couples in 1 M HCl are summarized in the 
following schemes :1 

Np(III).Jill..!.... Np(IV)~ Np(V) ...!.,_!b_Np(VI) 

I 0.9◄• I . 
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Pu(III)~ Pu(IV)..Ll!l..L Pu(V) ..!:21.:L.Pu(VI) 

I J.OSv I 
The following ways of separating neptunium and 

plutonium were studied. 
1. The potential difference of Pu (IH/IV) and 

Np (IIl/IV) couples is 0.83 v, this makes it possible 
to obtain easily Np(IV) and Pu(III) in solution. 
Chaychorsky and Kondratov have investigated the 
extraction process of neptunium(IV) from nitric 
acid solutions by ethyl ether to follow the s'eparation 
of neptunium(IV) from plutonium(III). Neptuni
um(IV) is extracted by ether as a complex with 
nitric acid. Its composition is H~[Np(NO3 ) 6]. This 
method, however, gave unsatisfactory resulls. 

Pasvik and Ginsburg proposed an analytical 
method for separating neptunium and plutonium 
by coprecipitation of neptunium(IV) with zirconium 
phenylarsonate. Three reprecipitations from I M HCI 
produces radiochemically pure neptunium with a 
yield of about 97%. . 

For a similar purpose precipitation of neptuni
um ( IV) by the sodium salt of benienesulfonic acid 
was proposed by Borisova. 

2. The separation of neptlmium(V) and plutoni
um(IV) is based on ability of some reagents to 
oxidize Np(IV) to Np(V); at the same time 
plutonium is not affected and remains in tetravalent 
state. The separation of plutonium(IV) and nep
tunium(V) was investigated by precipitation of 
P u (IV) as a fluoride or a double sulfate of plutonium 
and potassium; or the precipitation of a double car
bonate of neptunium(V) and potassium. One pre
cipitation did not provide analytical separation. 

3. The difference in potentials 9£ Pu (IV /VI) 
and Np(IV/VI) couples is only 0.11 v. In this case 
for neptunium and plutonium separation the decisive 
factor will_ be the rate of the corresponding oxidation
reduction reactions. K 2 Cr2 0 7 , KMnO. , and KBrO3 

,~ere used as ox_idizing agents. The following separa
tion of neptumum(VI) and plutonium(IV) was 
c~rried out by precipitation of Pu (IV) with potas
smm sulfate or hydrofluoric acid, or by precipitation 
of Np(VI) with sodium acetate. The best results 
were obtained by the use of potassium bromate. 

Seaborg and Wha13 have found that the treatment 
of neptunium and plutonium in tracer concentrations 
by 0.1 M KBrO3 at 20° for 30 minutes in 1 M H SO 
followed by precipitation of lanthanum ffo~rid; 
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makes possible a nearly quantitative coprecipitation 
of plutonium; neptuniwn remains in solution. This 
method was used by Magnusson and LaChape!Je• 
to isolate weighablc quantities of neptunium-237. 
As a r~sult of perfonning this cycle a number of 
times, complete separation of plutonium wns achieved. 
The distribution of neptunium and plutonium between 
the precipitate and solution and the yield of nep
tunium were not, however, given in the paper. In 
a later paperi it wns shown that complete oxidation 
0£ weighable quantities of pure neptunium(IV) with 
potassium bromate at 25° can be achieved in several 
hours. The authors pointed out the important role 
of the fluoride ion as a catalyst in the oxidation 
reaction of neptunium(IV). The conclusion about 
the decisive role of fluoride ion in the oxidation of 
neptunium is not confirmed by our investigations. 
Even in the absence of fluoride ion, tracer quantities 
of neptunium a re also separated completely from 
plutonium and lanthanum by coprecipitation of plu
tonium (JV) with the double sulfate of potassium and 
lanthanum; or precipitation of neptunium(VI ) with 
sodium uranylacetate. The question of different oxi
dation rates for weighable and trace concentrations 
requires furlher investigation. 

We have studied the oxidation of weighable quan
tities of neptunium and plutonium with potassium 
bromate, as a function of time and temperature. The 
investigation was carried out by spectrophotometric* 
and chemical methods. The oxidation rate 9f nep
tunium ( IV) to ncptunium(VJ) is considerably in
creased with increase of temperature. The quanti
tative oxidation of 6 mM neptunium with 0 .1 M 
KBr03 in 1 M H:S0◄ requires: 7 hours at 20°; 
5 hours at 22°; 2.5 hours at 25°; and l hour at 35•. 

The oxidation of plutonium(IV) (concentration 
5-6 mM per liter ) to plulonium(VI) with 0.2 M 
I<Br03 in 1 /trf H~SO~ at20° is negligible; only about 
1 per cent is oxidized in 48 hours. In nitric acid the 
rate of oxidation of neptunium and plutonium is 
increased. 

The results of the oxidation of neptunium in the 
presence of large amounts of plutonium are shown 
in Table I. 

Increasing the weight ratio of plutonium to nep
tunium considerably increases the oxidation rate of 
neptunium and at the rat io = 60:1 quantitative 
oxidation of neptunium is reached in one hour. 

It can be assumed, th:it plutonium transfers 
oxygen and oxidizes neptunium(~V) due to the 

• Spectrophotometer SF-4. 

Tobie I. The Oxidation of Neptunium(IV) with 0.1 M 
KBrO, in I M H2S0• ot 20• in the Presence of Pluto
nium(IV). The Concentration of Neptunium is 2-6 mM 

1: 0 
1: 1.2 
l: 13 
1 : 54 
l :140 

per liter 

Tiu ti,,u, t1/ rom?lm 
oridatioff cf NI> ,·,.. 

miH1ttu 

420 
380 
240 
60 

less 60 

presence of traces of Pu(VI) according to reaction: 

2Np(IV) + PuO,« + 2H2(h:±2Np02• + 
Pu(IV) + 4I-P· 

Neptunium (V) is instantly oxidized to neptuni
um(Vl) by pot:lssium brornate; therefore, the 
presence of potassium bromate shifts the equilibr ium 
to the hexavalent state. This assumption is confirmed 
by the fact that in the presence of small amounts of 
plutonium(VI) the oxidation rate of neptuniurn(IV) 
is increased. 

It is possible to use different variants of the bromate 
method. In addition to the fluoride method, the sul
phate and acetate methods can also be successfully 
used to separate neptunium and plutonium. In both 
methods for lhc quantitative separation of neptunium 
the plutonium content in the neptunium fraction 
decreases 100-fold per cycle. In the use of all separa
tion methods it is necessary to take into account 
the change in the oxidation rate of neptunium to 
the hcxavalent state with the change in the relative 
concentrations of neptunium and plutonium in the 
original solution. 
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Coprecipitation of Americium(V) with Double Carbonates 
of Uranium(VI) or Plutonium(VI) with Potassium 

By G. N. Yakovlev and O. S. Gorbenko-Germanov, USSR 

This report describes a new. method of separation 
of americium and highly active rare-earth fission 
p1·oducts in dilute solutions. . .. 

The published methods of separation of _a1;11cnc'.um 
and rare-earth fission products may be d1v1ded into 
two general groups: 

The first group is based on chromatographi c_ separa
t ion of Am (Ill) and rare-earth elements with syn
thetic ion-exchange resins. The application of the 
chromatographic method is, however, impeded in the 
case of solutions of high specific activity, which cause 
considerable gaseous evolution due to the radiation 
decomposition of water. 

The second group is based on the oxidation ?f 
americium to the hexapositive oxidation state m 
dilute acid solutions with the subsequent precipitation 
of rare-eartJ1 elements in the form of fluorides. Under 
laboratory conditions the separat ion of Arn (VI) 
from the rare-earth elements gives satisfactory results. 
The difficulty of maintaining high oxidation potentials 
of the solutions prevents the application of the method 
on an extensive scale. 

Oxidation potentials of americium couples in acid 
solutions are :1 

~ 1.72v O +1.6~Y 

Am'3l ______ A_n_
1_"_,.~::::::::::=1AmO, .. . +1.69 • _ 

There arc some indications which imply the possi
bility of oxidizing americium to the pentapositive 
state with sodium hypochlorite in concentrated potas
sium carbonate solutions, followed by the precipitation 
of the americium in the form of the slightly soluble 
double carbonate of Am(V) with potassium.2 The 
separation of cui"ium from considerable quantities of 
ameridum was carried out by this method. The 
authors. however, did not use this method for the 
separation of americium and rare-earth elements in 
their later work. 

Oxidation potentials of americium couples in alka-
line media are:' · 

Am(OH)s -o.4 v Am(OH),-'-'<+ .... o=·7-'v->_ 
AmO,OH <+1.1 vl AmO1 (0H)2 

The advantage of oxidizing a~ericium in alkaline 

Original language: Russian. 

media lies in the removal of the oxidized americium 
in the form of a slightly soluble compound and in the 
decrease in the oxidation potentials of the solutions. 

EXPERIMENT Al 

The possibility of oxidizing americ!tm1 to the 
pentapositive stntc in concentrated potassmm carbon
ate solution in the form o{ a slightly soluble com
pound was used by the authors to develop a methocl 
for removing americium from dilute solutions and 
for separating americium and rare-earth elements 
by the formation of stable double carbonates. 

The double carbonates of the rare-earths with 
potassium have sufficiently g reat solubility and this 
increases with increasing a tomic number of the rare
earth element and with the concentration of potas
sium carbonate. 

For the separation of small amounts of ame~icium 
from wcighable quantities of the rare-earths 1t was 
necessary to find a carrier for Am (V). Since the 
information about the carrier for Am (V) in alkaline 
media was limited,* calcium, barium and basic iron 
carbonate were C.'Xamined. Positive results were not 
obtained with these compounds. In later work 
uranium was used for the following reasons; 

I. The uranyl ions form slightly soluble precipi
tates of potassium uranylcarbonatcs in concentrated 
solutions of K2C03. 

2. The structure of the Linear ( O- U-O) ·2 ion is 
similar to that of the (0-Am-O)·. 

According to the published data the Am-0 
distance in the AmO•• ion is 1.93A; the U-0 
distance in the UO~•2 ion is 1.93 ± 0.03A.• This 
similarity allows us· to assume that these ions will 
coprecipitate on the formation of slightly soluble 
compounds. . . 

In fact, positive results were obtained for po~ssmm 
uranykarbonate and it was selected as a earner for 
Am(V). 
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Further work required a preliminary study of the 
composition of potassium uranylcarbonate and the 
determination of the solubilities of potassium uranyl
carbonate and double carbonates of rare-earths in 
solutions of K 2C0 3 • The conditions for oxidation of 

* There are data concerning the poss\bility <;if use ,of 
hidrated Ta•O5 as a carrier for Am(V) 1n alkaline media. 
(L. Werner,-Chem. Abstr., 45, 9390h, ( 1951)). 
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figure 1. The salubility of potassium uronyltrkorbono te in solutions 
of K,CO. o, 22•- 23°c 

americium and plutonium were studied. The com
positions of double carbonates o{ Am(V) and 
Pu (VJ) with potassium were also investigated. 

THE INVESTIGATION OF COMPOSITION AND 
SOLUBILITY OF POTASSIUM URANYLCARBONATE 

The following potassium uraoylcarbonates are 
knO\\rn :• 

K:[U02(C03 ) 2 ] ; K.[U01 (C01),J; 
K 0 [ (U02 )2 (COa) sl 

The above compounds have similar hexagonal 
structures.' When a concentrated potassium car
bonate solution reacts with a solution of ~ranyl
nitrate, the uranium is precipitated in the form of 
potassium uranyltricarbonate K. [U02 (C05 ) 3 ]. 

The solubility of K.[U02(CO,),J was determined 
in solutions of K2 CO, of various concentrations ::it 
22°-23°C. Tl1e results obtained are shown in Fig. Lt 
T~e solubiUty oi K.(U02 (C03 ) 3 ] in a SOo/o solu
tion of K 2CO. is 0.200 grams per liter. 

THE DETERMINATION OF SOLUBILITIES OF DOUBLE 
CARBONATES O F LANTHA NUM AND CERIUM 

WITH POTASSIUM IN CONCENTRATED 
SOLUTIONS OF K2CO, 

The solubility of do11ble carbonates of lanthanum 
and cerium with potassium was determined in 50% 
solution of K 2C0 3 at 22°-23°C. These compounds 
have the lowest solubilities for all the rare-earth ele
ments. The solubility of the double carbonate of 
lanthanum and potassium corresponded to a con
centration of lanthanum in solution of about 9 grams 
per liter and that of the double carbonate of cerium 
and potassium-to a concentration· of ceri11m of 
about 13 grams per liter. 

INVESTIGATION OF THE CONDITIONS FOR 
O XIDIZING AMERICIUM IN CONCENTRATED 

SOLUTIONS OF KzC03 

Besides hypochlorite, ammonium peroxydisulfate 
and ozone were used for the oxidation of americium. 

t The !Olubility of potassium uranyltricarbonate in water 
is 47 grams and 71 grams per liter at o•c and 1R°C 
respectively.' 

In all e.xperiments the concentration of americium 
was 0.3 mg per ml. 

The conditions for the oxidation of americium in 
concentrated carbonate solutions by the above-named 
o:it.idizing agents are: 

I. Am(III) is oxidized to Am(V) by 0.1 M 
KClO in 10-15 min at 95°- l00°C. 

2. Am(III) is oxidized to Am(V) by ammonium 
peroxydisulfate in 2 hr at 75°-80°C with the con
centration of (NH.)2S:Or-20 mg per ml. 

3. Am(III) is oxidized to Am(V) by ozone in 
15-20 min at 90°- 100°C. 

After oxidation, the precipitate which contained 
about 99 per cent of the americium was dissolved in 
0.2 M HN03 • The resulting solution was analyzed by 
a spectrophotometric method with a model SF-4 
quartz spectrophotometer (made in USSR). The ab
sorption bands of Am(III) (503 mµ and 811 mµ) 
and Am(VI) (668 m1,. and 992 m14 ) were not ob
served. The presence of absorption bands at 514 mµ. 

and 717 mµ. (Am(V)) indicates the complete oxi
dation of americium to the pentapositive state. 

T he solubility of double carbonate of Am(V) with 
potassium in saturated solution of K 2C03 is 5 mg 
per liter. 

The precipitate of the double carbonate of Am(V) 
with pot.tssium was analyzed for potassium. ameri
cium and CO2• 

Potassium was determined colorimetrically in the 
form of potassium dipicrylaminc; americium was es
timated by the usual a-counting method; CO2 was 
detennined by a volumetric method. 

For analysis eight samples of the double carbonate 
of Am (V) with potassium were used ( from 1.37 mg 
to 3.18 mg) . This compound was dried to constant 
weight at 40°-50°C. 

The composition of this compound corresponded 
to K5 [ Am 0 : (CO,) 3 ) and the analytical data are 
given in Table I. 

It was found by X-ray diffraction analysis that 
this compound was not isomorphous with 
K.['(j0:(C03) 3 ]. 

Tbe absence of isomorphism of K , [ Am02 ( C0 3 ) 3 l 
with potassium uranyltricarbonate K 4 [U02 {CO.) nJ 
agrees with tl1e pubUshed data of the presence of a n 
orthorombic structure in the double carbonate of 
Am(V) with potassium (bisphenoid) .• 

INVESTIGATION OF THE CON DITIONS OF THE 
OXIDATION OF PLUTONIUM IN CONCENTRATED 
SOLUTIONS OF K2CO, AND THE STUDY OF THE 
COMPOSITION OF THE DOUBLE CARBONATE OF 

Pu(VI) W ITH POTASSIUM 

\Verner and Pcrlman 2 have pointed 0111 that plu
toniwn, like americium, would oxidize to the penta
positive state in concentrated solutions of K 2CO,. 

The oxidation of plutonium was studied by the 
authors in concentrated solutions of K2C03 with the 
concentration of plutonium being 4.1 mg per ml. 

After oxidation for 15-20 min at 95°-1 00°C a 
rich-green compound was precipitated, which was 
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Table I. Analysis of Double Carbonate of Am(Y) with Potassium 

Polossi1-im % Americium% C0z% 
Com~u.nds Cale. Fmmd Cale. Found Cale. Found 

30.l 30.5±1.5 37.2 35.8± 1.5 20.4 2l.2±0.8 

Table II. Analysis of Potassium Plutonylcarbonale 

PotassiMtn % 
ComJound Cale. Fqamd 

25.7 27,0±1.5 

then dissolved in 0.2 M HN03 and analyzed by the 
spectrophotometric method. The optical density was 
measured between 400 mµ-1150 mµ. and the charac
teristic ab5;orption spectrum of Pu(VI) was observed 
with absorption bands at 833 mµ, 950 mµ and 982.5 
mµ. Absorption bands of Pu(IV) and Pu(V) were 
not observed. 

Therefore, plutonium had been oxidized to the 
hexapositive state under the same conditions as 
americium had been oxidized to the pentapositive 
state with the formation of a double carbonate of 
Pu (VI) and potassium. 

The green precipitate of the double carbonate of 
Pu(Vr) and potassium was analyzed for potassium, 
plutonium and CO2 by the same methods as in the 
case of double carbonate of Am (V) and potassium. 

Ten samples of the double carbonate of Pu(VI) 
and potassium (from 1.45 mg to 5.09 mg) were 
taken for analysis. This compound was dried to con
stant weight at 40°- 50°C. 

The composition of this compound corresponded 
to K,[PuO2 (CO3 ) ,]. Analytical data are given in 
Table II. 

It was found by X-ray diffraction analysis that this 
compound was isomorphous with K,[U02 (C03 ) 3]. 

COPRECIPITATION OF POTASSIUM Am(V} 
TRICARBONATE WITH POTASSIUM URANYL 

AND PLUTONYL TRICARBONATES 

The oxidation of small quantities of americium by 
hypochlorite, ammonium peroxydisulfate and ozone 
and a further coprecipitation with potassium uranyl
tricarbonate were carried out under the conditions 
described above. 

After oxidation of the americium, the solution of 
uranylnitrate ( 10 grams of uranium per liter) was 
added dropwise for 2 hr into the analyzed solution of 
americium and the rare-earth fission products in 50% 
K 2COs solution. The mixture was agitated by bub
bling with air. The precipitate of potassium uranyl-

Plutoni•m % COz% 
Cole. Fo,md Cole. Fo1rnd 

39.4 38.8±1.S 21.7 21.0±0.8 

tricarbonate was separated after 12 hr. The precipi
tate and the filtrate were analyzed separately for the 
presence of americium and the rare-earth fission 
products. The precipitate of uranyltricarbonate con
tained 96-99% of the americium and 1-3% of the 
rare-earth elements. 

Under the same conditions 99% of potassium 
plutonyltricarbonate is coprecipitated with potassium 
uranyltricarbonate. 

Coprecipitation of Am(V) with potassium uranyl
tricarbonate has been successfully used by the authors 
for the separation of americium and the rare-earth 
fission products. For this purpose repeated reprecipi
tation of the tricarbonates is carried out in oxidizing 
media. With repeated reprecipit.:ition, the percentage 
of the rare-earth fission products brought down is 
changed slightly. This provides a possible means of 
decontaminating americium from the fission products. 

Similar results were obtained in tlte case of the 
coprecipitation of potassium Am(V) t ricarbonate, 
and potassium plutonyltricarbonate. 

The observed process for the coprecipitation of 
Am(V) with he.."'<avalent compounds of uranium and 
plutonium is apparently connected with the forma
tion of anomalous mixed crystals. 
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A Trticer Study of the Partition of Neptunium between 
Nitric Acid Solutions and Three Organic Solvents 

By J. Kooi,* The Netherlands 

Up to now not much has been published about the 
extraction of any of the transuranium clements from 
aqueous solutions by organic solvents. In open lit
erature there may be found descriptions of some 
actual procedures1 and a few qualitative statements 
about the possible influence of the different oxidation 
states of neptunjum and plutoruum on their e.--.::trac
tion.t However, no quantitative data seem to have 
been published. 

On the other hand, the e.,traction of uranyl ni
trate has been studied e>-1:ensively for a large number 
of solvents, experimentally as well as theoretically.3·• 

Also fo r the case of thorium nitra te some data may 
be found in literature.• Therefore, apart from its ob
vious practical importance it seems to be of consid
erable interest to obtain quantitative data on the 
e.--.::traction, particularly of the two first t ransuranium 
elements. 

In this paper some work on the extraction of nep
tunium in its different oxidation states from nitric 
acid by three of the most commonly used solvents 
( dibutyl carbitol, diethyl e ther and methyl isobutyl 
ketone) will be described. It is believed that these 
data may nlso serve as an analogue for the behaviour 
of plutonium. To support and to complete the data 
obtained, measurements on ltranyl aml thorium ni
trate have been included. 

The method chosen is the following: A solution 
of the element in nitric acid in concentrations u p to 
10 N is equilibrated with an equal volume of the or
ganic solvent. By determining the quantity of the 
element in equal volumes of both layers after phase 
separation, the partition coefficient a ( = concen
tration in org;rnic phase/concentration in water 
phase) is obtained. In this way the salting out effect 
of nitric acid on the e.xtraction in trace or low con
centrations may be found. 

MATERIALS 

Neptunium: Jn the experiments Np239 was used, 
half-life 2.33 days. This isotope can be easily ob
tained by irradiation of uranyl nitrate wi th reactor 
neutrons and separation from the uranium and the 
fission products, after allowing for decay of the pri
marily formed U289 ( t½ = 23.5 rrun). The extrac
t ion method, described by Fields1 was used. It ap-

* Joint Estnblishmcnt for Nuclear Entrgy Research, 
Kjeller, Norway. 

peared that best results were obtained by using 
diethyl ether as an extracting agent. Essentially 
carrier free solutions of mainly Np(V) in approxj
matcly 2 N HN03 were obtained (2-5 mg solid 
residue from the used oxidants per 25 ml, containing 
in the order of 1 me). The purity of the neptunium 
was excellent. The decay was purely exponential with 
the rigbt half-life for more than 12 half-lives. The 
measured absorption is in ;igreement with literature 
values and with the average /3-energy. 

More detailed information on this, as well as on 
much of the following will be published elsewhere.6 

Uranyl and thorium nitrate : H igh purity analyti
cal grade U02(N03 ) 2 • 6H20 and Th(N04 )• • 4H2 0 
were used, the water content of which had been 
checked. 

Nitric acid p.a. : This w:is distilled, diluted to ap
proximately 10 N with distilled water, and imme
diately before use, boiled and diluted to the desired 
strength. 

Diethyl ether: After removing peroxides pos
sibly present and drying, the diethyl ether was dis
tilled from FeSO. immediately before use. In the 
course of the investigation of Np(VI) this appeared 
to be necessary. Even after only a few hours standing 
of the ether, erroneous results w ere obtained. 

Dibutyl carbitol (D.B.C.), C.H.O -(C:H,0) 2 

-C4H 9 : The pure commercial product was freed 
from peroxides and distilled in vacuo ( 1- 3 mm Hg) 
before use. 11021 = 1.4221. 
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Methyl isobutyl ketone (M.I.K.): The pure com
mercial product was distilled under normal pressure 
before use. 1102.s = 1.3940. 

PROCEDURE: EQUILlBRA TION 

In the experiments 1 ml of Np solution was added 
to 14 ml of nitric acid of the desired strength, in • 
30 ml centrifuge tubes provided with a long ground 
stopper. After mixing, 15 ml organic solvent was 
added and by rotating top-bottom wise the contents 
were shaken in a waterbath at 25.0 ± 0.1 °C. 

Special ruas were made to establish the proper 
shaking time. As longer shaking times resulted in 
ir reproducible and erroneous results in the t racer ex
periments (contrary to those with the larger con
centrations used in the cases of uranium, thorium 
and nitric acid a lone) 1 these were chosen in the range 
Crom .½-3 minutes. In none of our e.xperiments was 
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a fottnd to vary when the time of shaking was kept 
within these limits. 

After shaking, 10 ml of both layers were taken out 
by pipetting. Those of the water layer were in all in
stances diluted to 50 ml, any dissolved diethyl ether 
being removed by evaporation. The diethyl ether was, 
after addition of some water, evaporated and the 
resulting water solution diluted to 50 ml. In the case 
of the other two solvents, the procedure differed for 
the different elements and will be described later. 

ANALYSIS 

Neptunium 

In the case of D.B.C. and M.I.K. aliquots from 
the organic layer were shaken repeatedly with dis
tilled water in a 100 ml flask. After back-extraction 
the volume was made up to 100 ml. No activity could 
be detected in the remaining organic layer. 

From the ultimate water layers aliquots were 
taken, made approximately 2 N in HNO, and the 
neptunium reduced by means of S02 • After :1ddition 
of SO mg La(NO1 ), • 6H,O a precipitate was made o[ 
LaF. by addition of HF in a celluloid tube, centri
fuged. washed and poured over in a glass tube. After 
a final centrifuging, the wet precipitate was finely 
divided in the adhering water and slurried in acetone. 
Part of this slurry was transferred onto :1 weighed 
Al-disk and evaporated to dryness, giving very fine 
and evenly distributed samples. After weighing, these 
were mounted on cardboard, covered with a thin 
polythene foil and counted, using essentially the set
up described by Pappas.22 No corrections for self
absorption were shown to be necess::try. 

UroniufTI 

Measurements with different concentrations of 
uranyl nitrate were carr ied out by using SO, 150, 450 
and 1350 mg of U02(N03 ) • 6H20 per 15 ml water 
lcycr respectively in the case of diethyl ether. JOO mg 
of uo~(NOah. 6H202 per 15 ml water layer was 
taken in the experiment with D.B.C. and M.I.K. 

In the SO and 150 mg cases, uranium contents were 
determined by counting the a-activity o[ small ali
quots of both layers in a scintillation counter. In all 
other cases, samples from the ultimate water layers 
were evaporated carefully to dryness, ignited and 
weighed as U30 8• 

The aliquots, taken from the D.B.C. and M.I.K 
phases, were diluted to 25 ml with the solvents. From 
these a part was taken and the uranium backextracted 
into water, containing strong NH.OH. After cen· 
trifuging the precipitate was dried, ignited and finally 
weighed as U~08• In this way small losses occurred. 
but in general these values of a were used only for 
comparison with tl1ose found by calculating from the 
water phase content only. 

Thorium 
Thorium was determined analogously to uranium. 

Instead of ammonia, however, oxlilic ~cid had to be 

used, as it was a lmost impossible to separate the 
hydroxide precipitate from the interface between 
water and the organic phase by centrifugation. 

CALCULATIONS 

As only relative measurements were necessary, no 
corrections had to be applied to the countings, as 
care was taken always to prevent coincidence losses. 
Thus a was obtained directly from the activities per 
mg sample from both phases, allowing for possible 
d ifferences that might occur in dilution of the original 
aliquots. 

By using the known relation between the v?lumes 
of the water and organic phases after shakmg.1 a 
simple check on the measurements may be obtained 
by calculating the total amount of Np, U or Th re
covered. For one series of measurements, using the 
same stock-solution of the clement, this must be a 
constant. F or Np the v:ilue of this may be found by 
treating an aliquot of this stock-solution in exactly 
the same way as the samples. The mean deviation 
from this constant was shown to be not more than 
a few per cent. When larger deviations were found, 
duplicate samples were taken. From the equilibrium 
measurements 97-99% of the Np was recovered. 
When excess uranyl nitrate was present, this figure 
was a few per cent lower, owing to the necessity of a 
Np-U separation. 

MEASUREMENTS AND RESULTS 

In the following, the methods for preparing the 
different oxidation states of neptunium, together with 
the proofs of their existence in the original solutions, 
will be described briefly. Jo addition, the main results 
will be presented as a number of curves. More de
tnils will be published elsewhere.6 

Neptunium(VI) 
The simplest way of preparing Np(VI) solutions 

appeared to be the oxidation of the stock-solution by 
means of potassium bromate, using NaF as a cat
alyst.8 Sntisfnctory results were also obtained by using 
cerium-ammonium nitrate as an oxidant.8 In both 
cases Np(VI) is produced instantaneously. The 
second method, however, could be used only in 
the diethyl ether e..xperiments. With the other 
two solvents, no reproducible results could be ob
tained, probably due to fast reduction 0£ the Ce(I V) . 
This has also been reported by Wylie,9 in his work 
on cerium e.xtraction. 

To prove the Np to be present in the (VI) state, 
it was coprecipitated with sodium uranyl acetate. The 
percentage carded was 90 ::t: 5%, The solubility of 
the sodium uranyl acet:lte under our conditions 
amounts to 3-8o/'o, depen<ling on the nitric acid con
centration. 

With diethyl ether lower values for a were also 
found, if the cerium-oxidised solution had been stand
ing for a longer period. a seems lo approach the 
value for the (V) state, :ifter the cerium solution has 
become colourless. 
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Figure 1. Tho partition of neptunivm(VI} between nitric ocid and 
diethyl eth•r, dibutyl corbitol and methyl isobutyl ketono 

A limited number of e.,cperiments have been car
ried out with diethyl ether in the presence 0£ a large 
excess of uranyl nitrate ( 50, 150, 450 or 1350 mg 
U02(N03)2 · 6H20 per 15 ml original water layer 
respectively) . The a-values found, however, fall on 
the curve through the measured points, within the 
limits of experimental error. 

Figure I presents the curves for the Np(VI) par
tition for the three solvents, plotted against the 
acidity of the original water layer. 

NeptuniumM 

The first examples of values of a, dcfinHcly dif
ferent from those found for Np(VI). were obtained 
by starting from Np stock solution, reduced by 
means of gaseous S02 • Indeed a well defined curve 
was found in repeated experiments. Now, S02 may 
be eJ<pected to produce Np(V) under the conditions 
used. 10 The formation of :'.'fp(IV) in the presence o[ 
alkali and fluoride ions is suggested by Magnusson.11 
Addition of some NaF did not change our results. 

As it is l<nown that reduction by sodium nitrite is 
capable of producing Np(V) only, from Np(VI) ,1 2 

part of the Np stock-solution was heated for a longer 
time at nearly boiling temperature in .? 2 N HNO,, 
oxidising all Np(lV) present to Np(V) and, partly, 
to Np(VI) .u After dilution to about I N in nitric 
acid, NaN02 was added and the resulting solution 
used for a measurements. The same curve was found 
as that for S02-reduced Np. 

A few additional points were obtained by using 
H 20 2 as reducing agent.13 

Furthermore, the presence of Np(V) and the ab
sence of Np(Vl) and Np(IV) in the starting solu
tions was shown by means of coprcc-ipitation experi-

ments, which were carried out as follows. From a 
solution of 1':p in dilute nitric acid, to which an 
amount of uranyl nitrate was added sufficient to 
produce a precipitate, together with Zr and La car
riers, sodium uranyl acetate was precipitated, carry
ing with it the Np(VI) . From the filtrate Zr-phenyl
arsonate was precipitated according to ref. 14 carry
ing Np(IV) (and UX2 ) . In the remaining solution a 
LaF8 precipitate was formed, carrying all Np(V) 
and any residual Np left in solution by the two first 
(not totally quantitative) precipitations. In addition, 
it may be expected that part of the Np(VI) escaping 
the first precipitation is taken down by the Zr
phenylarsonate. So, these experiments cannot be ex
pected to give dear cut separations ;'5 it is believed, 
however, that the results nevertheless are givu1g 
decisive information regarding the presence of the 
different oxidaLion states of neptunium. All precipi
tates were converted to La.F1, using the same amount 
of La carrier, and counted in the usual way. Some
times the presence of the reducing agents interfered 
with the precipitation reactions, especially with the 
first one. In these cases this precipitation was left out. 
The results of these experiments were reproducible 
and in agreement with the assignment of the oxida
tion states as mentioned above. 

T he curves for Np(V) are given in Fig. 2. 

Neplunlum(IV) 

The first indications for the possibility of obtaining 
a third and different curve were found by measuring 
a of a Np solution, oxidised to the (VI) state and 
subsequently treated with an excess of NH20H·HCL 
This reducing agent may produce Np(V) under the 
conditions used.13 The same results were obtained by 
reducing with the same agent a stock-solution which 
had been treated with nitric acid, as mentioned 
earlier. Coprccipitation experiments, however, showed 
this neptunium to be carried by Zr-phenylarsonate. 

So, a number of measurements were perfornied 
with Np solutions, treated so as to give Np(IV) ac
cording to several well established m ethods. First, the 
reduction was carried out by means of K I and N !Ht, 
secondly by me.ans of oxalic acid, both according to 

... 

4.0 

lO 

2D 

1,0 

Figure 2. The partitlo11 of noptuniu,.{V) beiween nilric acid and 
diethyl ether, dibutyl earbitol ond methyl kobyt!d kotono 
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figure 3, The partition of neptuniurn(IV) between nitric otld and 

diethyl ether, dibutyl corbitol ond methyl isobutyl ketone 

the procedures as described.11 I n the latter instance, 
the two first precipitates were not fom1ed in the usual 
coprecipitation experiments. After reduction by Kl, 
these experiments were not finally conclusive, but 
gave in any case relatively high Np(IV) contents. 

The curves obtained are given in Fig. 3. 

Uranium(VI) 

In order t,, obtain data on some ions analogous to 
those used in the neptunium experiments, measure
ments were performed on the partition of uranyl 
nitrate and thorium nitrate in the same solvents. 

Some data on uranyl nitrate and diethyl ether are 
given by Sillen and Norstriim,1

• Bock and Bock" 
and Katzin and Hellman.20 Of those the results of 
the last two papers can be compared directly with 
ours. As the data of Bock and Bock, measured with 
a uranyl nitrate concentration of 0.1 mo! and those 
of Katzin and Hellman, who used trace amounts, 
give somewhat different curves suggesting an influ
ence of the uranyl nitrate concentration itself, a large 
number of measurements were carried out at the four 
concentrations mentioned above. Only the points ob
tained with 1350 mg UO,(N0,),·6H20 per ml 
showed a definite deviation from those obtained with 
the three other concentrations. 

Our results are presented in Fig. 4, including also 
the data from literature. 

Thorium 

The results of our measurements with thorium ni
trate are shown in Fig. 5. 

ADDITIONAL REMARKS 

As may be seen from the figures, all the curves are 
of essentially the same general shape. Those for 
Np (VI) and U ( VI) especially resemble those for 

0( 

--- diethrl olhor 1 11S0 mq 
3.0 x sock ond aoct. diburyl COrb ifOI 

Q Kotzin and Hellman 

20 

IS-------
1/J 

J.Q. J,O 5,0 
f(gure 4. The partition of uronium(VI) between nitric acid and 

diethyl ether, dibutyl carbitol and methyl· isobutyl ketone 

nitric acid.7 Some attempts have already been made 
towards a theoretical interpretation regarding the 
shape of the curves. Sutton 21 examined that for ni
tric acid and diethyl ether and presented a picture 
which also holds for the other two solvents.• Katzin 
and Hellman gave a discussion of the curve for uranyl 
nitrate and diethyl ether.20 The work of McKay must 
also be mentioned.3 

It is believed that at least a qualitative relationship 
between the partition coefficients and other proper
ties of the different elements can be obtained. From 
a closer theoretical investigation one may also ex-

J.O 

2.0 

,.o 

,.o l,0 

dibut1I car bi rol 

ditthyl Uhtr 

7/J 'l.0 
nHN03 

Figure 5. The partition of thorium between nitric acid and diethyl 
erher, dibutyl carbitol and merhyl lsobutyl ketone 

pect a better understanding of the fundamental proc
esses occurring in these organic solvent extractions 
in the presence of nitric acid. Results of such investi
gations will be published elsewhere.• 
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Tri-n-butyl Phosphate as an Extracting Agent 
for the Nitrates of the Actinide Elements 

By H. A . C. McKay,* UK 

Tri-11-butyl pho .. phnto (TBP) is bccomi_ng fairl_r 
well-known a,; an txtr:icting agtnt for inorganic 
salts, especially nitrate.. It is a!' es 1-ntially non
ionising solvent, having a dielectric. constant of only 
about 8 so the nitrates most readily extracted arc 
gcrcraJI~ ll,osc \\hich aMIC>ci.itc mo:.t readi y into 
neutral molecules. These include the nitrates of the 
tri-, tetra- and henvale:it actinides. th~ first-na'Tlcd 
being moderately wc'.I extracted and the other two 
very well. . . 

TBP vctractioru have considf"T'ahle practical un
portancc in purif) ing and a_naly:.i, g the a~nides, ~ 
cause TBP is a solvent with very c:o,wcment prop
crtir· . It:._ a c:o:mr.ercial produ ·t. ,~~-a pb-.ticiser 
and readily obtainnble in la~e quan~tics. Intcrferin.t 
impurities, [Xlrticularly mono- and d1butyl phosp~r!c 
acids can be rc:novcd by alkali treatmcrt. It a, hqwd 
over ~ w1de range, from < -78°C to 289•C, and 
is involatilc a t room temper.uure. rt ia very little 
miscib!e ,vith water. It chemiall> ~hhlt, n<f'n to 
concentrated nitric ac:id, only being hydrolysed under 
quite "igorous conditions. lnderd its m.,in drawbacks 
arc Its rather high ,lscosity (3.4 l cenbpoises atis•c 
and the fnct that its density (0.97J) is ~imilar to that 
of \tc:ttcr, both of which disad-:;anugca cnn bt over
come by dilutifl: with a !luitable inert materi,l; the 
cxtrncting power i~ so high that we can usually 
afford to do this. 

Our studies of the extraction of the actin de ni• 
tr:itea by TBP have had two aims in view: lir:.l, the 
colll'Ction nf dab c.J dit-tc-t pcact ic-,1 nlu~ for prepar 
ative and analyiical purposes, 11nd second. to under
stand the mechanism of the process. We have gen• 
crally worked w1 h trace qc:1ntitic:s only of . ~c 
acti11ides, In pre:.1.:ncc of larger amounts o[ nitric 
acid, sodium nitrnte, etc. : this oos been 1lJ.Tl]y a mat
ter o ' net"f' ity_and partly :i matter of choice E..oopc 
cially with uranyl nitrate, however, we have made n 
number of experiments with mncro-qua.ntitics. 

THE NATURC OF THI! EXTRACTED SPECll:S 

Our ev1dcncc indicate that · 1ch nitrate oc:curs ir 
one Corm only in the TBP ; as the neutrnl, un-ionised 
mol~cule, unhydrntcd, but solvatcd by a dcfuiitc num
ber of TDr nol«l ·cs. Tl" fonnulac of t'ic complexe 
in question nre: 

• Atomic l::ncrgy Research Estat:lishnieat Rarwd. 
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M(NOa)a · JTDP 
M(N01 ) 4 ·2TBP 
.\fO~(~O,)t • 2TBP 

in cnch of which the central metal ato111 is allached 
to I'( gr0UJ\I. • • • 

The first point, the lack of 1onasataon, follo~vs from 
conductivity and viscosity measurements, which usu
aH> andic:ate less than 1 % i:>ni.a_tion 

Solubility measurements provide cvid~nc:c about 
hydration llnd solvntion. A saturated solution of tho
nun nitr.l·t' :at 1oo•c corres;,ords very ne:isly to the 
composition Th(N08 ) 4 • 2TBP. Similarly uranyl ni
L"3te at room temperature gives UO:(NOs):i · 
1.9CJ rBP • 0.04HiO, i e., very nearly UO~(NO,):! • 
2TBP. This by Itself might be rortuitous. However 
the 1 :2 r:itio of unanium to TBP is rn:unta.incd over a 
wide ranee of amdition,. e.g. on adclang an inert 
diluent to the TBP: moreover the saturated solution 
bciu;es m-e a pure compo11:1d on fr..,.z:ng and re
melting, having a sharp me!t.ang point of -6.0 ± 
0.5°C. 

The TBP solvation nun-.bcr for tbor·un anJ 
uranyl nitrntes h:we ht't'n confirmed by s~:vent ex
traction measurements, and those for neplumum (IV), 
neplunyl plutonium(IVl, ph;tocyl and amcrici• 
um(lll)• have been me3sured exclusively by this 
means. The pr°'-c:uurc Is to dilute the TBP with 
an me.-t ,ubsunce, keeping the aqu~1..S phuc 
constant an composition, ancl to measure the 
partition c:ocffic:ient during this process: only 
tr.ices of the aetinide elcme:it :ire u ·-d It can be 
shown from the lnw of m11ss action that under these 
contFtioos there i, a limiting bw at hll,'h dilution of 
tl-e TBP such th:it 

Pnrtition coefficient u:; (TOP co11ccntralfon)4' 

where q 1s the solvation nuiroer. The limiting law is 
usunlly oucyed sufficiently accurntely when the pro• 
portion of TBP in th,. aolvcnt is bclo\, S~ T•-o 
exan pies are givrn in Fig I. 

Further informntion nbout the solution1 rome11 
from a st\:.dy of the ab orptior spec:ra. Under all 
conditions uranyl nitrate gives substantially the same 
spectrum iu TBP as in other solvents in which it is 
~lit'Yed to exist primarily in neutral r . .alccclc fonn. 
Even in pre!'lenc<- nf largr nmounts of nitric acid there 
is no tendency to ch:ml!'e towards the •pectrum t"har
acterstic of triritrato·Jranyl complcxc~ Similarl1 
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plutonium(IV) nitrate gives very nearly the same 
spectrum at all acidities, and this shows the features 
expected for neutral Pu(NO3 ) 4 and definitely not 
those of hexanitratoplutonium (IV) complexes. 

To conclude this section it is worth noting the 
contrast in extraction behaviour &etween TBr and 
ethereal or ketonic solvents, as illustrated in relation 
to uranyl nitrate. In ethers and ketones this com
pound is hydrated, giving a whole range of hydrates 
from the dihydrate upwards; moreover it very read
ily takes up a third nitrate group, and the solutions 
then acquire the characteristic trinitratouranyl ab
sorption spectrum . In TEP, on the other hand, 
uranyl nitrate is unhydrated and apparently unable 
to take up a third nitrate group. 

EXTRACTION FROM NITRIC ACID SOLUTIONS 

When a trace of an actinide is extracted into TBP 
from nitric acid solutions of varying acidity, the 
partition coefficient (organic/aqueous) at fi rst rises 
steeply with the acidity, then passes through a maxi
mum and then falls again. In some cases there is also 
a further rise at high acidities, say > 10M. Some 
typical results a re given in Fig. 2. 

l t is easy to give a qualitative explanation of such 
a curve. The concentration in the aqueous phase of 
the species actually extracted, the neutral nitrate, at 
first r ises s teeply ; for a nitrate M(NO8 ) 11 we should 
expect a p-power law initially. Later the rise be
comes Jess steep, and ultimately gives place to a fall. 
However there is another effect also tending to check 
the rise, name.ly competition between the ni tric acid 
and the act inide nitrate for the available TBP. At an 
aqueous acidity of 7 M there is indeed very little free 
TBP left, most of it having been converted to 
HNOs · T BP. In consequence of this, the actinide 
partition coefficient passes through its maximum 
much sooner than might have been expected from 
known nitrate complcxiry constants. A quantitative 
theory on these lines can be developed, but inevitably 
introduces activity coefficients, which are not known 
from independent experiments. 

The rise sometimes observed at very high acidities 
is less amenable to theory, though it is not surprising 
in principle that high partitions should be obtained 
when the solvent contains la rge amounts of the highly 
polar substance, nitric acid. 

THE EFFECT OF SALTING-OUT AGENTS 

Much higher partition coefficients can be obtained 
if part of the nitric acid in the aqueous phase is re
placed by sodium nitrate, or some other nitrate which 
is practically insoluble in the T BP phase. T he main 
cause of the rise is the removal of nitric acid com
petition fo r the available TBP. At a total nitrate ion 
concentration of say 6M, the effect is very striking, 
amounting to two or three orders of magnitude, in 
agreement with the corresponding large increase in 
the free TBP concentration. At say 2M, on the 
other hand, we should expect only about a t wofold 
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rise, which again agrees with experiment. Some re
sults for thorium arc given in Fig. 3. 

The acidity must not, of course, be reduced too 
far, or hydrolysis will occur, and the partition coeffi
cient will fall again, because the hydrolysis products 
are not extractable. The phenomenon bas been noted 
with Th, Np(IV), Np(Vl) and Pu(IV); it is most 
important in the last-named case. The measurements 
provide a possible method of studying the hydrolysis. 

COMPARISON OF THE DIFFERENT VALENCY STATES 

In the trivalent state, the actinides, like the lan
thanides, are only moderately well e.xtracted by TBP, 
though quite high partition coefficients can be ob
tained al low acidity with a salting-out agent. The 
separotion £actors for adjacent pairs, again like those 
of the lanthanides, are not very large, though they 
increase as the nitric acid concentration is increased 
and ultimately reach values of about 2 at an acidity 
of 16M. 

In the tetravalent state the actinides are much 
more strongly extracted. The extraction increases in 
the order Th < Np(IV) < Pu(IV), and there are 
also a few data for U(IV) which seem to place it in 
its appropriate posi tion in the series. 

In the pentavalent state, extraction of the actinides 
is very weak. 
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In the hexavalent state, extraction is again strong. 
The order is now Pu(VI ) < Np(VI) < U(Vl), 
i.e., the reverse of the order in the tetravalent state. 

High extractability into TBP appears in general 
to be associated with cations of high polarising power, 
i.e., small size, as with Li• and Ca2•, or high charge, 
as with the actinides. The high extractability of the 
hexavalent actinides is probably associated with a 
hish positive charge on the central metal atom in the 
MO/• ion, the oxygen atoms c:irrying a negative 
charge. 

EXTRACTION OF MACRO-QUANTITIES 

So far we have been chiefly concerned with the 
extraction of trace amounts of the actinides. When 
the quantity of actinide nitrate is increased, two ef
fects occur. First, there is an increase in the aqueous 
nitrate ion concentration, and hence an increase in 
the salting-out due to the common ion effect. Second, 
there is grealcr usage of the available TBP by the 
actinide nitrate, i.e. , a saturation effect, operating 
against the salting-out effect. Under some conditions 
the former is the more important, ai:id the partition 
coefficient increases, as is illustrated by the data for 
plutonium( IV) in Fig. 4. U nder other conditions 
the revers~ is true, as can be seen from the high 
acidity end of Fig. 4. 

The saturation effect, controlled ultimately by the 
formula of the T BP solvate concerned, sets a limit 
to the capacity of TBP for any given element. 

There is also another complicating feature at high 
concentrations. The T BP solvates, especially of tet
ravalent nitrates, have only a limited solubility in the 
a liphatic hydrocarbons often used as diluents for 
TBP. Under appropriate conditions the organic phase 
splits into two, one comisting of the nearly pure 
solvate, and the other of a mixture of TBP and 
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Figure 5. Umih of solubility of Th(NO.), in TBP /kerosene 

diluent depleted in TBP. Some data for thorium are 
given in Fig. 5. The production of a third phase in 
this way must generally be avoided; its presence in 
an extraction column would, for instance, cause great 
difficulties. Methods of preventing its formation in
clude limiting the actinide element concentration or 
the acidity, raising the temperature, and changing the 
diluent, e.g., to carbon tetrachloride. 

SEPARATION OF THE ACTINIDES BY TBP 

T he differences in extractability between the dif
ferent valency states make possible a number of sep
arations of the lower actinides as nitrates with TBP. 
Uranyl nitrate, the most extractable hexavalent ni
trate, can for example be extracted away from tho
rium nitrate, the least extractable tetravalent nitrate, 
in quite a short column, using say So/o TBP /diluent. 
A similar extraction of uranium from plutonium is 

possible if the plutonium is first reduced to the tri
valent state, e.g., by ferrous ion; indeed the differ
ence in extractability is so large that a single batch 
extraction with say 20% TBP/diluent may be ade
quate. Under such reducing conditions, neptunium 
becomes tetravalent, and therefore extracts with the 
uranium; americium and the higher actinides on the 
other hand, being trivalent, accompany the plu
tonium. Re-oxidation of the plutonium to the tetra
or hexavalent state :would then render it extractable 
again, and hence separable from americium etc. 

Separations based on the pentavalent state of 
neptunium (not extractable) or the hexavalent state 
of americium (extractable) might be worked out, 
but there would be difficulties in ensuring and main
taining the required state of oxidation. 

When a group of elements are all in the same 
valency state, e.g., the trivalent higher actinides, 
then the separation factors available are smaller, 
though they may still be brought as high as 2 even in 
the worst cases. Separations then depend on using 
large numbers of stages. Under such conditions sol
vent extraction is not generally competitive with ion 
exchange either in speed or in simplicity of equip~ 
ment; it may, however, be worth considering for 
handling relatively large amounts of material, and 
it may sometimes be advantageous on grounds of 
stability to radiation. 

NOTE 

A full account of this work will be published 
elsewhere, with references and all due acknowledge
ments to a rather large number of collaborators. 



The Sulfate Method of Separating Plutonium and Neptunium 

By B. V. l(urchatov, V. I. Grebenschikova, N. B. Chernyavskaya and G. N. Yakovlev, USSR 

The sulfate method for separation of transuranium 
elements is based on the properties of Np(IV), 
Pu (Ill ) and Pu( IV) to coprecipitate with the 
double sulfate of Kand La. 

This property for Pu was found by other investi• 
gators' but for Np our results are not in agreement 
with those of Hahn and Strassman.2 In higher oxida
tion states, these elements do not coprecipitate with 
the double sulfate of K-La. This difference in 
chemical behavior of transuranium clements in 
different oxidation states may be used for an ana
lytical determination of plutonium. 

This method has been successfully used under 
plant conditions for analyzing certain industrial solu
tions. The method has proved to be applicable both 
to trace and weighable quantities of plutonium. This 
permitted its use not only for analysis but also for 
separating plutonium (as well as neptunium and 
americium) from dilute solutions. 

The sulfate method consists of coprecipitation of 
neptunium and plutonium in reduced form with the 
double sulfate of L a and K, separation from lan
thanum by means of double sulfate precipitation after 
oxidation of the transuranium elements and subse
quent reduction and coprecipitation of the trans• 
uranium elements with a smaller quantity of 
lanthanum. 

By such a method, it is possible during one cycle 
to extract these elements from the initial solution as 
well as to reduce 10-15 fold the quantity of carrier 
and solution volume. At the same time a substantial 
decontamination of Pu and Np from fission products 
takes place. 

The results of testing the sulfate method on tracer 
and weighable amounts of Pu with the L-Ka double 
sulfate are given in this paper. 

For coprecipitation from the reduced solution, 
5-7o/o HN 0 3, containing 1 o/o SO2 and 0.2-0.3 
mg La/ml was used. 

After an hour's reduction at room temperature 
the solution was saturated with potassium sulfate, 
allowed to stand for 10-12 hours and then centri
fuged. 95-99o/o of the Pu is coprecipitated for tracer 
and conventional amounts of Pu(IV). 

For quantitative separation of Pu a new quantity 
of lanthanum is added to the solution and the · 
double sulfate precipitation repeated. 

Original language: Russian. 
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The effect of a more complete reduction of Pu 
was studied. Pu was reduced by means of SO2 at 
90-95°C for 30 minutes. Under these conditions Pu 
was reduced to the tri-positive state. 98o/o Pu was 
precipitated with the double sulfate i.e., there was no 
difference as compared with results of preceding 
experiments. 

For the oxidation of Pu, potassium bichromate 
10 gm/I at 95-98°C for an hour, or ammonium 
persulfate 10 gm/I, containing 1 gm/I of silver nitrate 
at 35-40° also for an hour were used. 

After oxidation, lanthanum was precipitated by 
saturating the solution with potassium sulfate. Silver 
was precipitated as chloride. The double sulfate 
carried down about 2% of Pu, independent of the 
method of oxidation and of the amount of Pu. The 
quantity of precipitated La was equal to 3 gm per 
liter of solution. 

For quantitative recovery of Pu, the precipitate 
of the double sulfate was dissolved in 0.5 N HNO3 
and reprecipitated from an oxidizing solution. To 
concentrate lanthanum with plutonium both were 
precipitated as hydroxides by means of NH,OH 
solution. 

As an analytical method, the sulfate method has 
certain advantages as compared with the known 
fluoride method : determination can be made in 
glass and therefore the sulfate method is more suit
able for routine analysis and possibilities for errntic 
results, due to occasional reducing impurities from 
plastic test tubes, are excluded. 

The influence of various factors on the complete
ness of precipitation was studied, and some pre
liminary investigations of the mecl1anism of co
precipitation of Pu with double sulfate crystals were 
made. 

The coprecipitation of Pu with the La-K double 
sulfate was _studied as a function of K 2SO4 concentra
tion, time of solid phase deposition and lanthanum 
quantity. The results are given in Table 1. 

La 
in 

ntg/ml 

0.2 
0.4 
0.6 
1.2 

Tobie 1 

% of copru'tpital~d Pu f<>r vari.ott~ 11·mo4-
of P•eci;itati'on 

10 .,,;,. 2 h,mr4 12 ho"rs 

83 
88 
88 
98 

93 
99 

98 
99 

100 
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The data are given for sofutions saturated with 
potassium sulfate and are mean values from 3-4 
determinations. 

Results of the above determinations permit the 
choice of the best conditions for the separation of 
Pu by the sulfate method for various conditions of 
precipitation. 

Decreasin_; the potassium sulfate concentration in 
solution has little influence on the completeness of 
Pu deposition, despite the fact that double sulfate 
solubility is much higher in less concentrated potas
sium sulfate solution. The quantity of Pu remaining 
in the solution 2 hours after the precipitation of the 
double sulfate (initial La concentration 0.6 mg/ml) 
was 0.9'}'0 1 3.7% and 4.5% for concentrations of 
potassium sulfate 1.5, 1.1 and 0.8 mol/1. 

To investigate the mechanism of coprecipitation 
of Pu, the distribution coefficients of Pu between 
the solution and the precipitate were studied. 

The composition of the K-La double sulfate and 
the solubility of that salt were studied first. It was 
found that in the range of potassium sulfate concen
trations 0.2-1.5 moljl the salt K3La(So, ) 3 is pre
cipitated independent of the order of reagent addition. 
In the final solution there was always an excess of 
potassium sulfate. X-ray analysis of the precipitates 
has shown that all precipitates have the same crystal
line structure. The solubility of the double sulfate 
was determined in a thermostat at 20°C. Equilibrium 
was reached for 0.2 P.1 K~SO, solution after 8 hours, 
for 0.4 M, 0.8 M and 1.5 M solutions after 16 "hours 
of saturation. 

The solubility data are given in Table 2. 

0.2MK2S04 
1.5 M HN0a 
0.4M K2SO4 
!.S M HN03 
0.8MK2SO4 
I.SMHN03 
LS MK2SO• 
1.SMHN0a 

Tobie 2 

K3La(SO◄)o (gm per 100 ml) 
in. 1olution 

2241 

0.172 

0.0064 

0.0003 

The mechanism of coprecipitation of Pu with 
K3 La(So4 ), was studied by means of the three 
methods proposed by Chlopin. 

1. Pu was coprecipitated with K3La(SO,) 3 from 
supersaturated solutions of the latter at 20°C with 
mechanical stirring ( 300 rpm). 

The rate with which supersaturation of K3La( So,) 3 

in 0.2 an<l 0.4 M K2S0.1 could be eliminated with 
vigorous stirring was determined. 

To eliminate supersaturation to the same degree 
after the same time period, the solution in 0.4 M 
K,SO, must have a fivefold degree of supersaturation 
as compared with the solution in 0.2 M K 2SO.1• 

Crystallization of K3La(So4 )~ proceeds very slowly. 

In 0.4 M K 2 SO, solutions containing IO times more 
K3La(So,) 8 than corresponds to the solubility of this 
salt, a complete elimination of supersaturation re
quired 15 hours. Slow crystallization of the double 
sulfate explains why it is so difficult to precipitate the 
last 2-3% Pu in analysis. The experiments on co
precipitation of Pu with double sulfate were con
ducted as follows: a quantity of double sulfate cor
responding to a twofold supersaturation at 20°C for 
0.2 M K,SO, and to a tenfold supersaturation 
for 0.4 M K2SO, was dissolved at 60°C in a measured 
volume of solution, containing a known quantity of 
Pu. A test tube with the solution was placed in a 
thermostat at zo·c and remained there until it 
reached the temperature o( the thermostat. Then the 
double sulfate was precipitated by means of vigorous 
stirring. After the stirring came to an end the 
crystals settled and samples for analysis were taken 
from the clear supernatant solution. It was found 
in the first experiments, that in 0.2 M K1SO, the 
first 10% of precipitated salt carried down 94% Pu, 
and 60% of salt carried down 100% Pu. In 0.4 M 
~SO, the first lSo/'o of double sulfate carried down 
69'fo Pu and when the supersaturation was dimin
ished, 83%-100% Pu was carried down with 
crystals. 

These results indicate that the distribution of Pu 
between crystals and solution is a nonequilibrium 
one, i.e., that we have here a distribution according 
to Doerner and Hoskins equation: 

,· y 
In.;_= A In-

" b 

where a = total amount of microcomponrnt, x = 
amount of microcomponent in solution after crystalli
zation, b = total amount of macrocomponent, and 
Y = amount of macrocomponent after crystallization. 

In all experiments (tune of stirring-30 min) 
the coefficient ,\ was constant and equal to 27 for 
0.2 M K2SO, and 7 for 0.4 M K 2SO,. After pro
longed stirring the value of ,\ diminished due to 
recrystallization of the precipitate which led to 
equilibration of the crystals. 

Dependence of ,.\ on the K 2SO, concentration 
explains the small influence of K 2 SO, concentration 
on the loss of Pu in solution. 

2. Crystals of K 0 La(So,,), were being recrystal
lized for a long time in a solution containing Pu(TV) . 
Hence the partition factor D was determined accord
ing to Chlopin's equation: 

x(l- y) 
y(l - -~) = D 

where .i- = fraction of microcomponent in solid 
phase; y = fraction of macrocomponent in solid 
phase; (I - x) = fraction of microcomponent in solu
tion; and (I - y) = fraction of macrocomponent in 
solution. 

True equilibrium was attained in 0.2 M K,SO, 
for a freshly prepared suspension in 48-50 hours. 
and for a 2 month old suspension in 100 hours. 
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For both suspensions the partition factor D was 
found equal to 29-a value very near to the value 
of coefficient >.. = 27 found by precipitation of the 
double sulfate. 

3. Crystals of K,La(SO,)a containing Pu were 
recrystallized in an inactive 0.4 M K 2SO. solution 
for 125 hours. The value of the Doerner-Hoskins 
coefficient .\ fell off to 1.7 while for the partition 
factor D the value 6.8 was found, in good agreement 
with the value of >.. = 7 for that system in the case 
of precipitation from supersaturated solution. 

B. V. KURCHATOV et o/. 

The above data show that the Pu, in spite of 
different valency states of Pu(IV) and La(III), goes 
into the crystal lattice of K 3La(SO,) 3, perhaps due 
to the formation of anomalous mixed crystals. 
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Rare~Earth and Transplutonium Element Separations 
by Ion Exchange Methods 

By D. C. Stewart,* USA 

Surprisingly large number of variables are involved 
in the operation of an ion exchange resin column. As 
a result, while a number of el11triants have been 
suggested for use with such columns to separate the 
individual rare-earth and transplutonium plus-three 
ions, the prospective user may still find it difficult 
to make the cross comparisons required before a 

choice can be made of the most promising system 
available for the particular separation he has in mind. 
Because of this, the type of controlled experiment 
recently reported by Mayer and Freiling,' using a 
test system designed specifically to compare the 
efficiencies of various elutriants directly, is of unique 
value. 

The present paper briefly describes another ex
perimenrnl arrangement for makfog similar compari
sons, or for studying the effect of different operating 
variables within a single chosen elutriant system, 
using tracer quantities of radioactive nuclid'es of 
the elements of interest. To date, the experiments 
made with this test-column arrangement have all 
employed buffered glycolic acid as an elutriant. The 
various elution curves obtained in this study have 
been surveyed for the present report, and calculations 
have been made on the relative elution positions of 
the various rare-earth and rare-earth-like ions which 
have been used throughout the course of the work. 
In addition to presenting the author's data, a similar 
survey has also been made of a number of column 
runs performed by the Argonne National Laboratory 
heavy element nuclear chemistry group to separate 
the heavier actinides, also using glycolate-Dowex 
50 separation systems. (The investigators in this 
group included M. H. Studier , J. F. Mech, J. E. 
Gindler, P.R. Fields, A. M. Friedman, H. Diamond, 
M. M. Petheram, R. K. Sjoblom and R. F. Barnes.) 
An attempt has also been made to review column 
separations of a similar type as reported in the 
literature by other investigators in this country, and, 
to the limited degree possible to do so with any 
certainty, to compare them to the data obtained for 
the glycolate elutriant system at Argonne. 

Since the results of most macro-scale rare-earth 
separations are somewhat unsuited for such com
parisons ( quite different separation mechanisms are 
involved in some cases), very little is included about 
them in this review. Thus the early developmenl 

* Argonne National Laboratory. 

of macro-scale column methods at Oak Ridge 
National Laboratory• and at Iowa State College3 will 
not be considered in any detai l. A review is available' 
of the various separations tech11iques developed at 
the latter site by Spedding and his associates, as well 
as a detailed development5 of the theory of operation 
of their most extensively used separations technique 
(0.lo/o, high pH, citrate with hydrogen form cation 
resin c-olumns). Also, the use of concentrated hydro
chloric acid solutions to accomplish group separations 
of the lanthanides and actinides will not be discussed, 
since summaries are availablee-11 by the University of 
California investigators responsible [or developing 
these methods. 

In summarizing separations data, and in making 
literature comparisons, a useful concept is that of 
the separation factor, a. In ion e..xchange resin studies, 
this is defined as: 
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( 1) 

where (Kv ),. and (KD) & represent tl1e distribution 
coefficients of the two ions whose separation is being 
considered. (The greater the difference of « from 
unity, the more readily the separation can be ac
complished by column techniques.) The distribution 
coefficient, KD, for a given ion is usually thought 
of as being the result of a batch-type experiment 
wherein the amount of the ion present in combina
tion with the resin and the amount left in its associ
ated supernatant solution are determined by some 
analytical means after the resin-solution-ion system 
has been allowed to reach equilibrium, or : 

(KD)a = 
cone. of sofute "a" in resin phase at equilibrium 

cone. of solute "a" in solution phase at equilibrium 
(2) 

Such batchwise determinations of KD are quite 
feasible, of course, but may become tedious or 
difficult to apply if Ko values are sought for mem
bers of a large group of chemically very similar 
species, such as the rare-earth or tr ansplutonium 
+3 Jons. Fortunately, the plate-theory of Mayer 
and Tompkins10

•" offers another approach. Where 
this theory applies, it permits a single experiment, 
simultaneous determination of the distribution co
efficients for essentially any number of ions, purely 
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Table I. Separation Factors in Glycolate Systems 

"Tlmliff.m numbe,..-'1 (= a TmM) HAm~ricium m~mber0 (= a. AmJI) 

Room tempera,an· runs 87°C run Room temperature 81°Cnm 

Elcme11t Mean at all nrns 
M R un R•n Atl Run R1,n 

Val..c 
Nmnbtw of 38 65 ru,.., 38 66 

dcle-t min;ztic~s 

Sc 0.14±0.03 2 0.04 0.028 0.0056 
y 2.57 :.t0.17 5 0.72 
Lu 0.55 ± 0.03 11 0.50 0.15 0.070 
Yb 0.73±0.037 14 0.80 0.66 0.20 0.18 0.093 
Tm 1.00 ± - 1.00 1.00 0.28 0.23 0.14 
Er 1.40±0.06 12 1.49 1.38 0.39 0.34 0.19 
Ho 1.79 ± 0.16 4 l.90 2.06 O.SO 0.44 0.29 
Dy 2.20±0.18 2 2.38 2.56 0.61 0.55 0.36 
Tb 2.29± 0.23 11 2.74 3.56 0.64 0.63 0.50 
Gd ~4.65 ~0.66 
Eu 2.47±0.32 13 3.17 
Sm 2.67 ± - 1 
Pm 3.55±0.31 13 4.42 
Nd 6.49±0.71 3 6.69 
Pr 8.9±0.23 2 9.15 
Ce 19.5±3.0 2 22.5 
La 32.0± - I >30 
100 
99 1.13±0.03 3 1.10 

Cf 1..34±0.04 3 1.36 
Bk 
Cm 2.86±0.26 15 3.32 
Am 3.58± 0.28 17 4.35 
Na 2.57± - 1 
K 7.5(?) - 1 
Rb 4.97± - 1 
Cs 5.61± - 1 

on the basis of the pos1tions of their corresponding 
elution peaks. In the Mayer and Tompkins analysis, 
the KD value of a given ion is simply: 

(F,,,az)a = (Kn),, (m/ v) (3) 

where (F,.0 ., ) 0 represents the number of free volumes 
of eluting solution which have passed through the 
column at the point where ion a reaches its maximum 
concentration in the eluant, and (m/v) is a cor
rection factor involving the relative resin to liquid 
content of the column.11 When the separation of 
two ions is considered, then : 

0 _ (Kn)a (Fmnz)<i 
O.b - ---= 

(KD),, (Fmazh 
(4) 

This is a very useful relation, since most published 
-data on resin column separations are presented in 
the form of elution curves. If, for such a curve, the 
flow rate, drop size, elutriant concentration, pH and 
temperature can be assumed to remain constant 
·throughout the experiment, the separation factor for 
.any pair of ions is simply the ratio of their elution 
peak positions after these have each been corrected 
'by subtracting one column volume to compensate 
·for the noneffective liquid present in the column at 
the beginning of the run. (A free column volume is . 
that space in the column bed occupied by liquid, i.e., 
the non-resin volume.) The separation data ob
tained in the present work. as well as those derived 

4.93 0.69 0.73 0.69 
6.04 0.75 0.85 
7.78 0.99 1.02 1.09 
9.82 1.81 1.54 1.38 

13.5 2.48 2.10 1.90 
18.9 ( ?} 5.3 5.2 2.66( ?) 
50.4 ( ?) 8.9 >6.9 7.10(?) 

0.315 0.254 
0.373 0.313 

5.76 0.800 0.765 0.809 
7.11 1.00 1.00 1.00 

0.72 
2.1 ( ?) 
1.39 
1.57 

from the literature, will be presented as a values cal
culated in the above fashion from elution curve data. · 

EXPERIMENT Al 

Glycola te Elutriant Solutions 

The separation factors in Table I are based on 
elution curves selected from a series of sixty-six 
column runs. In the case of the first twenty of these, 
elutriant solutions were prepared by direct weighing 
of crystalline Matheson, Coleman and Bell glycolie 
acid, followed by dilution to a calculated concentra
tion of 0.25 M . In the balance of the runs, solutions 
of the acid were prepared, passed through a hydro
gen form Dowex 50 resin bed to remove contaminat
ing cations, titrated with standard base, and then ad
justed to the desired 0.25 M concentration. The 
last few runs of the series (including Run 66, shown 
in Table I) employed elutriants prepared in this 
manner, but in these runs the glycolic acid had been 
first dissolved in boiling acetone, filtered, recrystal
lized five times from cold acetone and dried carefully 
before use. In all cases, the prepared 0.25 M glycolic 
acid solution was adjusted to the desired pH (as 
measured with a Beckman type G glass electrode 
pH meter) with ammonia gas. 

Resin 

The grading of the resin .used has been previously 
dcscribcd.12 In essentially all cases, the resin em-
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ployed was that portion of a ten-pound lot of minus 
400 mesh, 12'fo cross-linked Dowex SO which settled 
-out in 2-18 hours after the resin had been suspended 
in two feet of distilled water. In all the runs ex
amined in compiling the Table I data, the ammonium 
form of ·the resin was used. Dry resin density and 
settled-volume measurements were needed for calcu
lation of free column volumes, and these were de
termined by modification of the methods recom
mended by Tompkios.11 A density value of 1.37 was 
iound for six-hour oven-dried resin. In 0.25 M 
,glycolate systems, the free volume was 60% of the 
.~ettled resin volume. 

Radioactive Tracers 

Known stocks of americium and curium, and of 
-fission product cerium and promethium were already 
available. Californium and element 99 were furnished 
through the courtesy of members of the Argonne 
heavy element nuclear chemistry group. as,u All the 
other radioactive tracers were prepared by neutron 
irradiation in the Argonne Research Reactor, CP-5, 
of milligram amounts of the best stocks available 
-0f the element ( as spectrographically pure oxides 
in most cases). On removal from the reactor, each 
m:iterial was dissolved in acid, diluted to a known 
volume and aliquots removed and plated so that 
r adioactive decay and absorption curves could be 
taken. In preparing a column loading for a run or 
series of runs, appropriately sized volumes of the 
select<?d tracer stock solutions were combined in a 
small beaker and taken to dryness several times, 

2 mm I. 0. Precision 
Sort Copillo ry -

◄ 10 or 20 cm length) 

Resin 

i 2 Stopcock 

Gloss Wool Plug 

Figure 1. Unjack•t•d column and cop 

Coal\ect,o,u to 
Fldlu, Boi let' 

l 's,., 
Resin 

It mm l. 0. Pyre. Tubing 

Jacket or 
70mm I.0. 

Pyrex 

9mm 

11---1--1-2 mm I .O. P•ecision 
80te Copltto , y 

Gloss Wool 

5mm 

,,2/, 
.,.,se,.i-Boll 

figure 2. J ack&ttd column for non-room temperature experiments 

following which the residue was taken up in weal< 
( <0.1 M) hydrochloric acid. The column was loaded 
by forcing all or part of this acid solution through 
the top of the column bed, following it by an equal 
volume of wash water. The column walls above the 
resin were then carefully rinsed, and the elutriant 
solution was added to begin the run. 

E11perimental Arrangement and Procedure 

The general features of these have already been 
described.,. The mean ct values of Table I include 
some data from the elution curve.s presented in that 
reference, which deals with techniques for the rapid 
separation of certain yttrium group rare-earths by 
use of ultra-short resin columns. Most of the room 
temperature runs represented in Table I, however. 
were made with test columns of the type shown 
in Fig. I, wher= Run 66, which was performed at 
87°C, and the results of which arc also summarized 
in the same Table, was made with the jacketed test 
column shown in Fig. 2. (The jacket outlets were • 
connected to a trichloroethylenc reflux boiler in a 
manner analogous to that shown by Thompson, 
Harvey, Choppin and Seaborg.)• On receiving the 
columns, a glass wool plug was placed in the tip of 
each, and they were then calibrated for total volume 
by weighing the amount of mercury required to fi ll 
ench to the lower of the etched lines indicated in 
Figs. l and 2. Resin was then slurried into each 
column, and, after it had settled, the upper resin 
surface was adjusted to the same etched line. Where 
a series of experiments was being performed to study 



324 VO L. VII P/729 USA D. C. STEWART 

Tobie II. Very Heavy Element Sepa ra tion Factors from G lycolate-Dowex 
50 Column Ru ns* 

Op..-ali,g "Amrricium numb,,.,, "Coli/01"11i«m niimbtr" 
E/emtnt 

(M) ttmj>fftJl'Mr'e 
(a AmM) (a CfM) 

c•c> Mtan S tandard Numbu· M,a,,, StandorJ Nu,,,.b~~ 
value dtt>iation of rmi-.r 11alu~ dtviation of runs 

99 Room 0.838 ±0.028 3 
temperature 

Cf 0.39 I 1.00 
Bk 1.49 ±0.27 4 
Cm 0.813 ±0.018 8 1.87 I 
Am 1.00 2.59 I 
Pu(+3) 1.23 ±0.03 2 
?u(+4?) 0.28 ±0.01 2 
Pu(+S-6?) 0,07 I 
100 g70 0.750 I 
99 0.846 ±0.017 2 
Cf 1.00 
Bk 
Cm 0.806 ±0.011 4 

• These data were taken from a series of 
fourteen column runs performed by M. H. 
Studier, J. F. Mech and J. E. Gindler for the 
specific purpose of studying heavy element 
separations in the glycolate system and from 
an equal number of elution curves a'Vailable 

the effect of one operating variable, the same_ column 
bed was used throughout the study in order to 
eliminate uncertainties due to possible differences 
between columns in total amount or size distribution 
of resin present. Between runs, each column was 
regenerated with 0.25 M ammonium citrate solution, 
followed by a water wash. This treatment also served 
to strip out any residual radioactivity. 

In all runs, a 50-ml burettc served as a reservoir 
for the elutriant solution. The tip of this burette was 
connected by tubing to the side arm of the column. 
Before and after a run, the elutriant level was 
brought to the upper of the etched lines shown in 
Figs. 1 and 2; the burette level was read and 
recorded, as was the elapsed time of the run. With 
these data, and a knowledge of the total number 
of drops passed, the mean drop size, drop rate and 
flow rate in terms of ml/crn2/min could readily be 
calculated. 

The balance of the experimental arrangement was 
as previously described." The drops from the column 
were collected in rotation on one-inch diameter 
stainless steel plates. After drying them under an 
infra-red lamp and heating briefly in a burner flame, 
the amount of radioactivity on each plate was 
measured, using a windowless, flow-type propor
tional counter for alpha-counting, and a similar 
instrument of the end window type for {3--y measure
ments. Elution curves of the radioactivity level 
versus drop number type were then drawn, and 
plates corresponding to the elution peak maxima 
were subsequently counted at intervals for half-life 
determinations. The {3--y emitting nuclides were _. 
identified by this means (and by absorption curves, 
where necessary). The alpha-emitters were identified 
primarily on the basis of the known \"~lative amounts 

from process runs performed by these and 
other members of the Argonne nuclear group 
during their study of heavy element isotopes. 
The other investigators included P. R. F ields, 
A. M. Friedman, H . Diamond, R. F. Barnes, 
R. K. Sjoblom and M. M. Petheram. 

added, and, in the case of the californium peak, by 
its associated spontaneous fission activity. 

RESULTS A ND DISCUSSION 

To date, the most commonly used elutriants for 
rare-earth separations have been buffered ~olutions 
of oxygenated carboxylic acids ( citric, lactic, gly
colic, etc.). Mayer and Freiling 1 have pointed out . 
that for the monobasic acids of this type, the separa
tion factor between any two rare-earths becomes 
equal to the ratio of the equilibrium constants for 
their respective adsorption reactions, and that, there
fore, a separation factor as determined from a col
umn run made at near-equilibrium conditions should 
be independent of the pH and concentration of the 
eluting agent. Ketelle and Boyd'• had earlier reached 
the same conclusion for the citric acid system, if the 
pH was controlled within a range where the singly 
ionized citrate ion was effectively the only complex
ing species present. They developed an expression for 
the distribution coefficient of any given rare-earth in 
such a citrate system, showing that three different 
equilibria were involved: that for the·exchange be
tween the uncomplexed ion and the resin, that for 
the reaction between the rare-earth ion and the com
plexing ion, ·and that for the first hydrogen dissocia
tion equilibrium of citric acid. They concluded that 
in the citrate system, temperature-induced shifts in 
the first 9f these equilibria appeared to be offset by 
opposing changes of the same magnitude in the sec
ond, and that ratios of Kn values ( the separation 
factors) were essentially independent of temperature, 
as well as of eluting agent concentration and pH 
changes. This does not seem to be the case for gly
colate systems, at least for th.e lanthanide series, so all 
the data shown in the tables are presented in terms 
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Table Ill . Separation Factors from Lite rature Dato 

a. Cold (2~o•q citrate elutriant 

a b 

Lu Tm 

Lu Am 
Yb Tm 

Er Tm 

Ho Tm 

Dy Tm 

Tb Tm 

0.57 
0.79 
0.82 
0.S9 
0.23 
0.69 
0.92 
0.73 
0.66 
1.55 
1.44 
1.39 
124 
1.11 
2.44 
1.72 
1.43 
1.40 
3.82 
1.62 
l.60 
1.89 

R,/,rmu Com.,1ntsl 

15 Cale. Crom Table I1 
21 "Standard curve" 
21 Fig. 2 
21 Fig, 3 
21 F ig. I 
15 Cale. from Table II 
21 "Standard curve" 
21 Fig. 2 
21 Fig. 3 
15 Cale. from Table II 
15 Fig. 3. Ambcrlite IR l 
15 Fig. 4b 
21 "Standard curve" 
21 Fig. 2 
15 Cale. from Table II 
15 Fig. 3. Amberlite IR 1 
21 "Standard curve" 
21 F ig. 2 
15 Cale. from Table II 
21 "Standard curve" 
21 Fig. 2 
21 "Standard curve" 

E/em,nts 

• b 

Gd-Eu Tm 
Sm Tm 
Pm Am 
Pm Eu 
Pm Nd 

Pr Nd 
Pr Ce 

La Ce 
Y Tm 

Y Nd 
Y Ce 
Y Cm 
Ac La 
Pm Eu 

2.12 21 
2.39 21 
0.97 5 
1.55 10 
0.9 30 
0.69 28 
t.39 28 
0.68 31 
0.53 31 
0.55 10 
o.31-l 10 0.35 j 
1.52 31 
3.18 JS 
2.42 15 
2.10 21 
0.3S 30 
0.53 3 
0.30 19 
10-20 17 
0.77 32 

"Standard curve" 
"Standard curve" 
Fig. l 
Fig.4 
Fig. 2. Amberlite IR 1 

Fi1?. 6 
Fig. 7 
Fig. 3. Coarse Dowex SO 
fFig. 3. Dowcx SO coll. agg. 
t (4 runs) 
Fig.7 
Cale. from Table 11 
Fig. 3. Amber lite IR I 
uStandard curve" 
Fig. 2. Amberlite IR l 
Fig. 4. Ambcrlitc IR l 

Batch expts.-Varying pH 
Anion resin (Dowex 1) col_. 

b. Hot (87-100°C) citroto e.lutria nt 

Eltmt111s 

a b 

Lu Tm 0.57 15 
0.52 27 

Yb Tm 0.69 15 
0.69 27 

Er Tm 1.55 15 
1.68 27 

Ho Tm 2.44 15 
2.52 27 

Dy Tm 3.82 15 
3.42 15 
2.94 15 
3.41 27 

Tb Tm 4.38 1S 
4.49 15 
5.35 27 

Tb Am 0.29 18 
Tb Eu 0.65 22 

0.59-} 
0.83 

(mean= 0.65) 
Gd Tm 7.72 27 
Gd Am 0.48 18 
Gd Eu 0.96 22 
Eu Am 0.56 22 
Sm Tm 11.9 27 
Sm Am 0.69 22 
Sm Eu 

Pm Am 

1.l3-} I 
1.21 

(mean= 1.17) 
1.03 22 

Cale. from Table II 

Cale. Crom Table II 

Cale. from Table II 

Cale. from Table II 

Cale. from Table II 
Fig.6b 
Fig. 6c after correction 

Fig. 6b 
Fig. 6c 

{
Cale. from Table I. 0.25 

to 1.0 M titrate 

{
Table 1. 0.25 to 1.0 M 

citrate · 

of either room temperature (2()..30°C) or high tem
perature (87-100°C) operations. 

As far as other variables are concerned ( resin 
size, flow rate within reasonable limits, etc.), prac
tical experience has shown that, with modern high 
capacity resins, these will have relatively little effect 

Elem111ts 

a b 

Nd Ce 

Pr Ce 

Y Tm 

Y Am 
Y Eu 

100 Am 
100 Cf 

99 Am 
99 Cf 

Cf Am 

Bk Am 

Bk Cm 
Cm Am 

0.45 28 
0.50 28 
0.77 28 
0.79 28 
0.58 28 
3.18 15 
3.16 15 
3.05 15 
324 IS 
0.15 22 
0.49 22 
0.46 1 
024 8 
0.90 13 
0.72 14 
0.32 8 
0.94 13 
0.86 14 
0.38 8 
0.34 19 
0.43 22 
0.51 19 
0.50 8 

~0.63 20 
0.82 18 
0.89 33 
0.85 34 
0.83 19 
0.86 8 

Run 1 
Run 1 
Run 1 
Run 4 
Run 7 
Cale. from Table II 
Fig. 5 
Fig. 6b 
Fig. 6a 

Fig. l a 

on relative elution peak positions. (They may have a 
marked effect on the amount of cross contamination 
that occurs between neighboring peaks, however.) 

All of the above considerations were in mind when 
the data shown in the tables were calculated. In 
Tables I and U particularly, it has been assumed that 
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Table Ill. Separation Factors from Literature Doto (Continued) 

c. La,tote elutriant (ot 87°C unless noted) 

ElementJ 

Er 
Ho 

Ho 
Dy 

Dy 
Tb 

Tb 
Tb 

Gd 

Gd 
Eu 

Eu 

" " 
Eu 
Am 

Eu 
Am 

Eu 
Am 

Eu 
Eu 

Am 

E u 
Am 

Am 

0.21 8 
0.14 26 

0.29 8 
0.20 26 

037 8 
0.27 27 

0.53 8 
0.48-t l 
o.59 l 

(mean = 0.52) 
0.42 26 

0.83 8 
0.57 23 
0.60 24 
0.57 24 
0.50 26 

Comments§ 

Mean of runs at varying 
lactate cone. 

Mean of runs at varying 
lactate cone. 

Mean of runs at varying 
lactate cone. 

{
7 r uns- Lactate varies 

0.2-1.33 M 

Mean of runs at varying 
lactate cone. 

Room temp. run 
Room temp. run 

Mean of runs at varying 
lactate cone. 

Elemet1ls 

Sm 

Sm 

Pm 

100 
99 

Cf 

Bk 

Cm 

Cm 

4 " 

Am 

Eu 

Am 

Am 
Am 

Am 

Am 

Am 

y 

0.64 26 

1.23-} 
1.31 

(mean= 1.28) 
0.96 23 
1.00 24 
1.02 24 
1.03 26 
0.23 8 
0.31 8 
0.20 26 
0.38 8 
0.32 26 
0.56 8 
0.44 26 
0.83 23 
0.88 24 
0.84 8 
0.76 26 
0.84 24 

~5.0 8 

Commtnts§ 

Mean of runs at varying 
lactate cone. 

{
Lactate cone. varies 

0.2--1.33 M (7 runs) 

Room temp. run 
Room temp. run 

Various lactate cones. 

Various lactate cones. 

Various la eta tc cones. 
Room temp. run 
Room temp. run 

Series of runs at pH 4 to 5. 

d. Miscellaneous e lutrionls 

El~mtmts 

Tb 

Eu 

Sm 

Sm 

Pm 
Pr 

a b 

Eu 

Am 

Eu 

Nd 

Arn 
Nd 

0.50 
0.87 
0.81 
0.29 
0.26 
0.70 
0.80 
1.28 
1.1 5 
1.23 
l.60 
1.46 
0.48 

0.33-} 
0.39 
1.21 
1.49 

1.44-} 
1.57 

1 
1 
1 
1 
1 

24 
24 

I 
1 
l 
1 
1 

16 

16 

23 
16 

16 

Ccmmtnts§ 

0.30 M G lycolate at 87°C 
0.50 M Malatc at 87'C 
0.70 M Malate at 87'C 
0.026 M EDTA*at 87°C 
0.017 M EDTA* at 87°C 
0.1 M Tartrate at R. temp. 
0.41 M Tartrate at 100°C 
0.30 M Glycolate at 87°C 
0.50 M Malate at 87'C 
0.i0 M Malatc at 87•C 
0.026 M E DTA * at 87°C 
0.017 M EDTA* at 87°C 
Hydrazinodiacetic acidt 

at R. T. with Dowex SO 
resin 

{
Same-with Amberlite 120 

resin ( 4 runs ) 
0.41 M Tartrate at I00°C 
Hydrazinodiacetie acidt 

at R. T. with Dowex 50 
fSame-with Ambcrlite 120 
l ( 5 runs) 

* Ethylenediamine tetraacetic acid. 
t 0.5o/o solution+ 1.5o/o ammonium acetate in H20. + Thenoyltriftuoroacetone. 

mean values could be legitimately determined for 
any series of separation factors determined a t the 
same temperature for a given elutriant-resin system. 
regardless of other variables. 

Table I p resents separation factors calculated from 
elution curves obtained by t he author, u sing buffered 
glycolic acid elutriant. Table II shows similar fac
tors for some of the elements of the actinide series as 
determined from elu tion data ftirnished by M. H. 
Studier and his associates in the Argonne heavy .. 

La Nd 
Y Eu 

Lan- Am 
thanides 

100 Am 
99 Am 

Cf Am 
Bk Am 
Cm Am 

Cm Am 

3.00 
0.59 

<0.92 

1.24 
1.19 
1.35 
1.24 
0.92 
0.77 
0.84 
0.84 
0.84 
0.87-} 
0.91 
0.885 

~1.0 
~ 1.0 

16 
35 

8 

8 
8 
8 
8 
8 

24 
23 
23 
23 

24 

8 

23 
23 

Co,nmcnt.s§ 

Same-Amberlitc 120 rcsi~ 
2% TT At in 38% Dioxane 

- 60% H20 at R. temp. 
1.0 M Ammonium Thiocy

anate on Dowex l 
(anion) resin at 87°C 

Same as above 
S:,me :>s :>bove 
Same as above 
Same as above 
Same as above 
0.1 M Tartrate at R. temp. 
0.4 M Tartrate at 60°C 
0.4 M Tartratc at 87°C 
0.4 M Tartrate at l00°C 

{
0.1 Mand 0.8 M Tartrate 

at 87°C 
0.7 M H ydracrylate at R. 

temp. 
0.025 M EDT A* at 87°C 
0.0065 M EDTA* at 87°C 

§ Table and figure numbers are those of the paper reviewed. 
Dowe,c 50 resin used unless otherwise not<:d. 

element nuclear chemistry group. Table III is a com
pendium of results calculated from the published 
reports of other laboratories in the United States. 
( A paper by Fitch and Russell 1 6 of Canada is in
cluded because the elutriant system they propose is 
of interest when compared to the others surveyed.) 

The major difficulty met in presenting these sepa
ration factors was in deciding on the most infonna
t ive basis of reference. J n the author's work it was 
found that thulium was a very convenient reference 
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point to use because of the desirable qualities of the 
capture product that is formed when this element is 
neutron-irradiated to produce tracer. This nuclide, 
the 129-day thulium-170, has a stable daughter and 
decays by .. emission of fJ rays of easily measured en
ergies ; it is one of the first elements eluted from the 
columns, and has a half-life of sufficient length to 
permit use of the same stock solution of tracer for 
experiments done over :i period o-f months, yet still 
short enough so that decay curve identifications are 
possible. Tm170 was used in all of the runs performed 
in the course of the present work, its elution position 
serving as an internal standard for comparing dif
ferent runs. Jn Table I, therefore, the separation fac• 
tors are presented as "thulium numbers," that is, as 
the ratio of the Kn of the element shown to that of 
thulium. Using these thulium numbers as a basis, 
"americium numbers" have also been calculated so 
as to expedite comparison with the data of Tables II 
and J lI, although americium may not have been 
actually present in some of the runs of Table J. 

Mean separation factors were calculated for all of 
the rare-earth and similar type elements (except gad
olinium) from the room temperature elution curves. 
It is realized that in some cases this probably gives a 
distorted picture of the relative elution positions, 
particularly where a thulium number calculated from 
only one available curve is compared to the value of 
a neighboring element where a dozen curves may 
have been suitable for use. The data are presented Ln 
this fashion only because there was no run at room 
temperature where all the clements of interest were 
present. Run No. 38 most closely approximated this 
condition, so data calculated from it are shown sep
arately in Table I, as was also done for one run 
(No. 66) made at 87"C. 

It will be seen that the thulium numbers based on 
Run No. 38 tend to be larger than the mean values 
calculated from all the room temperature runs. There 
are several reasons for believing that the Run No. 38 
values are more accurate and that the other room 
temperature data should be used only to approximate 
the positions o! lutecium, yttrium, scandium, etc., 
which were not in the Run No. 38 loading mixture. 
The mean values include data from the earlier runs, 
which were carried out before it was known that the 
glycolic acid elutriant contained considerable quan
tities of calc.ium ion, and also before the importance 
of keeping the amount of hydrogen ion to an abso
lute minimum in the loading solution wa-. fully real
ized. T n the earlier runs, eluting solution was often 
run .through the columns for some hours before put
ting the tracers on the resin, and it is probable that 
some of the resin was occasionally thus inadvertently 
converted to the calcium form before the run, a fac
tor which was later shown 12 to have considerable 
effect on the separations attained. (For later runs, 
the calcium was removed from the elutriant.) 

The factor of high acidity in the loading solution 
would probably tend to decrease separation factors if 

these were calculated on the basis of an early eluting 
species, as is the case with the thulium numbers of 
Table I. Some of the resin would be converted to 
the acid form by a high acid tracer mixture, and as 
this hydrogen would be removed during the early 
part of the run by the mass action effect of the am
monium ion in the elutriant, the result would be 
lowering of the pH and the glycolatc ion concentra
tion. Thus the rare-earth bands would elute more 
slowly at the start of the nm than they should, the 
error thus introduced being comparatively greater in 
terms of KD values calculated for the early eluting 
elements than for those eluting in comparatively high 
drop number positions. Thus the thulium numbers 
would tend to be too low. 

Perhaps the most interesting feature of the Table I 
data is that involving the effect of temperature on 
the separations. The thulium numbers for the lan
thanide series (based on Rw1 No. 66 at 87°C) are, 
in general, markedly higher than those from the 
room temperature • runs. Several other preliminary 
runs which have been made at intermediate tem
peratures (but not reported here in detail) seem to 
bear out the fact o( this being a real and quite sub: 
stantial effect. On the other hand, the data of Table I 
for the actinides, and the similar values from the 
curve of Studier, et al., shown in Table II, would 
indicate that similar temperature-induced changes in 
separation factors do not occur in the case of the 
heavy elements. P resumably the complex-forming re
actions between glycolate and the plus-three ions are 
the major ones involved, and the fact that such a 
difference exists in the behavior of members of the 
lantha nide and actinide series is somewhat surpris
ing in view of their presumed similarity in electronic 
structure. It is hoped lo study this behavior further. 

Gadolinium tracer was present in several of the 
room temperature runs. but it was never possible to 
distinguish its elution peak from that of europium. In 
the 87"C run shown in Table I, a shorter lived com
ponent was seen early after separation at the front of 
the europium peak and was assumed to be 18-hour 
Gd159 , some of whjch was still present at the time in 
the gadolinium tracer used. Further study will be re
quired to be cer tain of the relative Gd position. 

Unfortunately no runs have been made to date 
where europium and yttrium tracers were present at 
the same time. The thulium numbers shown in the 
first column of Table r would indicate that yttrium 
may elute beyo,id europium, which would be the 
furthest displacement from its usual separations 
chemistry "element 66¼" position that has yet been 
reported. Yttrium definitely elutes in a position be
yond terbium in room temperature glycolate systems.12 

The thulium numbers shown in Table T for the 
alkali metals are based on a single run with a 10.cen
timeter column and pH 4.0, 0.25 J\ll glycolate. 
Tracers of four of the alkali metals were in the orig
inal loading mixture, along with the usual Tm"0 

standard. The thulium and sodium pe:tks were 
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clearly sc:paratc:d and easily identified, but the re
m:iining radioactivity appeared as one single very 
broad peak. Later recounting of the plates in this 
region permitted clear differentiation of the 19-day 
Rbu and the 2.3-year csm peak positions, but the 
only indication of the 12.4-hour K•2 was in a short
lived activity that was seen briefly on the trailing 
edge of the cesium peak. The value of 7.5 for the 
thulium number of potassium is thus very tentative, 
particularly since this would put potassium out of 
order in the alkali metal series. Since presumably no 
glycolate-complexing of these alkali metals is oc
curring during the elution run, their relative elution 
_portions should involve only their displacement from 
the resin by the mnss action effect o( the cations in 
the elutriant solution, and a Na-K-Rb-Cs elution 
order would appear more reasonable. 

The data calculated from the separation runs of 
the Aigonne heavy element group are presented in 
Table II, either as americium numbers or califor
nium numbers, since no single eleme11t was present 
throughout all the e.-cperiments represented. By com· 
paring Tables I and II, it is possihle to derive a 
,tentative placement of the relative positions of the 
individual members of the lanthanide and actinide 
series in room temperature glycolate systems: 

Actinid, 
Element 100 
Element 99 
Californium 
Dcrkelium 
Curium 
Americium 
Plutonium+3 

L1>Ktho,.id1 
Coincides with Tm 
¾-way between Tm and Er 
Just before Er pe:ik 
¾-way between Ho and Dy 
Slightly pasi Sm 
Coincides with Pm 
],~way between Pm and Nd 

~~'J';.~,,,.~, 
Fair 
Good 
Good 
Fair to poor 
Fair to good 
Very good 
Fair 

By an extr.:ipolation from the batch K» values de
ter minated by Hagemannlt for lanthanum and actin
ium in ci trate systems (see Table II[), it would be 
predicted that actinium itsell would give the appear
ance o{ being virtually inelutable by glycolate from 
columns ol the length usually used. 

In runi. where plutonium was present, very early 
elution peaks of that element occurred in glycolate 
separation runs. The oxidation states of the plu
tonium in these peaks are uncertain and have been 
assumed in the case of the values shown in Table II. 
Plutonium +3 ion was shown by Studier and Mech 
to elute in the expected position beyond americium, 
as is also shown in Table IT. 

Table III represents an attempt to summarize a 
large mass of literature data in as compact a form as 
possible. Because of the wide variety of materials 
used in the reviewed experiments, the problem of 
the reference element to use for the separation factor 
calculations was a difficult one. It was finally de
cided to use the comparison order: thulium, ameri
cium, europium, californium, neodymium and cerium. 
If none of these elements were utilized in the ex
periment, the choice of a reference was arbitrarily 
made on the basis of those species. which were present. 

T n calculating ,. values from the elution curves re
ported in the literature, several mt?thods were used 
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to correct the elution peak position for the initial 
inert column volume, if it was apparent that such a 
correction had not been previously made. If the 
authors had est imated the free volume in any man
neI, this value, of course, was used. Otherwise, if 
the elution curve showed an "anion" peak at the be
ginning, the volume to this point was taken as the 
correction to be applied. l n some cases the total 
column volume was calculated, and the free volume 
obtained by assuming 60o/'o free space (and a 30-mi
crolitre d rop size if it was necessary to express the 
free volume correction as dIOps). 

Space permits the making of only a few general 
remarks about the experimental conditions used by 
the ">-arious authors. T he techniques used in the Uni
versity of California Radiation Laboratory work8

·'
s..t4 

( where they were largely developed), in the Argonne 
separations,12 • 13• l< and in the Naval Radiological De
fense Laboratory1•2>-25 experiments were somewhat 
similar. Generally, small diameter, relatively sh~rt 
columns were used to separate tracer or microgram 
amounts of materials, occasionally with compara
tively high levels of fission product o r alph:i emitting 
elements of lesser interest also present. Often there 
was a high premium on speed of separation. 

The work of Ketelle and Boyd 16•
21 is still the most 

ex:tensive of that which has been published dealing 
with hc:avy rare-earth separations in both hot and 
cold citr:ite systems. They used comparatively very 
long columns with milligram amounts of material 
present. Wilkinson and Hicks2 1 prepared a "standard 
curve" for the separation of heavy rare-earths in 
room temperature c.itrate columns, using macro 
amounts oi material so that the various peak posi
tions could be set by spcctrogrnphic analyses. T.hey 
have nlso repor ted several curves showing the sepa
ration of tracer amounts of some of the very heaviest 
members of the rare-earth series that were formed in 
cyclotron bombardments. 

Hagemann's" batchwise Ko determinations for Ac 
and La in citrate systems have already been men
tioned. This is the only separation 'Value in Table III 
not derived from column clata. Column separation 
of actinium from rai-e-earth elements apparently has 
not been performed to any extent in this country. 

The work of Pressley and Rupp 28 is based on a 
number of experiments performed at_ the Oak Ridge 
Nation:il Laboratory for the production of fission 
product rare-earths for distribution by the Isotopes 
Division. Their curves are particularly useful for 
furnishing· information on separations with citrate for 
rare-earths in the cerium region. 

While only tentative conclusions can be drawn 
from the data presented thus far, a few general com
ments might be made. Comparison of the a values 
of Wish. Freiling and Bunney29 with simil::ir ratios 
in Tables I and II could make it appear that hot 
lactate is possibly a better elutriant for use in sepa
rating the actinides tha n is hot glycolate, while both 
arc superior to either hot or cold citrate. The situa
tion for the fo.nthnnides, however, may be somewhat 
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different. The data of Ketelle and Boydn, 27 for heavy 
rare-earth separations with citrate at 100°C show 
better factors than do either lactate or glycolate at 
87°C. Glass~'· " found that cold tartrate gave excel
lent curil.1!'1-americium separation, but that this sepa
ration was decreased at higher temperature unless 
the total tartaric acid concentration and pH were 
modified to give a net increase in the amount of 
singly charged tartrate ion present. He pointed out 
that tartratc, like citrate, was very pH sensitive and 
that macro-lo:iding of the column caused spreading of 
the peaks in tartrate systems. 

Of the various systems reviewed in Tttblc III, the 
ethylene diamine tetra-acetic acid clutriant (EDTA) 
would appear to be a particularly promising one, al
though Mayer and F r eiling1 have pointed out that 
certain precautions must be taken when it is used. 
(Spedding. Powell and Wheelwright"° have de
scribed systems for using EDT A for macro-scale 
separations.) The work of Fitch and Russell on hy
drazinodiacetic acid would also seem to indicate that 
this reagent would merit further study for application 
to radiochemical separations involving the actinides 
and lanthanides. 

Unfortunately, very little work has been done with 
room temperature lactate elutriants, so it is not pos
sible to decide whether or not high temperature op
eration produces any increase in the separation fac
tors :is is thought to be the case with the lanthanides 
and glycolate eluting :igents. Glass 21·•• studied Am
Cm separation in room temperature and 87°C lactate 
runs, but found little difference in the separation 
factors calculated for these experiments. 
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Separation of Polonium with Diisopropylketone 

By Arturo E. Cairo,* Arge ntina 

The determination of polonium is usually made 
using the property which this element possesses of 
depositing spontaneously on silver plates, thus mak
ing it possible to separate it from solutions, after 
which the :ictivity of the plate can be measured. 

The method gives an approximation which is ade
quate for biological studies,1 reproducibility being 
possible within ±5<,Yo and subject to increase if the 
solution contains no other dissolved substances, and 
the acidity of the hydrochloric acid is about 0.2 N. • 
In such a case, a preliminary separation of the com
ponents present in substantial quantities in this solu
tion is made using tellurium as a carrier, effecting 
polonium deposition together with that of tellurium 
by reduction in an alkaline medium. The ultimate 
separation of tellurium is achieved by repeated pre
cipitations in an acid medium in which polonium does 
not precipitate. 

This method is not entirely satisfactory, since tel
lurium separation requires several precipitations, at
tended by losses of polonium, which reduces the 
already minute quantities of polonium to be sepa
ratcd.9·4 A possible variant, to avoid the use of a 
carrier, is extraction by means of solvents. 
. There are several articles in the literature bearing 

on • the solvent extraction of some polonium com
poun<ls. Guillot 5 found that chloroform could extract 
polonium diethyldithiocarbamate from alkaline solu
tion to which bismuth had been added as a carrier. 
Servigne6 describes a chloroform soluble acetyl
acetonate which is also soluble in other solvents and 
readily extractable from aqueous solutions. 

More recently, the extraction of the polonium com
plex with dithizone has been applied to the separation 
of Po••• (RaF) from mixtures of it with RaD and 
RaE.'• 8 Hagemann° also determined the extractabil
ity in benzene of the complex with thenoyltrifluoro
acetone, but this reagent, as well as dithizone, has 
the disadvant.,ge of forming compounds wjth many 
other clements which are soluble in ·the solvents. 

There are two references to solvent extraction of 
simple inorganic polonium compounds in aqueous 
solution. Boussieres10 found that the residue from 
the evaporation of a solution of polonium in dilute 
hydrochloric acid is soluble in ethylene glycol, di-

Original language: Spanish. 
* Comisi6n Nacional de la Energia At6mica, Argentina. 

In collaboration with A. G. Maddock, Radiochemical Lab
orotory, Cambridge University. 

oxane, methyl ethyl ketone and · some other solvents 
which arc partially miscible with water and he 
assumes that the polonium compound extracted is 
the oxychloride. Karracker and Templeton give a 
detailed description of a process for the separation of 
polonium from sulfuric acid solutions by extraction 
with mixtures of tributyl phosphate and dibutyl 
ether.11 

It was observed, during the study of protactinium 
extraction,'" that polonium dissolved in nitric or hy
drochloric acid is readily extracted by diisopropyl
ketone. 

EXPERIMENT AL 

The experiments were undertaken using Po~10 sep
arated from an RaD, RaE and RaF solution, by 
means of a silver plate. This plate was dissolved in 
1 :2 nitric acid and the silver was separated by pre
cipitation with hydrochloric acid. The clear solution 
then was evaporated several times with hydrochloric 
acid until the nitrate ion had been eliminated, ending 
with a residual solution in 6N HO. 

Polonium was determined by its activity using a 
silver activated zinc sulfide screen and a photomulti
plier tube. For this purpose, aliquots of the· solutions 
to be measured were evaporated onto metal discs; the 
residue always remaining less than 0.5 mg/cm2

• 

331 

It was suspected, on the basis of the first results 
obtained that the polonium compound extracted by 
the solvent might possibly be volatile, which would 
cause losses during the preparation of the active discs. 
Several experiments were undertaken to check this 
by heating copper, silver, aluminum, platinum and 
glass discs for various lengths of time to different 
temperatures after evaporating portions of the ketone 
solution of polonium on the discs with an infrared 
lamp. Table I shows the results obtained with a series 
of discs. The values indicate counts per minute, the 
standard deviations of these measurements being in • 
all cases under 1 o/o. 

It appears that the platinum discs retain the po
lonium somewhat less tenaciously than do the silver. 
In the case of the aluminum and glass discs, the 
polonium compound readily volatilizes and can be 
recovered on a cold surface placed over the discs. 

The volatilization observed when the compound 
is on glass shows the true volatility of complex 
chloride extracted by the ketone. Thirty minute:; 
he3.ting nt l l2°C remove about one half of the po
lonium from the slide covers used for the purpose. 
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Table I 

Disc materi'al 

Silvtr .Aluminum Gltis, Copptr Plalitnun 

Room 0 11,427 10,900 11,296 4401 4412 
112 5 11,372 
112 10 8829 
112 12 7625 4379 
112 15 11,379 
112 20 8047 
112 30 6470 4331 4325 
178 5 11,193 
178 10 2436 
178 17 10,969 
178 20 1918 4200 
178 27 11,279 
178 30 4306 4227 
255 S ll,164 
255 10 1362 
255 16 11,181 

Silver was chosen since a series of experiments of 
longer duration at temperatures between 230 and 
240°C indicated that the loss was lower than for cop
per discs. Under the same conditions the latter oxi
dize strongly, and it is suggested that the apparent 
loss in activity is in reality due to absorption con
sequent upon increase in thickness. 

The advisability of slow evaporation of the solvent 
under an infrared lamp was demonstrated in an ex
periment in which aliquots of the ketone solution of 
polonium were evaporated on five copper discs. After 
measuring their activities, the discs were dried at 
180°C for one hour, and there was no more than l % 
reduction in activity. 

The possibility of the polonium compound dis
tilling with the solvent or the hydrochloric acid 
solution when distillation was carried out under 
atmospheric pressure was also investigated. Two ex
periments were undertaken for this purpose using 
1 ml of the ketone solution and 1 ml of 6N hydro
chloric acid solution. A micro-still, with a column 
about 6 cm long full of glass beads, was used to avoid 
mechanical entrainment of the active drops. 

Some 90% of the acid solution was distilled, carry
ing with it only 0.3% of the polonium present, while 
the following 9 % carried 0.5%. Diisopropylketone, 
on distillation, only carries half of these amounts. 

Finally, a series of experiments proved that evap
oration under infrared light of the solutions depos
ited on silver discs may be used both for the polonium 
solutions in sulfuric acid and for the diisopropyl
ketone solutions obtaiued by extraction of the for
mer, with volatilization losses of less than 1 o/o. 

Platinum discs were used for the polonium com
plexes with hydrofluoric or nitric acids, since nitric 
acid is slightly soluble in the ketone and will thus 
readily attack the copper and silver discs. 

The elimination of polonium is often useful in the 
analysis of mixtures of natural alpha emitters, in 
order to determine it by difference; this eliminat io"n 
being achieved by volatilizing it' from the discs onto 
which the mixtures have been deposited. Table Il 

indicates the most notable differences observed in the 
case of polonium extracted from solutions containing 
ammonium fluoride or nitrate. The values express 
residual activity on the disc in percentage. 

The practical conclusion from these experiments is 
that heating for 15 minutes at 850°C is sufficient to 
eliminate totally the polonium deposit. 

The distribution of polonium between the diiso
propylketone and the aqueous solutions of hydro
chloric, nitric, hydrofluoric and sulfuric acids was 
determined as a function of the normality. The ex
tractions were made by equilibrating a ketonic solu
tion of the chlorine complex with the acid solution 
of the required concentration. The activity measure
ments in each phase were made on equal volumes of 
each after establishing equilibrium between equal 
volumes of the acid solution and the diisopropyl
ketone solutions in sealed ampoules placed in a ther
mostat at 25°C ± 0.1 °C and stirred with a vibratory 
stirrer. Experiments done with several stirring times, 
ranging from 6 minutes to 20 hours, showed that the 
equilibrium can be considered to be reasonably 
achieved after 2 hours provided that the stirring has 
been vigorous enough. Accordingly, all subsequent 
experiments were carried out with stirring times of 
this order of magnitude. 

Table II 

Tcmp:C 450 sso 780 780 870 
Sall prc,ent 

T1.fflt1 ln ntinut~.t 10 s 
NH.F 97 89 30 8 0 
NH1F 100 92 33 10 0 
NH4N03 60 50 12 0 O· 

The experiments on extraction from sulfuric and 
hydrofluoric acid solutions were made at room tem
perature: l9°C. 

The amount of acid extracted by the ketone was 
determined by titration, and it was shown that neither 
the hydrochloric, nor the sulfuric acid, are extracted 
to an appreciable extent if the concentration is under 
6N. This does not apply to hydrofluoric or nitric 
acid. 

Figure 1 shows the results obtained for the ex
traction by diisopropylketone of polonium complexes 
with various acids as a function of acid normality. 

In all these experiments, the stock polonium solu
tion was prepared by extracting a solution of the 
element in 6N hydrochloric acid with diisopropyl
ketone. 1'he amount of hydrochloric acid passing into 
the solvent under these conditions is negligible. 

In one case the stock solution was prepared by · 
extracting polonium from a 6N nitric acid solution. 
Some of the acid was also extracted at the same 
time. The partition was determined with hydrochloric 
acid of different concentrations. It was found in these 
cases, that the quantity of polonium passing from the 
aqueous solution is greater than in the case of the 
stock solutions prepared from 6N hydrochloric acid, 
indicating the influence of"the simultaneous presence 
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of hydrochloric and nitric acids on the partition co
efficient. The beha,•ior with mixtmes of both acids 
was studied in greater detail. Figure l illustrates one 
of these experiments. It corresponds to a stock solu
tion of polonium in diisopropylketone extracted from 
a 6N aqueous solution of hydrochloric acid and 0.5 
N nitric acid, and then equilil.Jrated with hydrochloric 
acid of different normalities. 

The results suggest that the inAuencc oI reduci11g 
and oxidation agents on the extr:iction of polonium 
with di isopropylketone had to be investigated. 

Table III shows some of the results obtained. 
It was observed that polonium is deposited spon

taneously on a silver plate immersed in the ketone 
solution of the complex chloride, a phenomenon sim
ilar to that known for aqueous solutions. 

J n another set of experiments, the extraction of 
other heavy natural racl io:\ctivc elements dissolved in 
6N hydrochloric ~cid was studied: It w::is sho,;n 
that trivalent thallium and protoactmum are readily 
extracted (about 90%). Monovalent thallium is much 
less (about 17%) . Uranyl ion extraction is very small 
( about 0.6%). The others do not extract in propor
tions higher than 0.5'70. In particular RaD and RaE 
do not extract appreciably. Among the common ele
ments, iron is easily extracted. It was also observed 
that no naturally radioactive element follows the po
lonium in its passage into the diisopropylketone if the 
extraction is carried out from a 12N sulfuric acid 
solution from which all the polonium passes into the 
solvent. 

DISCUSSION 

These experiments did not permit the identifica
tion of the ketone-soluble polonium compound, nor 

of the reaction whereby it is extracted from the aque
ous acid stage, but it is worthwhile to view the whole 
in the light of what we know about the chemistry of 
polonium to date. 

The only valence state of this element which is 
established without any doubt is that of Po( IV). 
Martin 13 has p repared Po(NO,), and PoO, in 
macroquantities and established the relevant formulae. 

Numerous "tracer" experiments have established 
the existence of a series of tetravalent compounds . 

A first possibility, therefore, as regards the nature 
of the species dissolved in diisopropylketone is that 
it may be PoCI,, Po(N08 ) 4 or Po(SO.)~, according 
to the rr1edium used. However, it is hard to defend 
tbis hypothesis if we draw a comparison with the 
behavior of TeCI, and postulate that polonium should 
behave similarly to its homologue. In effect, EJ-vins 
and Morgan 14 demonstrated that tellurium tetra
chloride is neither extracted by cliisopropylketone nor 
reacts, as it does ,~ith most of the highe.r order 
ketones. 

The alternative assumption is that the extracted 
species are PoH20 1, PoH2(N03 ) 6 or PoH~(SO,),. 
These species o.re cited in the literatme as resulting 
from tracer experiments which indicate that the po
lonium is in the anion form if the acid solution has a 
concentration greater than lN.16 

Jt has been found, by coprecipitation, trot the salts 
of PoCI6-- are isomorphous with the chloroplumbates, 
chloroplatinates and chlorotellurites18 and. very re
cently, Staritzky" demonstrated the existence of the 
anion Po00- - as the principal species present in the 
solution of polonium is 2.SN hydrochloric acid, and 
further showed that potossium, rubidium, cesium, 
ammonium and tetramethyhlmmonimn are• insoluble. 

Our experiments in the extraction of hydrochloric 
acid in the presence of ammonium chloride ( see 
Table III) give results which agree with these views 
nnd suggest that the extracted spedes is H 1PoCI,, 
since a reduction of the extractability is to be ex
pected if an insoluble sail is formed. The same hap-

Origin of th, 
polot1i1on 

solutiOft. i~ 
dri.soprop:,lk1Ume 

HC16N 
HCl6N 
HN0,6N 
HN0,6N 
HN0,6N 
HC16N 
HC16N 
HC16N 
HCl6N 
HCl6N 
HCl6N 

H Cl6N. 
HCl6N 
H C16N 
H CJ6N 
H Cl6N 

Table Ill 

HCIJN 
HN0,3N 
HN0,3N 
HCIJN 

HCI 1.SN+HNO, I.SN 
HCI l.SN:;:HNO, 1.SN 
HCI 3N+KI 0.IN-I, 0.1 M 
HCI 3N+Kl 0.S M 
I-IC! JN:;:Kl 0.25 M 
HCI 3N s~t. Cl, 
HCI JN+VOCI, 0.1 M+ 

VCl.0.1 M 
HCI 3N mt. SO, 
HNO, 3N s:it . Cl, 
HCI 3N+CrO, (cold) 
HCI JN:.:NaCI 2N 
HCI 3N:;:NH,CI lN 

Per<1nta11• of 
poloHIUm /MIHd 
'" tit, so/WHI 

54 
37.5 
71 
10 
10 
5 

87 
97 
85 
30 

24 
3 
8 

33 
61 
33 
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pens when conducting experiments in the presence of 
iodine and potassium iodide. These were undertaken 
in the hope of observing a reduction of extractability, 
since the potential of the system 1-;11 should be 
enough to reduce the Po(IV) to a lower valence 
state, while an increase was actunUy observed. This 
may be interpreted by assuming that a more stable 
polonium iodine complex has been formed than the 
corresponding chlorine complex whose probable for
mula, by an extension of the same line of reasoning, 
would be H 2PoI6 • 

In the case of VO++/V•••, on the other hand, the 
observed decrease in the extractability should cor
respond to a chemical reduction, as was confirmed by 
experiments in the presence of sulfur dioxide, which 
brings the element down to a lower valency, possibly 
Po•+, in which it is not extracted by diisopropyl
ketone. The possibility of reduction to metallic po
lonium is excluded by measuring the activity distri
bution in a centrifuge after 4 hours of centrifugation 
which always gives uniform results, apart from sta
tistical deviations. 

The experiments made in the presence of strong 
oxidizing agents, such as chromic acid or chlorine, 
show a reduction of the amount of polonium passing 
to the solvent. This reduction is particularly notice
able in those cases in which the extraction is from 
an aqut:ous medium containing nitric and hydro
chloric ncid, either due to a mixture of them in the 
aqueous stage or to an addition of nitric acid origi
nally present in the solvent. 

Since the oxiclizing power of the nitric and hydro
chloric acids mixture is greater than that or the nitric 
acid by itself, we interpret these resul ts as the pas
sage of the element to a state of higher valency, pos
sibly Po(Vl), the corresponding species of which in 
this medium would be i11~0l11hle in the solYcnt. 

Very little is known about a possible hexavalency 
of polonium. Poss ibly, the most convincing work of 
this nature is due to Samar tzeva,18 based on the 
apparent isomorphous incorporation of polonium 
when lead or potassium tellurates obtained by ener
getic oxidation are crystallized in its presence. 
Guillot19 also found some evidence i11 the form of oxi
dation by chlorine which, in a weak acid medium, re
duces the amount of polonium precipitated by am
monium chloroplumbate. 

In our case, oxidation may be 11ttributed to the 
presence of nitrosyl chloride, which is believed to 
account for the high oxidizing power of concentrated 
nitric and hydrochloric acid mixtures 20 and whfoh 
might be present in our solutions. 

Against this hypothesis, the findings of Hicks and 
S tevenson may be quoted ;n they observed that, simi
lar to Ti◄ +, i\fn2 \ Zr .. , Hf•• and Sn<+, Se .. is not 
extracted by diisopropylketone and that the Te<+ is 
only sparingly extracted, while hexavalcnl com
pounds of tellurium and selenium are readily ex
tracted under the same conditions, the nature of the 
compound soluble in the ketone being unknown. 

Although the conditions under which H icks and 
Stevenson developed their e.xperiments a re similar tc 
ours, and a lthough polonium is homologous \\ith 
selenium and tellurium, these elements do not behave 
exactly alike. As shown in the li terature by Escher
Desrivieres"' and Guillot,16 polonium behaves differ
ently from tellurium in many instances. The insolubil
ity 0£ the hexavalent species in diisopropylketone 
may be one more difference from tellurium. 

CONCLUSIONS 

The behavior of polonium deposits in the form of 
chlorides, nitrates, fluorides and sulfates on platinum, 
copper, silver, aluminum and glass discs has been 
studied. Tt has been fo und that volatilization of these 
compounds begins at atmospheric pressure above 
110°C in the case of aluminum and glass; coppc-r, 
platinum and silver may be used if elimination of the 
solvent is carried out at a temperature not greater 
than 180°C and for no longer than 30 minutes. 

T he extractability of polonium with diisopropyl
ketone in different media has been studied, and the 
following results have been obtained. 

Where the pure hydrochloric, nitric or sulfuric 
acids are concerned, the extracted spec.ies are thought 
to be lhe following: H 2PoCI., H 2Po(NO,) 1, 

H,Po(SO.) 1 • 

In hydrochloric acid a t concentrations greater 
than 3N, and containing nitric :icid , the clement 
probably passes to a hexavalent state in which it is 
not extractable. 

It is exlractecl totally from a 12N sulfuric acid 
medium and, finally, not extracted from hydrofluoric 
:icid solutions. 

Extraction in the presence of several substances in 
a hydrochloric medium has also been studied, and 
shows that it is reduced by sulfur dioxide and am
monium chloride; the former by reduction, the lat
ter by the formation of an insoluble compound. 

The corresponding iodine complex, to which we 
ascribe the formula H.PoT.,, is more soluble in diiso
propylketonc and more stable than the corresponding 
ch1orine complex. 
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D1scussroN 

Mr. E. K. HYDE (USA) presented paper P/728 
as follows: As an introductory topic, let us consider 
solvent extrnction methods based on the formation 
of an organic chelate complex of one of the heavy 
elements and the removal oi this complex from an 
aqueous solution into a nonpolar organic solvent 
immiscible with water. A large number of chelating 
compounds have been us<.-d successfully, but the one 
which has demonstrated the most widesprea·d ap
plicability is the beta diketone called a-thenoyltri
fluoroacetone. This compound is conveniently re
ferred to under the abbreviation TT A. 

Slide 1 shows the structural formula of the com
pound. The compound was first synthesized and 
applied to heavy element extractions by Calvin and 
Reid and by their co-workers. The type of organic 
soluble metal chelate complexes that TT A forms is 
illustrated here by the actinium complex. TT A is in 
more widespread use than many other complexes be
cause it is stable in strongly acidic solutions, it has 
a favorable keto-cnol equilibrium, it is reasonable in 
cost, it has a low water solubility and because the 
complexes which it forms with various elements vary 
enormously in tbc equilibrium constant for thei r 
formation. 

A typical equilibrium expression using actinium as 
a representative metal ion is: 

Ac0
,aql + 3HTror111 :.== AcT3rorg) + 3H• ra11J 

K _ (H•)3aq X [AcT.toroJJ 
(co•IIJ - (HT)i0,

9 
Ac••(•qJ 

AcT.,,,,,11, 
-c--='----- = distribut:on coefficient 
AC .. tao) 
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HT refers to thenoyltrifluoroacetone. The expression 
in brackets, labelled the "distribution coefficient,'' is 
the quantity in which the radiochemist is usually in
terested. This depends directly on the value of K 
which varies from 1010 to 10·'", depending on the 
metal ion. However, it also depends- and this is a 
point which cannot be emphasized too strongly-to 
a high power on the acid concentra tion and to a 
high power on the concentration of the TT A in the 
orgo.nic soh·cnt, usually benzene. This frequently 
makes possible very sensitive control of the course 
of the extraction. I t makes it possible to direct a 
desired clement into the organic phase, while leaving 
undesired elements in the aqueous phase. 

The TT A extraction method is excellent for pro
tactinium becnuse the equilibrium constant is so great. 
Protactinium can be extracted from very strongly 
acidic solutions and the benzene phase can be washed 
repeatedly with aqueous acid solution in order to re
move impurities. 

The tetraposilive actinide element ions also are 
well extracted. Plutonium(IV) is particularly well 
extracted and can be removed from strongly aciJic 
aqueous ~olutions, although not as ensily as is pro
tactinium. The equilibrium constant for thorium is 
about a factor of 1000 less, but good distribution 
coefficients nre achieved if the acidity is dropped to 
3: pH of 1 or 2. ,Uranium(IV) and neptunium(IY) 
lie bet\~een thorium and plutonium in e.'<t roctability. 
Neptunium can be extracted away from plutonium 
by fixing the oxidation state of neptunium as the ex
tractable (JV) state and of the plutonium as the 
unextractable (III) state before the extraction. The 
principal contaminants :imong the lighter clements 
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are zirconium(I V), hafnium(IV), iron(III), cc
rium(IV) , tin(IV), and niobium(V). 

The tripositive actinide elements do not have large 
equilibrium constants, but if the acidity is adjusted to 
somewhere in the pH range o( 3.5 to 6, they too can 
be cleanly separated from a host of impurities. For 
example, Hagemann has removed milligram quan
tities of actinium from gram amounts of neutron
i rradiated radium in this manner . 

I should like to turn now to a consideration -of the 
extraction of the nitrate or chloride salts of the heavy 
elements into certain organic solvents. The heavy
element group is rather outstanding in the readiness 
of the ex.traction of its members. I should lil<e to make 
a few general remarks on the choice of solvents and 
choice of proper aqueous phase composition in order 
to get good extractions. 

A number of organic compounds capable of ex
t racting some or all of the heavy elements under suit
able conditions arc: ethyl ether ; di-isopropyl ketone ; 
methyl isolmtyl ketone; dibutyl ether of ethylene gly
col ( di butyl cellosolve) ; di butyl or diethyl ether of 
diethylene glycol ( dibutyl carbitol) ; dibutyl ether 
of tetraethylene glycol (pentacther); tri-11-butyl 
phosphate; and dialkyl phosphates. 

Ethyl ether is chiefly useful for hexapositive ura
nium, neptunium, and plutonium. A large amount 
of research went into the study of the influence of 
nitric acid and of monovalent, divaleut and trivalent 
neutral nitrate salts on the e.xtr:1ctability of hcxa
valcnt uranium. It was found that e.xtraction was 
low from dilute solutions. A high concentration of 
nitric acid increases the partition coefficient, but a 
greater increase is observed if the nitric acid concen
tration is in the range of 0.1 to 1 molar and if the 
salting strength is provided by a high concentration 
of such salts as ammonium nitrate, or, better still. 
magnesium nitrate or alLtminium nitrate. The influ
ence of the various salting agents holds true in a 
general way for the other solvents to be considered. 

All the solvents listed are more powerful than 
ethyl ether, but for radiochemical laboratory scale 
work, ether is still frequently used because of its 
high specificity for the hexavalent actinide ions, be
cause of the ease of removal of ether by evaporation 
and for other reasons. 

The tetrapositive ions are poorly extracted by 
ether, but are well extracted by most of the other 
compounds. In general, e..xtraetability increases in 
going up the series from thorium(IV) to pluto
nium(IV) . For a solvent such as methyl isobutyl 
ketone a ralher high concentration of acid and ni
trate salts in tbc aqueous phase is required. However, 
in the case of a solvent as excellent as tributyl phos
phate, it is possible to obtain favoralJle partition co
efficients with relatively low acid and salt concentra
tion. This is well covered in other papers in this 
Conference such as McKay's paper P/441. In order 
to reduce the cocxtraction of undesirable impurities, 
the salt and acid concentrations are usually kept as 
low as possible, consistent with a workable partition 
coefficient for the desired element. 

P rotactinium(V) is the only pentapositive ion 
which has received much study. Protactinium is 
highly extracted into certain solvents from nitric add 
or hydrochloric acid solutions. The effect of neutral 
salts is not quite the same for protactinium extrnc
tion, and in general neutral salts are not so necessary 
because of the high partition coefficients from mod
erately concentrated nitric acid or hydrochloric acid. 
Solvents which have provecl effective for protacti
nium include di-isopropyl ketone, di-isopropyl and 
di-isobutyl carbinol, methyldioctyl amiue, pentaether 
and tributyl phosphate. The tripositive actinide ele
ments are extracted the least readily and in general 
are left in the aqueous phases. 

As Slide 2 (Fig. 12 of P/728) shows, the extract
ability of the tripositive actinide and lanthanide ele
ments into undiluted tributyl phosphate from very 
concentrated nitric acid is quite appreciable, par
ticularly for the higher members of the series. 

The data here an: taken from the work of Peppard 
at the Argonne National Laboratory and of Gray 
and Thompson at California. Furthermore, if the 
acidity is made about 1 M in nitric acid and the 
solution is saturated with calcium or aluminium ni
trate, even actinium, which is shown to have a low 
extraction, can be made to go into the tributyl phos
phate with a very high distribution coefficient. 

Separ:ition of the heavy elements from each other 
can be achieved by taking adva11tage of differences 
in the behavior of the oxidation states. For example, 
uranium is quantitatively e>..'tracted from plutonium, 
which has been reduced to the tripositive state. Some
times differences in complexing action with aqueous 
phase complexing agents may be useful. For example, 
the strong fluoride complex of protactinium can be 
made use of in removing protactinium from tributyl 
phosphate by washing the solvent with a mixture of 
hydrochloric acid and hydrofluoric ::icid. 



338 VOL VII 

Certain solvents have been found which have truly 
phenomenal extraction coefficients for some of the 
heavy elements even in the absence of salting agent,;. 
Examples of such solvents are the dibutyl or the 
dioctyl esters of phosphoric acid. Even dilute solu
tions of these compounds are powerful solvents. For 
various reasons these compounds will not replace the 
solvents we have already discussed for most radio
chemical analysis work. However, for special pur
poses they nre very helpful. Foi:- example, Stewart has 
concentrn.ted the minute traces of uranium from a 
large volume of sea water into one hundredth the 
volume of organic solvent. 

Foi:- my next topic I should like to say a few 
words about the application of cation exchange to 
the heavy clements. The adsorption of the tripositive 
lanthanide and actinide clements on a column of 
cation-exchange resin and the selective elution of the 
elements with buffered citric acid eluting solution is 
a procedure too well known to require review here. 
I wish only to call attention to a few developments. 
Many of these developments have arisen from the 
need for very rapid separation of the transcurium 
elements. The very great chemical similarity 0£ ber
kelium to californium and to elements einsteinium, 
fermium and mendelevium, makes it obligatory to use 
the powerful cation-e,'1:change method. The short 
half-lives of most isotopes of these clements make it 
equally important that the separations be effected as 
raridly as possible, frequently within minutes. 

One important point is to operate the column at an 
elevated temperature, such as 87°C rather than at 
room temperature. The column dimensions must be 
small ao<i the resin carefully selected as to partjde 
size and cross-linkage. The commercial resin pres
ently preferred is Dowex-50, which is a co-polymer of 
vinyl benzene and divinyl benzene with nuclear sul
fonic acid groups to provide exchangeable hydrogen 
ions. 

Citric acid has been replaced by superior eluting 
agents. 

Stewart has a paper in the5e Proceedings of this 
Conference (P/729, Session l0B.2, Volume 7) on the 
use of glycoloic acid (a-hydroxyacctic acid). Lactic 
acid also has been widely used. Slide 3 shows the 
clean cut separation of the actinide elements and of 
the lanthanide clements which can be achieved by 
using buffered lactic acid as the eluting agent. The 
California team of T hompson, H arvey and Choppin, 
responsible for the data shown on this slide, recently 
introduced the ammonium salt of a--hydroxy-isobu
tyric acid, which appears superior to all its predeces
sors for a f::t.~t separation of the actinide elements. 

So much for the tripositive ions. The tetrapositive, 
pentapositive and hexapositive ions are readily ad
sorbed on cation-exchange resins. Data which have 
been published on this clearly indicate that a number 
of very promising new radiochemical separation tech
niques for thorium, protactlnii1m, uranium, neptu
nium, and plutonium have not bee\\ fully explored. 
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Slide 3 

The case of the tetrapositive ions is particularly 
striking when hydrochloric acid of varying concen
tration is used to elute the eleme.nts from Dowex-50 
cation-exchange resin. From dilute acid these ions are 
very strongly adsorbed. Thorium(IV), in fact, is 
strongly held even when elution with concentrated 
hydrochloric acid is attempted. But uranium(IV). 
neptunium(IV) and plutonium(IV), in that order, 
show an increasing tendency to form chloride com
plexes. Hence these ions and particularly pluto
niurn(IV) are eluted rather quickly with concen
trated hydrochloric acid. These facts :ire discussed 
in a paper by Diamond, Street. an~ Seaborg. 

A consideration of the chloride complexes of the 
higher oxidation states of the actinide elements leads 
us into my next topic which is the anion-exchange 
behavior of the actinide elements. 

One of the most interesting and certainly most use
ful developments of recent yea rs has been the appli
cation of anjon-exchange separations, particularly in 
hydrochloric acid solutions. 

It has been found that negative chloride comple.xes 
of uranium, protactinium, neptunium, and plutonium 
are formed in concentrated solutions of hydrochloric 
acid and that these complexes are readily adsorbed on 
anion-exchange resins. Much work has been done on 
a commercial resin called Dowex-1 which is a co-
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polymer of styrene and divinyl benzene with quater
nary ammonium functional groups. 

Adsorption behavior on anion-exchange resin from 
HCI can be summarized brieOy as follows : 

Hexav·,llent ions: Pu (VI ) < Np(VI) 
< U(VI) 
all strongly adsorbed 

Pentapositive ions: Pa(V) and Np(V) 
strongly adsorbed 

Tetropositive ions: Th(IV) U(IV) weakly 
not adsorbed adsorbed 
Np(IV) and Pu (IV) 
strongly adsorbed 

Tripositive ions : Ac(III) and Pu(III) 
not adsorbed 
elements 95-100 
weakly adsorbed 

Hexapositive uranium, neptunium and plutonium arc 
readily adsorbed from hydrochloric acid solutions 6 
molar or greater in concentration. They are readily 
desorbcd with O to 3 molar hydrochloric acid. Plu
tonium(VI) can even be adsorbed from strong solu
tions of nitric acid. [In the written version of my 
paper an erroneous statement is made to the effect 
that uranium(VI) also adsorbs from concentrated 
nitric acid.] 

Protactinium is readily adsorbed above S molar 
hydrochloric acid. Pentapositive neptunium is readily 
adsorbed above 4 molar HCl. 

Thorium is not adsorbed at any HCI concentra
tion at all. Tetrapositive uranium sticks only in very 
concentrated HCl, tetrapositive neptunium is ad
sorbed above 4 molar hydrochloric add, pluto
nium ( IV) is highly adsorbed and can be made to 
stick at any hydrochloric acid concentration above 
2.5 molar. 

Actinium(HI), and the trivalent ions of the acti
nide series in general, do not adsorb although the 
clements beyond curium show a slight tendency to 
adsorb from aqueous solutions saturated in hydro
chloric acid. Selective elution of these clements is 
possible. 

A consideration of these facts makes it readily ap
parent that the actinide elements can be cleanly sepa
rated Crom each other by a proper choice of oxida
tion states and hydrochloric acid concentration. The 
laboratory manipulations are simple, rapid and quan
titative when small amounts or when tracer amounts 
of the elements are used. The adsorption behavior of 
most of the fission products is known as was dis
cussed by Kraus (P /837, Session 9B, this volume). 
Hence radiochemical procedures can be devised for 
decontamination. 

This all too brief survey suggests the variety of 
excellent separations methods available in the heavy
element region. The variety is particularly striking 
in the case of neptunium and plutonium where sev
eral oxidation states can be obtained and stabilized in 
aqueous solution. These oxidation states have mark-

edly different behavior in coprecipitation, in complex 
formation, in solvent extraction, in organic chelate 
complex extraction, in cation exchange and in anion 
exchange. When either of these elements is separated 
from a complex mixture of elements such as a fission 
product mixture it is usual to take advantage of the 
differing behavior of the various oxidation states in 
the course of the purification. The philosophy behind 
most of these procedures is that those impurities 
which accompany the plutonium or neptunium in 
one of the oxidation states will show quite distinct 
behavior from them when thev are converted to a 
different oxidation state. This ·very powerful oxida
tion-reduction cycle method for the removal of im
purities is not applicable to elements such as thorium 
or curium which exhibit but one oxidation state in 
aqueous solution. 

Mr. V. N. KosYAKOv (USSR) presented papers 
P/674 and P/677. 

Mr. ]. Koo1 (The Netherlands) p resented paper 
P/9'29 as follows: As you may have seen from the pa
per submitted for this Conference we have carried out 
some experiments on the extraction of neptunium in 
its different oxidation states by means of organic 
solvents. We measured the partition coefficient a. 
defined as the ratio of the concentration of neptunium 
in th~ organic phase and in the water phase, as a 
function of the nitric acid concentration in the initial 
w_ater layer. ~ s solvents we have chosen diethyl ether, 
d1butyl carb1tol and methyl isobutyl ketone. The 
neptunium tracer used was the 2.3 day N p230 • 

The aim of the investigation was, apart from ob
taining quantitative <hta possibly useful for extraction 
purposes of neptunium and gaining some insight into 
the solution chemistry of neptunium, to use the data 
obtained for this element as a first step for estimating 
the behavior of plutonium. For this reason too we 
carried out some additional measurements on ura
nium and thorium. 

I should like to stress that our main interest has 
been to obtain as much quantitative experimental data 
as possible and that up to now we have not been able 
to go into detailed theoretical consideration of the 
curves obtained. 

For the experimental procedure and the main part 
of th: results, referen~e should be made to the paper. 
I~ this talk I should hke ~o draw your attention espe
cially for the results obtained with the (VI) state of 
the elements under consideration. 

Slide 4 (Fig. 4 of P/929) shows the results for 
uranyl nitra te. The partition coefficient is plotted ver
sus the concentration of nitric acid in the initial water 
layer for the three solvents mentioned. For diethyl 
ether some data may be found in literature which 
have been included in the graph and which 

1

show a 
satisfactory agreement with our results. The curves 
have the typical S-shape so often found in extrac
tion studies like this one, reaching an equilibrium 
value at higher nitric acid concentrations. 

Slide 5 (Fig. 1 of P /929) gives the results ob-
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tained in the case of neptunium trncer in the (VI) 
state. It will be seen that for all solvents the parti
tion coefficients are higher than for the uranium 
analogue. 

Now it seems to be Ycry tempting to try to predict, 
on the basis of these results, the values of a for the 
straight part of the curve for the (VJ) state of plu
tonium. As a first, admittedly very rough, approxi
mation-awaiting possible results of a closer exam
ination of the different factors involved in the 
extraction proccss--one may plot the logarithm of 
the partition coe.fficient versus the :1tomic number of 
the element. [n this way we may probably get an 
idea about the order of magrutude of the plutonium 
values by extrapolation from the presented data. This 
procedure is shown in Slide 6. 

A plot of the logarithm of the ratio 0£ the parti
tion cocfficienls of the element and of uranium versus 
Z £or the three solvents mentioned is shown here. 
Thus one arrives at the following values for the par
tition coefficient for plutonium (VI) at high nitric 
acid concentrations: 24.3 for dibutyl carbitol; 10.3 for 
diethyl ether; and 7.8 for methyl isobutyl ketone, 
respectively. 

Now, during the last few weeks we have been able 
to obtain some preliminary data on the pluto
nium (VI) stale. The plutonium solution used was of 
very low specific activity limiting seriously the ac
curacy of our results. It contained a 100-fold e."'Ccess 
of uranium-a complication not believed to be seri
ous in view of the results obtained with neptunium 
tracers in the presence of an even larger excess of 
uranium. The plutonium was oxidized to the (VI) 
state by means of silve r ni trate and ammonium per
sulphate. The measurements were carried out . at 
room temperature and the results at higher acid con
centrations especially must be· considered to be pre
liminary, in the sense that, owing:_mainly to the very 

SESSION 10B.2 

low activity of the aqueous layers, tile accuracy of 
the results is limited. 

More accurate measurements are being carr ied out 
at present. However, our results, given in Slide 7, 
being somewhat lower than the predicted ones, are 
expected not to be too far off from the real values. 
vVe have, moreover, some reason to believe that the 
straight line v:ilues arc probably a bit too high for 
dibutyl carbitol, and a bit too low for the other two 
solvents. 

In Mr. Hyde's paper some values may be found [or 
the extraction of plutonium(VI) by means of diethyl 
ether at nit ric acid concentrations up to 5 N. As 
these data came to my knowledge only a few days 
ago, they could not be included in the graph. 

Although they do fall a bit above our curve, it may 
be said, especially in view of the limited accuracy of 
our measurements, that they are in fair agreement 
with our data. 

DISCUSSION OF P/728, P/674, P/ 677 
AND P/929 

The CHAJRM:AN : Mr. J. J. Katz (USA) wishes 
to ask Mr. Kosyakov: "In the United States we have 
successfully separated Pa from Th by a volatilization 
procedure similar to that described by Shvetsov. Fur
ther, in P /823, submitted for this Conference, the 
United States describes volatility procedures for proc
essing irradiated uranium. v\Thn.t is the general alti
tude of the scientists in the USSR towards volatility 
procedures of this kind?" 

Mr. K osvAi-ov CCSSR) : This method is certainly 
very ,•aluable in that it yields such good results for a 
small engineering and economic outlay, as it is very 
simple and therefore ei:uy to use. T he application of 
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U-tis method, not only to plutonium and neptunium, 
but also to the remaining elements is definitely of 
great importance and attention is being given to this 
question in our country as well as in all other coun
tries, I should imagine. 

The CiiAJRMAN: The next question is from Mr. 
J.C. Hindman (USA) also to Mr. Kosyakov nnd he 
asks the following: "Have you made a direct chemi
cal determination of the per cent yield of neptunium-
237 compared to the plutonium? If so, what is your 
result?" 

Mr. Kosyakov, yon may have answered this dur
ing your comments when I heard you say that the 
amount is of the order of one-tenth of a per cent as 
much as undergoes the fission reaction. Is that right ? 

Mr. KOSYAKOV (USSR): In the paper I indi
cated that the ratio of neptunium to plutonium. i.e., 
the yield of neptunium, was 0.1 per cent, but this re
fers only to the first reaction, where the uranium has 
approximately its natural proportion of isotopes. In 
the case of uranium samples which have a greater en
richment of the light isotope, the neptunium propor
tion must be greater. 

The CrrATRllfAN: The next question is directed to 
M'r. Kooi in regard to his paper P /929 and it comes 
from Mr. E. K. Hyde (USA). The question reads 
as follows: "The extraction data for neptunium ( [V) 
and neptunium (VI) presented by Mr. Kooi are very 
similar to unpublished data obtained in American 
laboratories. However, in the case of neptunium.(\!). 
I believe that the American data show much lower 
extraction. I wonder whether Mr. Kooi has made 
sufficient allowance for the rapid disproportionation 
of neptunium(V) in nitric acid solutions of greater 
than 5 molar concentration?" 

·1 have a very similar question from Mr. H . A. C. 
McKay (UK). He asks the following: "What steps 
were taken to ensure that all the neptunium was in 

a single valency state? Could the same partition 
coefficients be obtained on extraction with two or 
more successive portions of solvent? A small admix
ture of a highly e>..1:ractah\c species, for example 
Np(lV), can vitiate results with a less extractable 
species, for example Np(V)." 

These are remarkably similar and I presume they 
could be answered at the same time. 

Mr. Koo1 (The Netherlands): In answering these 
two questions I sbotild like to say that we did our ut
most to be sure that the solutions were given in the oxi
dation stage mentioned in the paper and that we checked 
it as far as possible by coprecipitation experiments. 
Scco11dly, we carried out our measurements as fast as 
possible, just to prevent changes in the valency state 
of the metal ions as well ns we could, and in addition 
we varied the time of shaking by a factor of 4--10 in 
different experiments without finding any difference 
in the results. Therefore, I believe that our results 
arc tlte best ones obtainable under the actual condi
tions under which we carried out our measurements. 
A more detailed discussion of these questions will 
be given later in one of the references, mentioned in 
the original papcr.o · 

The CHAIRMAN: We have received another <1ues
tion directed towards Mr. Kosyakov in connection 
with paper P/677. The question comes from Mr. 
R. A. Penncman (USA) and it reads as follows: 
"You h:we given the stoichiometry of the ortho
rhombic K,AmO~(CO, ),. We have identified 
KAmO~CO~ as hexagonal. There arc still one or 
more unidentified phases. Have you studied them?" 

Mr. KOSYAKOV (USSR): An X-ray analysis of 
the compound K 5AmO!(CO!)a produced by the pre
cipitation of americium from saturated ec,rbonate 
solutions in an oxidizing medium has shown merely 
th.,t it is not isomorphous with analogous compounds 
of hexavalent plutonium and uranium. 
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Some Recent Developments in the Chemistry of Neptunium 

By J. C. Hindman, Donald Cohen, J. C. Sullivan,* USA 

The multiplicity of oxidation states exhibited by 
neptunium makes it one of the most interesting ele
':1ents of the actinide series for chemical investiga
tion. The early work on the aqueous chemistry of this 
element has been previously reviewed by Cunningham 
and Hindman.' It is the purpose of the present paper 
to summarize some of the more recent developments. 

ISOLATION AND PURIFICATION OF 
N EPTUNIUM-2372 

The recent work on the chemistry of neptunium 
has been aided by the isolation of gram quantities of 
the long-lived isotope, Np237 • Through the efforts of 
the Hanford Atomic Power Operations a quantity of 
Np237 was separated from uranium waste solutions 
by a precipitation process. The bulk composition of 
the composites as received is given in Table I. The 
neptunium was isolated from this material by solvent 
extraction. 

Cycle I 

. The cycle I extraction equipment is shown in 
Fig. 1. The cycle I flowsheet is given in Fig. 2. The 
neptunium distribution was followed by the use of 
Np230 (/1) tracer. The tracer solutions were reduced 
before addition to the feed make-up to insure isotope 
exchange equilibrium (see later summary). The total 
loss figures for the cycle I runs are summarized in 
Tab!~ JI. T~e- ov_er-all recovery after the first hy
d1·ox1de prec1p1tat1on was 95.7%. The most serious 
losses occurred in runs 1- 3 where a modification of 
th~. ferrous _sulfamate process used in cycle II was 
utiltzed. ThtS process was abandoned for the initial 
separation because: (a) the neptunium recoverv was 
low ( 47%) ; ( b) there was a carry-through of ex
traneous material, largely bismuth, into the strip (this 
cat'.sed serious interference in the hydroxide prccipi
tat10n step) ; ( c) the plutonium decontamination 
factor was low (2.5). 

The following comment can be made about the 
stripping operation in cycle I. Difficulty was found in 

* Argonne National Laboratory. 

Table I. Composition of Concentrates 
(Hanforcl Analyse,) 

Composite flN03 La(III) P1-,2S9 Np237 

1 Z M 0.65 M I8.85gm 3.0lgm 
2 2M 0.6SM 20.71 gm 4.8lgm 

Total 39.56grn 7.82grn 

Volume 

25.8 1 
26.2 1 
52.0 1 

345 

stripping the neptunium with small volumes of water 
or alkali solutions. This difficulty was eliminated 
after adoption of the nitrite strip. The effectiveness 
of this strip is presumably due to the reduction of 
the Np(VI) to Np(V). 

Cycle II 

The cycle II flowsheet is shown in Fig. 3. The most 
interesting aspect of the ferrous sulfamate process is 
the high acid concentration required for quantitative 
reduction. The behavior of neptunium in nitric acid 
solution appears similar to that in hydrochloric acid, 
:vhere the rat_e of r~duction of Np(V) to Np(IV) 
1s favored by mcreasmg hydrogen ion concentration.• 
It is probable that the poor yields in runs 1-3 of 
cycle I ar_e r~lated to t~is necessity to have high acid 
_for quantitative reduction of the neptunium. Increas
ing the acid concentration in cycle I would have 
unduly increased the volume of solution to be handled. 

The product recovery in cycle II is given in 
Table III. The total over-all yield through cycle II 
up to the hydro::dde precipitation is (95.7 X 94.0) = 
90%. The loss in the hydroxide supernatants was 
0.46%. The total yield of cycles I and II was 89.5% 
of the original material. A pulse anaylsis of the 
cycle II product showed that the a content was 16 ± 
5% Np237 and 84% Pu030

• 

The increasing loss in the latter runs shown in 
Table III requires comment. The hydroxides before 
feed make-up in cycles II and III were dissolved in 
approximately 8.3 M HN03 • Despite the fact that 
the hydroxides were heated to remove hexane before 
centrifugation, a considerable amount of organic 
matter carried through in the hydroxide. Very notice
able reaction was observed between this organic 
matter and the concentrated acid. It appears probable 
that the increasing losses can be attributed to com
plex .formation between -the end products of these • 
reacnons and the neptunium. 

Cycle Ill 

The cycle III flowsheet was the same as that in 
cycle II. Based on pulse analysis and alpha counts 
before and after this cycle, the losses were negligible. 
The product obtained from cycle III was 96A + 
l.3o/o Np237a and 3.6% Pu239a. Based on the alpha 
count and pulse analysis of the cycle III material 
the original total neptunium was calculated to be 
8.31 grams. 
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Cycle IV 

Preferential removal of neptunium from the 
product solution of cycle III was considered the best 
procedure for final purification. The principal gross 
metallic:-impurities in this stock were by weight, 
taking the Np as lOOo/o, equal to: Bi lOo/o, Na lOo/o, 
Al 0.7%, Cu 0.7o/'o, K l.So/'o, Si Zo/o. The neptunium 
nitrate solutions from cycle III were converted to 
chloride by double hydroxide precipitation and then 
processed by the flowsheet shown in Fig. 4. 

The resultant material from the cycle IV process 
analyzed («content): batch l, 4 gm Np237 (99.97o/o 
Np .. ', 0.033 ± 0.033% Pu030 ) ; batch 2, 3 gm Np037 

(99.24% Np237, 0.76 ± 0.39'0 Pu239). No impurities 
were found spectrographically in greater quantities 
than shown by the reagent blanks. 

The combined total of purified material was 7.08 
grams. The over-al l yield was 90.8% based on the 
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Runs 

1,2,3 
4-13 

14-23 

Table II. · p Losses in Cycle I 
(% of Total) 

Loss 

2.56% 
0.35% 
0.28% 

Runs 

24-28 
29-57 

OH· supernatants 
Total 

Loss 

0.06% 
0.43% 
0.61% 
4.29% 

Hanford analyses and 85.2% based on our estimate 
from the fj yield · ·after cycle III. In view of the 
experimental uncertainties, an average yield of 88 ± 
3% was taken. 

ELECTROCHEMISTRY OF NEPTUNIUM4 

Studies of the electrolytic oxidation and reduction 
of neptunium ions have been undertaken for two 
reasons: ( 1) To establish conditions for the prepara-
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Table Ill. Product Recovery in Cycle II (/J Loss) 

% C:,,cl~ / £,traction Strit Yi,ld 
{> roduct to,,(%) Jo,, (%) ~ 

9.88 0.78 0.64 98.6 
9.88 2.01 1.40 96.5 
9.88 1.84 0.25 97.9 
9.88 2.65 0.22 97.1 
9.88 2.24 0.11 97.7 
9.88 3.12 0.10 96.8 
9.88 4.31 0.03 95.7 
9.88 6.67 0.17 93.2 
4.94 J0.8 0.10 89.1 
2.68 8.28 0.10 91.6 
127 6.90 0.10 93.0 

% Total product recovered 94.0 

tion of a given oxidation state. The preparat ion of a 
desired oxidation state without the addition of ex
traneous oxidizing or reducing agents has obvious 
advantages in chemical studies. (2) To obtain 
kno" ledge about the type of processes involved in 
the electrode reactions. This aspect of th e investiga
tion is preliminary to a detniled investigntion of the 
electrode kinetics. 

Preporotion of Oxidation Stolos 

The oxidation-reduction reactions have been car
ried out using the controlled potential techniques.M 
The continuous control potentiostat and electrolysis 
cells were similar to those described by \\"chner and 
Hindman! Typical current voltage cur.es arc shown 
in Fig. 5. Indi<."alcd in the figure arc the thermo
dynamic oxidation potentials for the various couples. 
The Np(IIT)-Np(JV) and Np(V)-Np(Vl) oxi
dations and reductions proceed readily near the 
thermodynamic oxidation potentials. Oxidation or 
reduction processes involving changes in state be
tween Np( III) and Np(IV) or between Np (V) 
:--tnd Np (VJ) are therefore readily carried out by 
appropriate adjustment of the electrode potentials 
according to Fig. 5. 

O n the other hand, preparation of lower states 
from Np(V) or higher states from Np(IV) require 
n more involved process. For example, bt:cause of the 
large overvoltage 1·equired for the reduction of 
Np(\') to Np(IV), Np(IH) is produced. In the 
preparation of Np(lV) solutions, therefore. it is 
customary to reduce the neptunium completely to 
the +J oxidation state and then reoxidize at the 
appropriate potential to give a Np(IV) solution. 
Similar remarks :i.pply to the process for the prepara• 
tion of Np(V) solutions from Np(IV) . 

The Electrodo Rooctions 

From the fact that the Np(III)-Nµ(IV) and 
Np(V)-Np(Vl) oxidations and reductions proceed 
readily near the thermodynamic o:-ddation potentials, 
it is concluded that these reactions arc essentially 
diffusion controlled processes. As expected, in these 
cases the di ffusion current regions arc well defined. 
To obtain a diffusion current for the reduction ol 
Np(IV) to Np(TTI) it is neccssa?)'..to use a mercury 
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cathode. Diffusion currents proportional to the nep
tunium ion concentrations are obtained (see Fig. 6). 
Similarly, potential measurements by the zero-current 
method8 give ,·alues of the oxidation potentials in 
reasonable agreement with those obtained by con
ventional electromotive force methods (see T ~ble 
IV). T he diffusion currents increase a t a rate of 1- 2 
per cent per degree. This is similar to the tempera
ture coefficient obsen·ed for polarographic diffusion 
currents. 

An interest ing phenomenon is observed in the 
reduction of Np(V). re a constant potential of -0.3 
volt or less is applied, the current increases with 
time to a maximum at approximately the point where 
a coulometer indicates an average oxidation state 
of +4 and then falls off rapidly. This is illust rated 
in Fig. 7 These observntions can be explained in 
terms of a mechanism involving the following 
reactions. 

Xp(V) +c· ➔ Np(IV) slow (I) 

Np(IV) + c· ➔ Np (III) last (2) 

Np(III) + Np (V) ➔ 2 Np(IV) very fast (3) 
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Table IV. Forma l Oxidation Potentials of 
Neptunium Couples in 1 M HCI0 4 a t 25~ 

O.rid'Jti0l4 poltnl/41 
( volu vcrs,u NH8) 

Np' 3=Nn''+e
NpO2•==NpO2,.+e· 

-0.1558 

- 1.1379 

* From zero-<:urrenl measurements. 

After the initial reduction of part of the Np(V) 
by reaction ( I ) , r eaction (2) and ( 3) become 
dominant. A similar effect is not observed in the 
course of the oxidation of Np(IV) to Np(V ) , pre
sumably because 0£ the relative slowness of the 
Np(N)-Np(VI) reaction. 

KINETICS OF REACTIONS INVOLVING 
NEPTUNIUM IONS 

There is at the present time an increasing amount 
of interest in both the experimental and theor etic:ll 
aspects of the kinetics of reactions involving metal 
ions. The principal bar to future progress in '· tbi$ 
field is the lack of quantitative data. T he nt1111ber 
and relative stabilities of the o:xidation states of 
neptunium are such as to o ffer a unique opportunity 
for si1ch kinetic investigations. An extensive s tudy 
of the reactions of neptunium ions bas therefore been 
undertaken . 

In addition to the iundamental aspects of these 
investigations, two practical considerations that. make 
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such investigaJ:ions ,of interest should be noted. First, 
the application of tracer methods for following 
chemical reactions requires a knowledge of the rate 
at which isotopic equilbrium is established. Second, 
proper design of separation processes involving oxi
clation-reduction n~~ssitates knowing the kinetics 
of the reactions ·involvc'd. 

The reactions of neptunium that have been studied 
to date include the net reaction of Np( IV) and 
Np(Vl) to give Np(V ) ,10 the isotope c.xchange 
reaction between Np(IV) and Np(V),11 and the 
isotopic exchange reaction between Np(V) and 
Np(VI),1~ all in perchlorate solution. In the latter 
case the cxperimentnl work has been extended to 
nitrate and chloride media.13 

The Np(IV)-Np(VI) Reaction10 

The rate law for the fonvard reaction. Np(IV) + 
Np(VI) = 2 Np(V), is g iven b)· 

-d(NpH)/dl = k1° [Np+4) [NPO2+->) [H •F (4) 

At 25°C and µ. = 2.0, k1° = 2.69 ± 0.23 mole
liter·1-sec-1. T he single rate law is observed for 
hydrogen ion concentrations varying from 02M 
to 2.0M. The rate is not appreciably affected by 
change in ionic strength from µ. = 0.5 to µ. = 2.0. 

The Arrhenius energy of activation, E, has been 
found to be 25.2 ± 1.6 kcal. The heat and entropy 
of activation for the reaction were calculated from 
the rate expression for the transition state theory:" 

[ 

O O -0.1 -0.2 -0.3 - 0.4 -0.5 -0.6 - 0.7 - 0 .8 -0.9 -1.0 -I.I -1.2 -1.3 -1.4 -1.5 -1.6 -1.7 -1 .8 -1.9 

POTENT I AL vs. N. H. E. 

figuro 5. Current-voltage cvrves for axidation-redud ion reoctlon• 4?1 noptunlum 
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k
1
o =e!.•T eos·tBe-e,nr =qkTet;s•Be-(t,.rr• ·RT>/RT (5) 

h Ii 

The values are: /:,.H* = 24.6 ± 1.6 kcal, !:,.S* = 
17.S ± 2.7 cal-deg-1 , and /:,.F* = 19.3 + 1.6 kcal. 

Based on the observed stoichiometry, a number of 
mechanisms can be postulated for the reaction. Two 
of these are 

Np+<(aq) + H 20;:Np0++ + 2 H• 
rapid equilibrium (6) 

followed by 

NpOt♦ + Np02++;:=[0 -Np-O-Np-O]•• 
➔ NpO.♦ + Np0•8 (7) 

and then 

Np0•3 + H20;:Np0t + 2 H t 
rapid equilibrium 

Alternatively we may write 

(8) 

Np+<(aq) + 2 H,O;:Np(OH) ,+2 + 2 H+ 
rapid equilibrium (9) 

Np(OH) 2•
2 + Np0.++;:(0-Np-O-

H-0-Np-0-HJ+< ➔ 2 NpOOH•• (10) 
and 

NpOOH:,::Np02• + H• rapid equilibrium ( 11) 

There is, at the present time, no experimental data 
that would indicate the most probable mechanism. 

The Np(IV}-Np(V) Exchonge11 

The exchange reaction between Np( IV) and 
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Figure 7. Current•llme behavior In reduction of Np(V) at a cathode 
potential of approximately - 0.15 volt. 

Np(V) has been found to be complex. Figure 8 
illustrates the division of the rate, R, into two paths 
depending on the acid concentration. The rate law 
for the high acid path involves a first power of the 
hydrogen ion and for the low acid path an inverse 
second power. T he over-all rate equation can be 
expressed as 

R = k1 [Np0/)2 [H•] + k2 [Np .. ) 1 ·, 

(NpO(]°'" [H•J -• (12) 

The Arrhenius heat of activation, E, has been 
found to be 18.2 ± 0.2 kcal for the high acid path 
and 37.4 ± 0.5 kcal for the low acid path. The 
related quantities, /:,.H* and 6.S* for the two mech
anisms were calculated according to Equation 5. The 
experimental results a re tabulated in Table V. 

The mechanisms of the exchange reactions for 
both acid regions appear to be complex. The stoichi
ometry of the reaction for the high acid path is . the 
same as that observed for the disproportionation of 
uranium(V).1

••
16 This suggests that the exchange 

reaction may be 

2 Np* O; + H•~[X*]•3:;::N p* 0 2• • + 
Np* O,H• (13) 

Np* O,H• + Np(OH)2H.= Np02H• + 
Np* (OH)... (14) 

The stoichiometry of the disproportionation reac
tion ( 13) does not have the same form as has been 
adduced from the over-all reaction 

Np••+ NpO/• + 2 H ,0:.::2 NpOt + 4 I-!" 
(15) 

and the kinetic data for the Np(IV) -Np(VI) reac
tion. However, it is possible that the disproportiona
tion reaction should be written as 

2 Np02+ + H•.=[X*]•S➔Np02 .. + Np02H+ 

followed by a series of reactions 

Np02H+ + JI+➔ Np(OH) ,• 

Np(OH)t• + H+➔l:Jp(OH)H + H20 

Np(OH)•S + H+➔Np .. + H.o 

(16) 

(17) 

(18) 

(19) 
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Figure 8. Plot of log [H+J against log R for Np{IV)-Np(V) exchange 
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with the rate determining step being reaction 16. 
Although the stoichiometry of the disproportionation 
reaction has not been experimentally verified, the free 
energy, heat and entropy of activation are known 
from the data on the Np(IV)-Np(VI) reaction10 

and on the over-all equilibrium (Equation 15).17 
In Table V are given the energetics of the dispro
portionation reaction calculated from these· data. 
Although the activation energy for the exchange 
and disproportionation reactions are identical, the 
exchange proceeds at a much faster rate than does 
the gross reaction. It would appear that the activated 
state is not the same in the two cases. For example, 
the activated state corresponding to reaction18 may 
be [O-Np-O-H-O-Np-OJ•• while for the Np(IV)
Np(VI) reaction the activated state may be 
[ O-Np-O- Np-O) H or [ O-Np-O-H-O-N p-O-H] +< 

( see Equation 7) . 
The mechanism for the exchange in the low acid 

region also presents an interesting problem. The 
observed rate (Equation 12) can be expressed in 
terms of the following simple reactions. First the 
equilibrium 

Np+<+ Np* O 2•~Np* 02+♦ + Np•3 

whence 

[Np* 02••] = [Np•S) = K0,5 (Np44)0,5 

(20) 

[Np* Ot] 0 -~ ' • (21) 

also the hydrolytic equilibrium ( reaction 9) with 
exchange 

Np(OH),++ + Np* 0/•~[X*]••➔Np* 
(OH) 2++ + NpO/• (22) 

Reactions (9) and (22) correspond in stoichi
ometry to the rate law found for the formation of 
Np(V) from Np(IV) and Np(VI). In the exchange 
mechanism as written above, the reproportionation 

Table V. The F'ree Energies, Heats and Entropies of 
Activation for the Np(IV)-Np(V) Exchange Processes 

at 25° C 

t,p • t.H• t,S• 
Rtactio,, pain kcal- kcal- cal•deg-1 

moJr-1. mole-1 •tn.Olr1 

High ocid (experimental) 24.2 17.6 -22.2 
( calculated from 285 17.l -38.1 

disproportionation) 

Low ocid (experimenfal) 27.2 36.8 32.1 
( calculated from 30.6 41.5 37.1-

Np (IV)-Np (VI) reaction) 

reaction ( 10) is the rate determining process. Both 
the values of the equilibrium constant in reaction (21) 
and the value of the rate constant for reaction ( 10) 
have been determined. Appropriate substitution gives 

R = k2 [Np+<)1,5 [NpO2•]0.5 [I-PJ-2 = 
J{0.5 h,o [NpH)1-S [NpO,•JO,s [H•) ·2 (23) 

whence 

k,O ✓ l ;;-;= K 

but upon substitution of the measured values 

2.69 ✓ l 
.3.87 X IO-"# 25 X 10-10 

(24) 

(25) 

As is shown by the data in Table V, the exchange 
reduction for the low acid path proceeds at a much 
faster rate than would be calculated assuming the 
same mechanism as observed in the net reaction of 
Np(IV) and Np(VI) . The fact that in both cases 
the exchange reaction proceeds at a much f!!0re rapid 

180 ,------,-----.---- --, 

170 

150 

150 

140 

130 

120 

110 

100 

90 

80 

10~---~-~--~------> 
0 1.0 2.0 3.0 

(A-] 

figure 9. The effect of anions on the exc-hange rate t = 0°C, 
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--- two chloride complexes, NpO,CI+ ond Np02CI.; --nilrate 

solotion 
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rate than the formally related net r~ction indicates 
the care that must be exercised in utilizing the re
sults of e.xchange experiments in deducing the grogs 
rate o{ reaction. 

The Np(V)-Np(VI) Exchonge12,13 

The exchange reaction involving Np(V) and 
Np(VI) is of particular interest when considered in 
the light of recent theoretical proposals regarding the 
nnture and the factors affecting electron t ransfer re
actions in solution.1

••
10

••0 Both the Np(V) and 
~p(VI) ions are douuly oxygenated, with the Np-0 
distances reasonauly close ( ~ 0.06 A). J n this case it 
is expected that the primary hydration spheres are 
also very nearly identical. Calculation indicates that 
within the amplitude of the zero point energy vibra
tion. the structures of the two ions will match. By 
application of the Franck-Condon principle,'8 this 
~tmctural similarity is concomitant with a high prob
ability for the electron transfer process. 

The exchange reaction is first order in each of the 
metal ions and zero order in hydrogen ion. The bi
molecular rate constant, k, is 29.8 liters-mole· 1 sec-1 

at 25°C and p. = 1.0. The comparatively small dif
ference between the heat and entropy of activation 
in the present case and that for the Fe(II)-Fc(ID ) 
exchange systems (Table VI) is surprising in view 
of the expected rliminution on the barrirr fo r 
exchange. 

Table VI. Energies a nd Entropies of Activotion for 
the Excho nge Reactions of NpO2+ a nd NpOt•, ond 

of Ferrous Ion with Various Ferric Species 

N1>0!!·-No02·• 
Fe·•-Fe-• 
Ff:•·-Fe(OH)•• 
Fc ... - Fe\.l" 
Fe--FeF" 

R.3 
9.9 
7.4 
8.8 
9.1 

IJ.S• 
(<a/ ... dtg-l .1t1of~1) 

-24 
-25 
- JS 
-24 
-20 

In an effort to further determine the factors af
fecting the e..xchange, the influence of nitrate and 
chloride ions on the rate have been determined. Figure 
9 illustrates the results. lf the slight decrease in the 
exchange rate at higher nitrate is attributed to the 
incipient formation of a nitrate complex of Np(VI), 
then the exchange rate through this path must be 
low. On the other hand the observed effect may be 
due solely to activity effects. 

The exchange rate is markedly catalyzed by 
chloride. The data can be explained in terms of 
either one or two complexes of Np(VI). The en
ergy, entropy and free energy values for the possible 
exchange paths are given in Table VII. 

The effect of the halide complexing is much 
greater than observed in the Fe(IT)-Fe(I~I) e~: 
change studies!' If the similarity in the energetics 
in the iron systems are considcrci:i .to indicate a single 
operative mechanism, then , a c:ha~ge in mechanism 

Tobie VII. ,Energy, Entropy o nd Free Energy of 
Activotion fo r the Difforent Exchange Paths 

t=o•c ><=J.O 
Eorp AS• u:• 

POil (~rol,010/c·•) (rol-dc11•Lmole-') (kro/,molr') 

Np02•-Np02•· 10.6 - 12.6 13.48 
Np0?•-?-:p0!!CJ• 16.6• 10.9 13.06 
Np0i•-N1>02O• 15.4 6.7 13.02 
Np()z•-Np02Cb 15.3 5.0 13.52 

• Assuming a single path through chloride. 

between the chloride independent and chloride de
pendent paths appears likely for the Np(V)-Np{VI ) 
system. 

The argument can be advanced that if the Np01'

Np0,0 exchange proceeds by way of a hydrogen 
atom transfer, as suggested by H udis and Wahl 21 to 
explain the iron data, then the NpO:-Kp02CI• C..'<· 
change probably proceeds by a chlorine atom trans
fer. If more than n s ingle path through chloride is 
involved, the data sugges ts that the mechanism 
is the same in both cases. 

Similarly, if the Np00 •-Np0:4~ exchange proceeds 
by a direct electron transfer via the tunneling mecha
nism of Marcus, Zwolinski and Eyring,'0 then the 
?\pO,-NpO:CI· e.xchangc presumably proceeds by 
nn atom transfer mechanism. T his conclusion is based 
on the nrgun1ent that, although it may be possible 
to fit the NpO,•-NpO,'-• data to the di rect electron 
t ransfer process by appropriate adjustment of the 
empirical parameters in the equations, the positive 
entropy of activation precludes this mechanism for 
the halide dependent path if the electronic transmjs. 
sion coefficient, "•, is defined by the rdation AS* = 
R In "•· T he simplest explanation would be to assume 
that the halide dependent path involves a chlorine 
atom transfer: 

Np02C1• + Np*O.+ = [O.NpCI-Np*O,]•• = 
Np02 • + Np>l'02 C1· 

(26) 

It should be pointed out that the results of any cal
culations suc:h as those of 'Marcus, Zwolinski and 
Eyring will depend on the model assumed for the 
activated complex. For example, a possible model 
for the activated comple.x involving the uncomplexed 
ions would be 

An alternative model for the activated complex in• 
volving chloride, or where the exchange in the un
i:omplcxed species proceeds through water, would be 

[
~~u -- Cl -- i~] •2 . (B) 
I · I 

• o'. o- · 0 
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Assume that the bridging is through water mole
cules. In model (A) no rearrangement in the hydra
tion spheres would be involved. In model (B) water 
would be unfrozen in the formation of the inter
mediate .. Furthermore, because of the difference in 
charge distribution there would be a significant dif
ference in the repulsion energy for the two models. 
Although direct electron transfer could presumably 
occur in either case there would be a marked dif
ference in both energy and entropy values. A similar 
argument can be made if direct electron transfer oc
curs and the activated complex formed for the un
complexed species is (A) and for the halide com
plexed species is (B). It would, therefore, appear 
naive to attempt to argue about the probable mech
anism from the energetics alone. 

THERMODYNAMICS OF SOLUTION 

Distribution studies with the aid o[ the chelating 
agent ·1heonyltrifluoroacctone, have been used to es
tablish the existence of the N pH ( aq) ion as the pre
dominant species in perchloric acid solution.22 These 
measurements have been extended to a study of the 
association of Np« with sulfate ion. The kinetic data 
on the Np(V)-Np(VI) exchange has been used to 
obtain thermodynamic data on the Np(VI ) chloride 
complex ions.13 

The Sulfate Complexes of Np{IV)22 

The thermodynamic data on the Np(IV) sulfate 
comple..~es were obtained at ,,. = 2.0. No evidence 
was obtained for the presence of more than two com
plexes. The successive reactions may be written 

Np* = HS04- _;:: NpS04* + H+ (27) 

(H+) fNpSO,+<) 
k, = [Np ... l p-rso.-J (28) 

NpSO4++ + HSO4- ;:= Np(S04.)2 + H+ (29) 

fH•l [Np(S04)2] 
k2 = [NpSO/+] [HS04-J (30) 

Values of the constants obtained at different tem-
peratures are given in Table VIII. . 

From the temperature dependence of the associa
tion constants the partial molal heat and entropy 
changes of reactions (27) and (29) have been cal
culated. These are given in Table JX. 

Combining these data with the value for the disso
ciation 'constant of bisulfate at µ. = 2.0 23 and the 
value for the heat of dissociation/•. the thermody
namic constants for the reactions 

(31) 

and 

NpS04++ + S04-- ~ Np(SO1)2 (32) 

are obtained. For reaction (31) we calculate AF = 
- 4.79 kcal-mole-1, 6.f/ = 4.0 kcal-mole-1 and AS = 
30 cal-deg-1, and for reaction ( 32), 6.F = - 2.89 
kcal-moJe-1 , 6.H = 8.84 kcal-mole-1 and 6.S = 39 

Tobie VIII . Constants for the Stepwise Association 
of Np +• and HS04-

2<)6±30 
8.11 ± 1.62 

2s.2•c 
270±27 
11.0 ±2.2 

250±25 
13.7±2.7 

cal-deg-1
. The reactions proceed only because of 

the entropy change~. 

The Chloride Complexes of Np(IV)13 

Assuming that the catalytic effect of chloride on 
the rate of the Np(V)-Np(VI) exchange can be 
interpreted in terms of reaction paths involving chlo
ride ion, the data can be analyzed to give values of 
the association constants of the chloride complexes. 
The kinetic data at 0°C can he fit up to a concentra
tion of l.SM a- by the assumption of either one or 
two complexes. Despite the large experimental uncer
tainties at higher chloride the data are best repre
sented in this region by a mechanism involving two 
chloride paths. The alternative possibility is that the 
slow falling off of the rate in the high chloride re
gion and the similar effect at high nitrate in the 
nitrate-perchlorate solutions can be interpreted in 
terms of activity coefficient changes. In the absence 
of evidence favodng either one of these interpreta
tions, the data have been analyzed both in terms of a 
single complex and two complexes of Np(VI). 

For the association reactions 

Np02•• + CI- ;= Np02C\• (33) 

[NpO2Cl•l ( 34) 
/(l = [NpO.++] [CI-J 

NpO2CI• + O-~ Np02Cl2 (35) 

fNpO. CI,l 
K 2 = K1 [NpO2••J [C!- p ( 35) 

the constants obtained at different temperatures are 
given in Table X . 

Tobie IX. Values for the Free Energy, Heat and 
Entropy Changes in t he Reactions of Bisulfote 

and Neptunium(IV) 

··,.: t;F t;H AS 
Reactfon (kcol••m,le-1) (kcal•mole-1) (col-deg-t) 

Np•◄+HS04-= 
NpSQ~H+H+ -3.3 . -1.17 7.2 

NpSOi+++Hso.-= 
Np(S04)2+H• -1.42 3.64 17.0 

Tobie X. Association Constants for the Reaction of 
Cl- and Np02++ 

T t>nf>. 
(•C) K,* K1 K2 

0.0 1.62 1.26 0.20 
4.78 1.15 1.00 0.18 
9.84 0.87 0.81 0.16 

* Assumi~g the single complex of reaction (33) . 
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Analysis of the data yields values for the change 
in heat content ancl entropy in the formation of the 
chloro complexes. I£ a sing le exchange path is 
assumed, then l!i.H,na = -8.7 kcal-mole-1 and ~S:7:, = -32.2 cal-deg-1 £or reaction (33). The large nega
tive quantities for the heat and entropy change in the 
formation of the complex is unexpected. Although 
the assumption of two chloride complexes leads to 
more p osit ive values the difference is not marked. 
The computed values of the heat and entropy change 
arc 6.H2.a = -6.9 kcal-mole-1 and AS!l1!1 = -21 cal
deg-~ for reaction (33) and AH213 = 3.5 kcal-mole-~ 
and AS213 = 16 cal-<leg-1 for reaction ( 35). 

In magnitude, the association constant for the first 
Np(VI) chloride complex is very similar to lhat re
ported for U(VI).2 5

•
28 At 10°, K1 for the U(VI) 

chloride complex has been given as 0.58.'8 The two 
systems differ, however, in that the U (VI) complex 
is stabilized by increasing temperature, AH2 0 § = 3.8 
kcal-mole- • and ASm = 12 cal-deg-'. The under
lying cause of the diffe rence in behavior is not 
obvious. 
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A Riview of Americium and Curium Chemistry 

By R. A . Pennemon and L. 8. Asprey, * USA 

Americium and curium have now run the gamut 
of availability from early tracer quantities to the 
present gram a.mounts of americium and milligram 
amounts of curium. The bulk of work prior to about 
1954 was with Am2u (470 year alpha) 1 and with 
Cm242 (162.8 day alpha).2 The radiation from these 
materials not only constitutes a health hazard, but 
also produces remarkable chemical effects. For ex
ample. a solution of Am241 in the oxidation state (V) 
or (VI) reduces at a steady rate of a few per cent 
per hour by effects of its own alpha radiation.8 The 
problem is magnified in solutions containing both 
americium and curium, since the specific activity of 
Cm242 is very nearly 103 times greater than that of 
Am241_ 

In 1954, milligram amounts of Am243 (8800 year 
alpha)4 and Cm244 (18.4 year a lpha)" became avail
able. In the case of curium, the importance of this 
longer-lived isotope is strikingly evident, since it 
allowed the use of 10-20 microgram samp\es for 
X-ray work, whereas X-ray work with Cm242 was 
restricted to sub-microgram amounts to avoid film 
blackening by the curium radiation itself.6 With 
Cm2H it was possible for the first time to show un
equivocally the existence of tetravalent curium in the 
oxide.6 

The chemistry of americium and curium has been 
reviewed earlier.7•8 •9-13 This present review is based 
on recent work, as well as the earlier literature, and 
will touch on major characteristics of americium and 
curium. 

The early data on americium and curium estab
lished some of the major chemical characteristics of 
these elements. However, results of work with larger 
amounts and, in some cases, other isotopes of these 
elements are now available. Consequently, tracer 
work is included here only if confirmed by work 
with macro quantities. This review will attempt to 
correct some errors in the literature. 

The emphasis on theoretical interpretations of the 
properties of americium and curium ·has led to con
siderable interest in their chemisty. There is little 
question that americium and curium are members 
of the SJ, inner transition series.14 There is discus
sion as to whether they are members of a "rare-earth
like" or "actinide" series as promulgated by Sea
borg14 or members of a "thoride" series as supported 

• Los Alamos Scientific Laboratory, University of Cali
fornia, Los Alamos, New Mexico. 

by Zachariasen.10 These arguments will not be repro
duced here. However, from a chemist's viewpoint 
it would be well to state that strict application of the 
analogy between the 4f elements, europium and gado
linium, and the Sf elements, americium and curium, 
is primarily useful in comparison of properties of the 
(III) oxidation states and is an uncertain guide for 
prediction of valence state stability. While the (II) 
and (III) states of europium are well known, there 
is no reliable evidence for ionic compounds containing 
Am(II), and the existence of Am(III), Am(IV) , 
Am (V), and Am (VI) has been well established. 
Gadolinium has the (III) oxidation state only, and, 
although Cm (III) is the only valence state known 
in aqueous solution, there is positive evidence for 
Cm(IV) in the oxide. 

AMERICIUM METAL 

Americium metal has been prepared by reaction 
of barium with AmF3 at ,._,1200°C.l6,l7,LS The 
metal is malleable and silver-gray; the density was 

• measured to be 11.7 ± 0.3 gm/cm3 .1& The X-ray 
structure of americium metal has not been determined. 
The melting point is rather uncertain, since softening 
was observed about 850°C and apparently incom
plete melting even at 1200°C.16 The heat of reaction 
of americium metal with 1.5 M HCl was reported as 
-160 ± 4,16 and -162.3 ±2.7 kcal-mole-1 at 
25°C.17 The heat of formation at 25°C of Am+3 (aq) 
is calculated to be - 163.2 ± 2.7 kcal-mo1-1•11 The 
formal potentialt of the half-reacticm, Am(c) = 
Am•8 (aq) + 3e-, is estimated to be +2.32 + 0.04 
volts.7 ,17 Thus, americium metal is about as electro
positive as the lighter rare earths,19 and has approxi
mately the expected density, assuming a light rare
earth atomic volume and adjusting for the increase in 
atomic mass. 

355 

Preliminary values for the vapor pressure of pure 
metallic americium were reported recently.20 Over • 
the temperature range 1103-1453°K, the observed 
pressures are best represented by log p = 7.563 -
13,162/T. If a value of ACp of vaporization of -2 
cal moie-1 deg-1 is assumed, the equation log p = 
11.092 - 13,700/T - log Tis obtained. The free en
ergy of vaporization is then given by AF = 62,690 -
50.76T -2.303(-2)T log T. Other reported quan
tities are: AH 12711 = 60.2 kcal-moJe-1 ; T n = 2880°K; 

t The convention regarding sign in this paper is that used 
by W. M. Latimer, Oxidatio1i Potmtials, Prentice-Hall, Inc., 
New York, N. Y., 1938. 
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AH uso = 57 kcal-mole-1 ; AS mil = 20 cal-mote-1-

deg-1. This low value for AS 2aso probably arises f_r~m 
uncertainty in the extrapolated value o{ the botlmg 
point. Earlier studies on the vapor pressure of amer
icium from dilute solution in plutonium metal21 give 
higher americium v;ipor pressures; however, ideal 
behavior of the Am-Pu solution was assumed. 

There are little data on reactions involving ameri
cium metal, although there are undoubtedly a great 
many reactions which such an electropositive metal 
would undergo. 

The dissolution of americium in HCl was men
tioned above. The measured eYolution of H2 was 1.5 
(± 10%) moles of H2/mole of Am.10 The reaction 
Am(c) with H 2 (g, 1 atm.) to form AmH2.11:10,y.1 
was also reported.18 The compound AmH2(c) has 
been made in high vacuum.18 Americium metal reacts 
with a deficiency of oxygen to yield AmO.22 Ameri
cium amalgam has been prepared and is discussed 
under the section on Am(II).18 

AMERICIUM(II) 

There has been fragmentary evidence for the ap
parent production of Am(II) on a tracer scale.' 
However, subsequent work using milligram amounts 
and ~I/10 molar solutions of americium gave ~o 
supporting evidence for Am (II) in either the sohd 
state or in aqueous solution. Trcatmenl of SmCla 
with H~ yielded SmCl2, whereas treatment of AmCla 
with H 2 did not produce AmCl,.18 Electrolysis of 
samarium in acetic-sulfuric acid media, with a mer
cury cathode and separate anode compartment, 
yielded brick-red SmSO4 immediately.111 Electrol~sis 
of ytterbium under similar condi tions cansed the im
mediate formation of green Yb(II) followed by pre
cipitation of YbS0.1•1s Electrolysis of similar ameri
cium solutions yielded americium amalgam but gave 
no color change or precipitate of AmSO,.18 Shaking 
americium amalgam (0.01 M Am ) with (NH◄ )!!SO◄ 
and with (NH.)aSO4-H~SO, solutions yielded only 
pink Am(III).18 

The above evidence seems conclusive that Am(II) 
cannot be prepared under conditions where Sm (II) 
can be prepared. The first quantitative estimate of 
the potential was obtained polarograpl1ically from the 
failure to reduce Am(III) before reduction of hydro
gen ion, thus demonstrating that the Am-. Am+++
potential is more positive than +o.9 volts.7•23 A 
higher limit (Am++, AmH• > 1.5 volts) can be as
signed from the lack of reduction of Am+++ under 
conditions where both Sm+++ and Yb+ .... are reduced. 
T he Yb++, Yb•++ 2"' potential is +1.15 volts, and a 
recent estimate places the Sm*, Sm+t+ potential be
tween +1.s and +2.0 volts.25 

As mentioned before, AmO and AmH~ have been 
prepared. X -ray values for AmH2, LaH2, CeH2, 
PrH~. NdH2, SmH2, and GdH2 give interatomic 
distances showing lhese compounds to be metallic. 
and not ionic in character .22 The compound, AmO2~ 

is meta.Ilic and is similar to NpO and PuO.15 In the 
presence of excess metal, NdO ~ also been ob-

served.22 The early reported preparation of AmO by 
hydrogen reduction of Am~O3

10 has never been re
peated successfully20 and is considered unlikely. 

AMERICIUM(III) 

Trivalent americium has often been considered as 
the only stable state of americium in aqueous solu
tion.7 It is worth while to poinl oul that Am(V) and 
Am (VT) arc strong oxidizing agents in acid sol~
tions but no more so than Ce(IV) or MnO,-. It 1s 
thus 

1

only an accidental result o{ their reduction by 
effects of Amm alpha radiation that makes AM(III) 
appear so rtlath·e.ly stable. The isotope Am~a wi!h 
the longer hnlf-life and smaller alpha energy Will 
lower this self-reduction rate (by a factor of ~~) 
to a few per cent a day. Both Am~~3 (V) and 
Am213(VI) should then show much greater chemical 
stability. 

Treatment of a1nencrnm metal and amencmm 
amalgam with acid (referred to in previous section) 
results in a solution of Am (III). The charactcrislic 
color of Am (III) is pink in lQ-3 molar soluti_on a?d 
gradually becomes yellow as the concentration in

creases to ~ lQ-L molar in americium. Absorption 
spectra of Am(III) in HN03, HCI, and HCIO◄ and 
in K 2C03 have been studied.2 7-2~.~.3 o.iti It is inter
estini to note that only slight shifts of the major 
peaks occur in Am(III) spectra between acid and 
K2CO3 solution.zr,2~ In contrast, the spectra of the 
rare eanhs, Eu(UI) and Kd(Ill), show pronounced 
differences in the two meuia.32 The absorption spec
trum of Am(III) in HCIO., obtained with the Models 
11 and 14 of the Cary Recording Spectrophoto
meter30,33 is reproduced in Fig. 1, and is character
ized by sharp absorption peaks somewhat similar to 
Eu(III), but having much greater e:Ktinction coeffi
cients. Tbe peaks at 503 mp, and 812 m,-. are useful 
for analytical purposes, but with the narrow 503 mp, 
peak, instrumental defects ordinarily cause deviations 
from the Beer-Lambert L1w at high optical densi
ties.=o,ao 

Trivalent americium is precipitated by OH-, F-, 
C20.--, and PO.--- ions to yield compounds of low 

IOOO 

figure 1. Absorption spedrum of Am(III) in lM HCIO, 
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solubility.7 In SO-1-- medium, Am(III ) is precipi
tated if alkali ions are present; NaAm(S0◄) 2 • H:iO 
has been characterized.3• Trivalent americium, in gen
eral, is precipitated by anions which precipitate the 

· trivalent._rare earths. A careful study of the fraction
ation of 1anthanum'(III ) and americium (HI) oxa
lates by precipitation from homogeneouc; solution 
showed americium oxalate to be much less soluble 
and that good separation could be obtained. 85 The 
crystal ionic radius of Am'3 is appro.x;mately that of 
Nd+3 (Z = 60),15 although the complexing tendency 
of Am•8 causes it to behave like a rare earth of greater 
atomic number than Nd•3 ; in citrate medium it 
closely resembles Pm•3 ( z = 61) _30 

A very useful group separation of rare earths from 
the Sf elements including americium and curium in
volves elution with saturated aqueous HCI and HCl
alcohol mixtures from Dowex-50 rcsin.37 ,37••37b The 
Sf elements precede the rare earths. The reversal in 
elution position of Am(III ) and Cm(III ) as the 
concenlration of HO is varied (not shown by the 
rare earths) is interpreted as showing covalent bond
ing involving SJ orbitals.97• Another group separation 
of 5f elements and the rare earths is obtained by the 
use of ammonium fluosilic;ite ;ind fluosilicic acid ;0 the 
HCl method is more widely used . 

As discussed in the appropriate sections, there is 
110 evidence for the reduction of Am(I JI) to a lower 
valence state in aqueous solution. T he oxidation of 
Am ( III) in acid solution yields Am(VI) , while the 
oxidation in alkaline media usually yields Am (V), 
but Am(VI) can be obtained in special conditions. 

O ther solid compounds of Am (III ) which have 
been characterized include the hydride ( referred to 
earlier) and the following: AmF 3-thc vapor pres
sure of AmF ~ has been reported recently ;35 AmC13 ;30 

Amllr3 ;
30 Aml:J ;30 Am2O~;28 Am:::S.,-like the rare 

earth sulfides, Am~S3 cannot be prepared by addition 
of H~S to either acid or K 2CO3 solutionsofAm(IIJ) .30 

It is worth pointing out that the addition of H2S to a 
solution of Am(III) in dilute K2CO3 solution is a 
very ui;eful purification step, removing many ele
ments, particula rly lead, which follow americium in 
some purification procedures. 

Americium Separation and Isolation 

The major portion of the chemistry for isolating 
americium deals with the trivalent state. The extrac
tion and separation of Am(Ill) and Cm ( III ) by 
alkyl phosphates are subjects of a recent patent.40 The 
solvent extraction of rare earths on ~ kilogram scale 
using tri-n-butyl phosphate and nitric acid has been 
reported. •0A Extraction of americium into tri-n-butyl 
phosphate hos been used to concentrate americium 
on a gram scale.41 •42 It has recently been demon
strated that kilogram quantities o( rare earths can 
be eluted from Dowex-50 in a series of head-to-tail 
bands, each ·band contai_ning an essentially pure rare 
cartl1.48 This teclmique was exterided successfully to 
the large scale_ isolalion of a!llericium from ~ilogram 
quantities of lanth:inum.44 ' 

Oxidatio11 o[ Am(III) to Am(V) in carbonate 
solut ion by OCI-, S20 8--, or 0 8 (as discussed later) 
is a very useful method of separating americium from 
rare earths and other carbonate-soluble impurities. 
Oxidation of Am(III) to .'\m (VI ) io dilute acid 
solutions ( as discussed later) , followed by precipi
tation of fluoride-insoluble impurities, is another 
valuable purification method. 

~ERICIUM(IV) 

Americinm(IV) has been found only in the an
hydrous compounds discussed below. Estimation of 
the Am(III), Am(IV) couple from thermal data 
gives E, = - 2.44 ± 0.2 volts,40 which presumably 
accounts for the failure thus far to find Am ( rv) in 
aqueous solution. 

The oxide, AmO2, has been prepared by ignition 
of the nitrate, hydroxide, sesquioxide, or oxalate in 
air.7 •~8 At temperatures above 1000°C, the decom
position pressure oi oxygen becomes appreciable.26 

The composition of AmO:? has been established as 
AmO1.os::oo:i by oxygenation of Am2Os.28 Various 
lattice constants have been reported for the AmO2 

fluorite structure, depending upon the treatment arid 
the purity o[ the staning materia1.1s,4o Very pure 
Amz(C~04)s, ignited to 600"C and cooled slowly in 
an ozone-oxygen system gave ao = 5.376 ± 0.001 A..8 

The dioxide may be reduced to Am2O3 by hydrogen 
at eleYated temperatures.7 •26 The diox ide dissolves in 
acids to give Am( IIl)}~ 

Americium tetrafluoride has been prepared by di
rect flu orination of AmF3 or AmO2 at 500°C and 
1 atmosphere of fluorine;17 KAmFr; has been pre
pared similarly, using KArnO2C03 as a starting ma
terial.47 The monoclinic Am.F .. is isomorphous with 
UF◄, NpF,, and PuF4 • It is orange-tan in color and 
reacts slowly with water to give a compound con
taining Am ( Ill ). The compound, KamF5, is rhom
bohedral and isomoq1hous with KPuF;. Both AmF4 

and KAmF;; show sharp lines in their absorption 
spectra characteristic of "f' electronic structures.18 

The disproportionation of J\m ( V) follows such a 
rate law that the presence of Am (IV) in solution 
can ue inferred, but no absorption spectrum could be 
found which might be attributed to it.40 

If a solution of Am(III) is made basic in the 
presence of a strong oxidizing agent such as H 2O 2, 

Cl~, S2O8· - , or 0 3 the precipitate which forms is 
black or deep brown, and not the usual light pink of 
Am(Hl).ZT A slurry of Am (OH h when warmed ' 
and treated with ozone turns jet black.33 T reatment 
of this material with K2COa solution dissolves some 
of the americiun1, leaving a black residue which is 
soluble in acid. The resulting solution yields a dark 
precipitate when treated with base.83 The color of 
this precipitate could be due to the presence of 
AM ( IV) , but tllere is no specific evidence for this. 

AMERICIUM(V) 

A solid compound containing Am(V) was first 
prepared by" oxidation of Am(III) in Co3-- solution 
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by OCI- ;28 S 20 8 - or ozone are equaHy satisfac
tory.3M0 Dissolution of the compound in dilute acid 
( to avoid disproportionation) gives a solution of 
Am(V). A solution containing Am(V) may also be 
prepared by reduction of Am(VI) by Cl- or Br 
ions111 or by self-reduction of an Am(VI) solution.8 

Oxidation of an acid solution of Am(III) always 
yields Am(VI), not Am(V), since Am(V) is more 
easily oxidized to Am(VI)52 than Am(III) is oxi
dized to Am(V).r.3 

In acid solution, Am(V) occurs as the ion, Am02•
Evidence for this is found from infrared structure,54 

the reversible oxidation-reduction for the Am(V), 
Am(VI) coup!c02 and indirectly from solid com
pounds which contain the Am02• group.55,56 Solu
tions containing Am:?H(V) steadily reduce (~2%/ 
hour) to Am(III) as a result of the alpha activity 
Of Afil2H.~ 

A measurement of the heat of reduction of Am(V) 
to Am(III) combined with other thermodynamic 
quantities, both estimated and measured, yield for 
the reaction Am02• + 2H• + H2 = Am♦♦+ + 2H20 
the following values: t:i.H = - 92. l kcal ; AS = 
-39.6 cal-mole-1-degree-1 ; 6.F = -80.3 kcal ;E,O = 
+ l.74 v.53,G7 

Anhydrous RbAm02 C03 and NH4 Am02C03 have 
been prepared by ozone oxidation of Am (Ill) solu
tions in the respective carbonates. These compounds 
have been analyzed and their hexagonal structure 
verified by X-ray analysis.o.:1,os Other similar com
pounds of different crystal structure containing potas
sium or sodium have been prepared, but their struc
ture bas not been worked out. The compound, 
KAm02F~, has been prepared by addition of KF 
to an acid solution of Am(V) and was identified by 
X-ray analysis.00 Treatment of .KAm02C03 with 
strong ba~e gave a high americium solubility, indi
cating that Am(V) may be omphoteric or that ameri
cium (V) hydroxide is fairly soluble.~0 

An absorption spectrum 0£ Am02• in HCI04, 
taken on Models 1L and 14 Cary Recording Spec
trophotometers, is given in Fig. 2.00,» The spectrum 
has also been measured in HCJ20 and H2S04 .~8 The 

60 

Figure 2. Abiorptlon spectrum of AmM In 1M HCl04 ,. 

00.._ __ 4....._ __ e ___ ,.,.a---,""G•--.-=:i""o--~2• 
~H~ 

Figure 3. The di1proportionotion of Am(V) In 6M HCIO, 

peak at ,_.,717 m,-. is used for determination of the 
concentration of Am ( V). 

One of the more interesting aspects of the solution 
chemistry of Am(V) is its disproportionation. The 
disproportionation reaction has been studied in per
chloric add-19•113 and in hydrochloric acid.20 

In Fig. 3, rate curves of a disproportionation re
action in 6 M HCJ04 are given.40 The reaction is bi
molecular with respect to Am(V) , and the results 
of experiments at 3 M and 6 M H• lead to the con
clusion that the rate varies as the fourth power o[ 
the H+ concentration. An equation and rate law are 
given: 

2Amo~~ + 4H' = Am02°· + [Am(IV)] + 2H20 

~~ [Am(V ) ] = k1 Am( V) 2 (H•)• 

_ 
0 04 

(Jiters) 5 

ki - · (molesP ( hours) 

The assumption is made that Am ( IV) reacts with 
water to give Am (III) very rapidly since no spec
trophotometric evidence for Am (IV) was found . 
However, the posSibility of several per cent of 
Am(IV) existing transiently in solution during the 
course of the reaction cannot be excluded. T he re
action Am02• + Am(IV = AmOz- + Am(III) is 
postulated to c.xplain the observation that the 
Am(VI)-Am(III) ratio passes through a maximum 
between 1 and 2. 

Further work has shown that the reaction of 
Am+++ + 2Am02~• + 2H,O = 3Am02.. + 4H .. 
does not occur in either 1 J.1 or 6 M HCl04 , and 
that this may be construed as due to the high negative 
potential of the Am(III), Am (IV) couple.C13 Other 
evidence for this lack of equilibrium is given by the 
failure of Am(III) and Am(V) to exchange.G3• 

The disproportionation reaction in hydrochloric 
acid d id not yield any evidence of Am(VI).to This 
is hardly surprising since chloride ion is rapidly oxi
dized by Am (VI ) .~1 In hydrochloric acid it was also 
found that the reaction is bimolecular with respect 
to Am(V) and that the rate varies as the fourth 
power of the hydrogen-io1-i · concenlration.eo 



CHEMISTRY OF AMERICIUM AND CURIUM 359 

The auto-reduction of Am (V) solutions by the 
effects of Am241 alpha radiation was mentioned.3 It 
was concluded that the reaction was first order with 
respect to total americium, yielding the rate law: 

d(AR1•a)/dt _ -d(ArnO2+)/dt _ O 
023 

h 1 
(Am) - (Am ) - · r 

Reduction by hydrogen peroxide produced by alpha 
radiation effects on the aqueous solution was sug
gested. Additional studies using Zr (CIO~) 4 to com
plex the per oxide caused the auto-reduction rate of 
Am(V) to be slowed by a factor of seven but had no 
effect on the auto-reduction rate of Am(VI) .53 Sat
urating a solution of 0.002 M Am(V) with chlorine 
reduced the Am(V) auto-reduction rate by a factor 
of ~60.51 Measurement of the reduction rate of 
A111(V) by added hydrogen peroxide showed that 
the reduction rate was fairly slow and was first 
order with respect to f-lzO2•5 :1 The auto-reduction 
rate of Am (V) in HCI solutions is much lower than 
in HClO4 solutions (0.007 hr-1 and 0.023 hr1, re
spectively) _3 ,:o 

AMERICIUM(VI) 

Oxidation of Am(III) to Am(VI ) in dilute, non
reducing acids, i.e., below 1 M, may be accomplished 
by use of peroxydisulfate ion and less conveniently 
by argcntic ion.5° Ceric ion will only partly oxidize 
the Am(III ) to Am(VI).uo Ozone oxidation of 
Am(IU) to Am(VI) was attempted without success 
using 0.001 M Am(III) in 8.76 M H 2SO •. G0 No 
( <l % ) oxidation of a solution of 0.02 M Am(III) 
in 0.2 M HNOa was observed using ozone; heating 
had no effect.33 This is contrary to the results of a 
recent publication that Am (Ill) tracer can be partly 
oxidized to Am(VI) in 0.2 M HNO3 by ozone.60 

Similarly, no oxidation with periodic acid was 
found.09 Anodic oxidation of Am(ITI) to Am (VI ) 
is successful.13M 

O x_idatioa of Am(V) to Am(VI) can be carried 
out in hot HCIO~ or HNO3 solution very readily by 
ozone.30 Strong oxidizing agents such as Ce(IV) or 
a rgentic ion will also oxidize Am(V) to Am{VI ) .511 

Disproportionation of Am(V) by strong acid may be 
used to prepare Am(VI) .«O,G9 

Quantitative oxidation 0£ Am(Ill) to Am(VI) 
with peroxydisulfate iou has been carried out in solu
tions varying between 10-8 Mand ~0.2 M in ameri
cium.18,32 The fraction of americium oxidized is a 
constant over a given time interval, and from this 
it may be inferred that the reaction is no more than 
first order with respect to the concentration o( ameri
cium. The hydrogen-ion concentration does not ap
pear to affect the rate when it is below about 0.5 M, 
but it is essential thaJ the hydrogm-io11 concentration 
be kept low. Peroxydisulfate ion in acidities of the 
order of 0.5 M and higher decomposes by a first 
order, acid-catalyzed path yielding peroxy-mono-sul
furic acid which iu turn forms hydrogen peroxide,61 

a reducing age11t for A m (VI). Thus, the oxidation 
goes incompletely or not at all a t higher acidities. 

Conditions yielding complete oxidation of Am(III) 
to Am(VI) are : hydrogen ion :s;;O. l M ; S2O8-- = 
0.2 to 0.5 M ; temperature = 90°C; time ......,15 
minutes. The anions may be CIO,.-, NO3-, or SOr·, 
but Cr cannot be tolerated. 

Removal of Auoride-insoluble impurities from a 
solution of Am(VI) may be ca.rried out by the addi
tion of KF to the hot solution. If HF is used, the 
solution must first be cooled, as the acid-catalyzed 
path for the dcc01nposition of S2O8-- becomes im
portant a t higher temperatures, causing reduction of 
the Am(Vl). 

Solutions of Am(VI) are gradually reduced to 
Am(V) at a constant rate of ~4-So/o per hour,3 

due to the intense activity of Amm ( ~7 X 1012 

dm/gm) .1 Hence any long term equilibrium studies 
will be difficitlt to carry out until larger quantities 
of longer-lived isotopes become available. 

In acid solutions, Am(VI) occurs as the ion 
AmO2 ... , americyl (VI), analogous to U02*, NpOz++, 
and PuO2 ... , I nfrared spectra support this assign
ment,54 as does chemical evidence such as fluoride 
solubility, extraction into diethyl ether, and forma
tion of NaAmO2(C2H30,:i}3.~0 No oxide such as 
AmO3 or fluoride containing Am(VI) has been pre
pared. 

The only compound of Am(VI) which has been 
characterized is sodium americium acetate, iso
mor_phous with the analogous compounds of uranium, 
neptunium, and plutonium.00 Attempted preparation 
of americanates by addition of strong bases results in 
immediate reduction to Am(V ) _as,so 

The absorption spectrum of Am02++ in HCJO.,, 
obtained on Cary Models 11 and 14 Recording 
Spectrophotometers, is given in F ig. 4-.80,83 The 
peaks at ~995 m µ. and 667 mf'- may be used to 
deterimne the concentration of Am(VI). Only a 
slight shift in the 995 peak in 1 M HF, HNO3, 

aud H 2SO. is observed.32 
The potential of the AmO:t-AmO2++ couple has 

been measured against Ce(III)-Ce(IV) in 1 M 
perchloric acid and against Hg2+<-Hr in I M 

100 

117 75 
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92 50 

~ 
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Figuro 4. Absorption spectrum of Am(VI ) in lM HCIO, 
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HCIO~. using shiny platinum electrodes.G2 A value 
of Ef = -1.60 ::::. 0.01 volts was found for the 
half-rc:iction Am0:"" = AmO:.,. + o-. No hydro
gen-ion dependence has been found for the U, Np, 
and Pu couples, and it is presumed that there is 
no hydrogen-ion dependence of the Am(V), 
Am(VI) couple.G2 

Measurements of the heat of reduction of Am (VI) 
to Am(TTT) by ferrous io11 combined with meas
ured and estimated values of other thermodynamic 
quantities ior the reaction AmO~ ... + H• + 3/2H~ = 
Am•3 + 2H~O yield the following values: AH = 
-128.9 kcal; AS = -38.3 cal-mole 1 -degree-1

; 

t:.F = - 117.5 kcal; E,0 = +!.70 v.53.117 

An earlier estimate of the Am(IIl)-Am(VI) po
tential6n was in error due to a misinterpretation of 

-the effect of acidity on the oxidation of J\m(III) to 
Am(V1) by S20 8 ·-. The lack of oxidation in 2 molar 
acid was erroneously attributed to the hydrogen-ion 
dependence of the reaction: Amt++ + 2H!!O = 
AmO2.., + 4H• + 3c-, rather than to the effect of 
H• ion on the S2O8-- ox.idation kinetics as discussed 
above. A study of the oxidation of Am (III) to 
Am(VI) by Cc(IV) ion yields the value of -1.67 
volts for the above half-reaction.61 

Based on the values previously quoted, the follow
ing diagram giving the americium potentials in acid 
solution can be constructed : 

2.32 

CURIUM 
Curium exhibits only the plus three valence state 

in solution, and many attt!mpts to oxidize curium 
in aqueous solution have failed.0,1.0,13,63,64 An ex
cellent separation from americium may be achieved 
by oxidation of the Am(III) to Am(VI) in acid 
solution by S1O 8-- (fast manipulation is quite im
portant to success) and precipitation of the unoxi
dized Cm(III) by F-.os 

The radiation from Cm!!◄!! is of such magnitude that 
even americium cannot be completely oxidized if the 
concentration of curium is greater than about 0,0007 
M.03 However, even with Cm244 , an alpha emitter 
of ~18.4 years hal£-life,5 no ev;dence for oxidation 
of curium was obtained.0 Oxidation of Am(III) to 
an insoluble Am(V) compound in carbonate solution 
in the presence of curium gave no coprecipitalion 
of curium.13,03 These experiments rule out the exist
ence of oxidation states such as Cm(Y) and Cm(Vl), 
but arc not sufficient to mle out Cm(IV), since 
CmF4 woulci be expected to he insoluble in the first 
case, and Cm (OH)t would probably be soluble in 
the second. 

A mixture of CmF3 and TbF4 gave no evidence 
of oxidation of Cm(III) when heated together.04 

Heating CmF3 in fluorine gas at 300-S00°C sn,vc no 
evidence of oxidation.16 In the above fluorinations, 

Cm::•~ was used, and 

- I.69• 

Am (<2.7)t 
I 

Am•• >LS Am•• - 2.44 Am~• (-1.04)1 AmO.• -t.60 AmO,·• 

different results pos
sibly may be obtained 
using the less radio
active Cm:?~1 . -- I 

-1.74 _ An important group 
separation of the rare 
earths from plutonium, * The value of 1.69 volts is chosen rather than -1.,o or - 1.67 volts for internal consistency. 

t Values are determined by difference. 
Reducing agents such as hydrazine, iodide ion, 

and hydrogen peroxide react with Am(VI) to give 
Am(III). 

Sulfate ion was found to shift tbe potential of the 
Am(V)-Am(VI ) couple in the posi tive direction 
by several hundredths of a volt, indicating substantial 
complexing of the americyl(VI) ion by sulfate.G2 

Solution of 0.Ql N Am(V[ ) in 1 ivl HNO3, l M 
HF, 1 M H2S04 arc colored, respectively, light 
brown, yellow green, and deep brown, indicating com
plex ion formation, since AM (VI) is light yellow 
in HCIO. solution.32 

Early evidence of comple."ing by CO3- - consisted 
of formation of a relatively stable, deep brown, or 
red brown color upon the addition 0£ Am02~ to a 
carbonate solution.no This complex or complexes may 
be obtained readily by treatment of a slurry of 
Am(OH)s in NaHCO3 solution with ozone.33 The 
existence of Am(VI) in this solution was estab
lished by titration with hydrazine in basic solution 
and also by abrupt acidification which results jn o. 
solution containing primarily AmO2++.83 Infrarecl 
spectra indicate that more than one species occur 
when the C02f AmO2++ ratio is ·varied from 1.2 to 
7.8.33,82 

americium and curium 
consists of elution of these elements from Dowe.-c-50 
resin with saturated HCI, as referred to in the section 
onAm(III). · 

Curium metal has been produced by the reduction 
of CmF3 by barium vapor at 1275°C.CG The metal 
is silvery and resembles plutonium mch1l in its malle
ability. It seems to tarnish more readi ly than plu
tonium in an atmosphere of nitrogen, probably due 
to its intense alpha radioactivity which heats the 
metal appreciably. The density of curium metal based 
on its weight and volume, estimated from micro
scopic measurements, wa.o; reported :is 7 gm/cma ;65 
this low yaJue may be due to a void. 

The solution chemistry of Cm(III) is much like 
that of Am(III), so much so that ion-exchange meth
ods must be used to separate the two elements when 
both are in the trivalent state.7 ,66 Slightly soluble 
compounds are fom1ed with OH-. F-, C2O.- - . and 
P04___ which are useful in purification proce
dures.'·13 A study of the solubility of CmF3 at various 
tempcrature5 has been made.a,' An X-ray pattern has 
~een obtained for CmF8, showing it to be isomorphous 
with LaF8•22 A soluble carbonate complex is fonncd 
ih concentrated :co3-•1 solt1tions, as is the case with 
amcricium·.13 • ' 
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The absorption spectrum of solid CmF3 has been 
photographed on a 21-foot spectrograph.6 t The spec
trum of GdF3 was also measured, and the prominent 
lines of both compounds are given in Table I for 
compari~pn. 

Table I. Ultraviolet A bsorptio n Spectra of Curium a nd 
Gadolinium in the Solid Trifl uorides64 

CmF, Rdative GdF, Relative 
~. A i11ttust'ty >..A i11tc14.rit:, 

2&26 2 2834 4 
2774 10 2759 10 
2680 6 2666 4 
2368 4 2334 4 

Non:: The wavelengths are good to about 3 A; the inten
sities nre only relative, and the absorption in the curium is 
stronger than in gadolinium. 

No absorption at wavelengths longer than 2850 A 
was found in either curium trifluoride or gadolinium 
trifluoride. The fact that both curium and gado
linium show absorption only in this ultraviolet region 
of the spectrum supports the hypothesis that the 
electronic structure of curium is Sf, 7 analogous to the 
4f7 structure of gadolinium. 

The magnetic susceptibility of CmFs has been meas
ured at 295°K and 77°K using samples of the order 
of 25 micrograms.07 The value of x of 22,500 ± 400 
(cgs units X 106 ) at 295°K compares with the value 
of 26,000 which assumes a Sf configuration for 
Cm(III) and Russe11-Saunders coupling. In a· sam
ple of CmF3 diluted with 90% LaF3, a value of 
26,500 + 700 cgs units was obtained at 296°K.6S A 
difficulty, particularly important at the lower tem
peratures, arises from the Cm2~2 radiation which 
causes heating of the sample to an unknown degree. 

Recently, with the availability of Cm244, good 
X-ray patterns of some oxides of curium have been 
obtained, although a few measurements of com
pounds of Cm242 were made previously using, by 
necessity, samples of ~ ¼ microgram due to the 
intense radioactivity.0 The white sesquioxide, Cm~O3, 

has been made by thermal decomposition of higher 
oxides and gives a value for a0/2 of 5.50 A.6 Treat
ment with oxygen and ozone yielded a black com
pound with a0 = 5.372 A.0 This low value indicates 
that the composition of this oxide must be nearly 
CmO2, thus showing that quadrivalent curium exists 
as a solid compound. A preliminary measurement of 
the magnetic susceptibility of the higher oxides indi
cates that most of the curium was in the (IV) state.69 

The basicity of curium is borne out by the great 
difficulty experienced in hydrolysis of CmC!a by rlzO 
vapor.70 
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Spectrophotom~tric Studies of the Behaviour 
of Americium Ions in Solutions 

By G. N . Yakovlev and V. N. Kosyakov, USSR 

The present report concerns the spectrophotometric 
investigation of the complex formation of americi
um (III), the reduction of arnericium(V) and ameri
cium (VI) due to the products of the interaction of 
americium radiation with water and the mechanism 
of americium(V) disproportionation reactions. A 
pn;Jiminary study of the absorption spectra of ameri
cium ions in different valency states was carried out 
for this purpose. 

This report has been compiled by research work
ers G. N. Yakovlev and V. N . Kosyakov from the 
data of research workers D. S. Gorbenko-Germanov, 
R. A. Zenkova, A. P. Korovin, Y. P. Sobolev and 
the authors. The data are available at the Academy 
of Sciences of the U SSR. 

EXPERIMENT AL 

Measurements were carried out with the aid of a 
model SF-4 quartz spectrophotometer (made in 
USSR) using 1 cm quartz microcells and also cylin
drical microcells with hermetic seals; the latter had 
a volume of 0.8 mm and a path length of 2 cm. A 
cell holder of special design permitted measurements 

Original language: Russian. 
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Figure 1, Absorption ,pectrum of americium(III) in 0.1M HCIO, in · 
the 460-1100 ml' range. Americium concentration 15 .2 mM/1. The 
A8~20 mµ. , ntervo ls were studied for a 3 .86 mM/1 americium con• 
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to be made at a constant temperature. The absorp
tion spectra of americium solutions were studied in 
the 300-1100 mµ. range at 2.5 mµ. intenals and at 
smaller intervals in the regions of absorption maxima. 
The americium concentration was determined radio
metrically with a precision of ± 1 o/o. 

Americium(III) solutions were prepared by dis
solving americium (III) hydroxide in the desired 
acid. 

Americium(V) was obtained by ozone oxidation 
of americium(III) in a 40% potassium carbonate 
solution at 80-90°C. The precipitate of the double 
americium (V )-potassium carbonate obtained was 
thoroughly washed with water and dissolved. 

Americium(VI) was prepared by ozone ox:idation 
of americium(V) in dilute acid solutions. 

Specially purified chemicals were used in all ex
periments. 

RESULTS AND DISCUSSION 

The absorption spectra of americium(III), (V) 
and (VI ) ions in aqueous solutions are described in 
a number of papers.1,2,8,4 • 

The values of the molar extinction coefficients ob
tained by various authors for the most characteristic 
bands do not coincide. 

Absorption spectra of americium(III) (V) and 
(VI) were studied and the molar extinction coeffi
cients calculated for the whole spectral range from 
300 to 1100 mµ. (Figs. 1, 2, 4, 5). 

For quantitative calculations use was made of the 
following values of the molar extinction coefficients 
for the most prominent bands in O.lM HClO4 : 

20 

Wave - length in mJt 
Figure 2. Absorption spectrum of amerkium(ltl) In 0.1M HCIO. 

(short wage-length region): americium concentration 1 ~-5 mM 

...... 
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Amcricium(ITI) 503.l 378 
811 64.4 

Americium(V) 514 44.1 
il8 59.6 

Americium (V [) 666 24.6 
995 63.8 

The optical densities of the absorption bands with 
the exception of the peak al 503.1 m,.._ ( Fig. 3), light 
path within the range of concentrations studied (up 
to 16 mm/I for a cell length of I cm) , obey Beer's 
Law, this being in agreement with other authors.◄ -6 

FORMATION OF AMERICIUM(ll1) COMPLEX IONS 

The fonnation of americium (III) complex ions 
was studied in perchloric, hydrochloric, nitric and 
sulphuric acids. 

An increase in perchloric acid concentration alters 
the character of the spectrum only slightly. In 6M 
HC1O1 the values of the molar extinction coefficients 
for the 503.1 and 811 mp. peaks increase to 390 and 
70.3 respectively, without a shift in the position of 
the m a..'< ima. 

An increase in the concentration of hydrochloric 
acid from 0.20M to 6.04M also bad only an insig
nificant effect on the height and position of the peaks 
in the visible and infrared spectral regions. <~ou 11,,. 
drops from 360 to 351 ; <su m• from 63.7 to 61.2. In 
the ultra-violet region of the spectrum, however, 
ltighly substantial changes occur (Fig. 6) . 

MIi t!J4 186 '"' 
wave - length In. m)'-

Figure ,(.' Abso·,i,tion spectrum of omoricivm(V) In o.'lM HCIO.: 
omuldum concentration 16.2 ,mM/1 

With an increase in acidity there is a general rise 
of absorption in the ultra-violet region, accompanied 
by a flattening of some of the pe!lks, while others 
become more pronounced. However, the observed 
rise in absorption is less than that obtained by S. R. 
Hall, and P. D. Hemiman for acid concentrations.5 

The: absorption spec1rum in 0.2M nitric acid is very 
close to the spectrum in 0.IM pcrchloric acid, but 
an increase in acidity produces a marked change in 
the short wave-length region of the spectrum and a 
considerable shift of characteristic peaks in the visible 
and infra-red regions, accompanied by a decrease 
of molar extinction coefficients (Fig. 7). In l0M 
nitric acid the position of the 503 m1,4 peak is shifted 
to 505 mµ, whereas the molar extinction coefficient 
decreases to 168. 

cm "'" diminishes to 43 and the band becomes 
uroader. The 1048 m1,4 peak disappears. 

T he :i.bsorption spectra of americium(III) ions 
in 0.2.M sulphuric acid, with the exception of the 
ultra-violet region, differ little from the spectrum in 
O.lM perchloric acid, and an increase in acidity to 
4M has no appreciable effect upon the character of 
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Figure 5. Absorption sptdrvm of omerkium(VI) in 0.2M HCIOo: 
amerldum cottcentrorion 10..2 mM/ 1 

the spectrum. However, in lOM H!lso. the spec
tmm experiences a marked change (Fig. 8 ). In the 
ultra-violet region a sharp increase is observed in 
absorption. c~oa 111,. increases to 421. The peak ma.'Ci
mum which formerly corresponde<l to 811 m,, shifts 
to 815 m,.., with a decrease inc to 61.9. T he 1048 m,_.. 
peak m:lXimum moves to 1035 m11 with an increase in,. 

The character and magnitude o[ the alterations in 
the observed spectrum justify the assertion that sul
phuric and nitric ac.ids exhibit the greatest tendency 
towards complex ion formation with americium(III), 
while perchloric acid exhibits the least such tendency. 
This conclusion is in good agreement with experi
ments on the migration of americium(III) ions in 
different acids under the influence of electric fields. 

Elcctromigralion phenomena were studied with 
tracer quantities of americium in an electrolytic cell 
similar to that described by C. K. McLane, J. S. 
Dixon and J. C. Hindman,6 the duration of electrol
ysis being 24 hours and current intensity 5-15 ma. 
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Table I. Americium(II I) Electromigration 

Solve11t 

Sc/vent % mig,oliOtJ 
ccneen-
tralio,i To calhodc 7~o anode 

HCIO~ 
0.2M 100 
1.0.M 100 
3.7M 99 

I.OM 100 

HCI 6.0M 94 6 
· 8.0111 93 7 
10.0111 J2 68 

2.0111 100 
4.0M 78 22 

HNO, 6.0M 33 67 
8.0M 32 68 

10.0N 24 76 

The results obtained (Table 1) do not give a suffi
ciently accurate quantitative picture of the complex 
formation process, owing to the superposition of dif
fusion phenomena, difference in ion mobility, etc., but 
they do make it possible to form a conclusion on the 
sign of the complex ion charge and the relative 
strength of the complexing agents. 

Comparison of the data obtained in a study of the 
formation of plutonium (III) complex ions in hydro
chloric and sulphuric acids6 reveals a certain differ
ence i11 the behaviour of plutonium and americium. 
In hydrochloric acid media americium (III) exhibits 
a greater ability to form complexes, whereas in sul
phuric acid a noticeahle migration of plutonium(III) 
to the anode is already observed in lM H2SO,i. 

\/\Tith carbonate and acetate ions americium (III) 
produces rather stable complexes. A study of electro
migration reveals that in a 101/'o solution of potassium 
carbonate the americium is already in the form of a 
complex anion. The formation of complex ions of 
americium in other valency states was not the sub
ject of a special study, but random observations of 
changes in absorption spectra and the chemical be-

I• ,Wave- length in aw 
figure 6. Short-wage region of spectrum of omerlcium(III) in hydro
chloric acid: (1) 0.20 M HCI. (r.!) 1.00 M HCI. (3) 4.02 M HCI, (4) 

6'.04 M HCI . 

Solv,nt % migration conct-,i• 
Solvent tratit:m To cathode To anode 

l.OM 100 
2.0111 98 2 

H,SO, 4.0M 82 18 
6.0M 75 25 
8.0M 21 79 

IO.OM 8 92 

10% JOO 
K~co. 40% 3 97 

50% 2 98 

NaAc 25% 22 78 

haviour of certain compounds furnish evidence of a 
pronounced tendency of americium(VI) to form 
complexes in sulphuric acid media and americium(V) 
in hydrochloric acid media, which is confirmed by 
data available in the litcrature.3 •5 

AUTO-REDUCTION OF AMERICIUM(V) 

In dilute acid solutions americium(V) is reduced 
to americium (III) by the products of the decom
position of water under the influence of americium 
radiation.5 •7 

· The reduction process was studied by observing 
the decrease in americium (V) concentration and the 
increase in americium (III) concentration (Fig. 9). 
The complete reduction of americium(V) at 23°C 
takes place in 66 hrs: there is an almost linear de
pendence of the reduction rate on the total concen
tration of the americium in the solution. 

The decomposition of water under the •influence 
of ionising radiation may take place according to the 
reactions-!-

H20 ➔ H + OH (1) 

H20 ➔ H + ,½H202 (2) 

H20 ➔ ,½Hz + ¼H202 (3) 

If it is assumed that unoer the influence of a.-radia
tion decomposition follows only reaction (3)9 ,10 and 

JPQ == i 
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0.20 M H.SO, , (2) 1.0 M ti.SO,, (3) 4.0 M H.SO,, (4) 10,.0 M H,SO, 

that the rate of the formation of hydrogen peroxide 
is for slower than the rate of the reduction of ameri
cium (V) (the latter is true for :i very broad range 
of concentrations), the rate of the reduction of ameri
cium(V) may be calculated approximately according 
to the formula : 

d [Am(V)] 
dt = k4 [Am) = AAm • Q. [Am] 

W ·11 

where AA,n is the Am241 decay constant; Q is the total 
energy per disintegration; W is the energy of the 
formation of l pair of ions; and n is the change in 
valency. 

'fhc accuracy of the calculation is determined by 
the value o( W for aqueous solutions ( clifierent au
thors quote different values). We adopted Ka = 
1.76 X 10-2 hr-1, obtained experimentally from the 
accumulation of hydrogen peroxide in the ameri
cium (III) solution.• It is possible, however, that the 
decomposition of water partially follows reaction 
(2).ll,12 In this case the rate const::mt of the reduc
tion reaction increases, and the time of the complete 
reduction of americium (V) will be less than 57 h r, 
provided there are no americium ions in other valency 
stales at z~ro time. The long duration of the process 
of complete reduction and the non-rigid linearity of 
the reduction process in time, both of which were 
established experimentally, may be attributed in these 

• The Quantitative determinations of hydrogen peroxide 
were carried out spectrophotometrically from measurements 
of the absorption o( the tit.mium complex at 400 flll'. 
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Figure 9. Reduction cf oo,oricium(V) In 0.1 M HCIO, "' 23°<:, lnltlal 

cancenfralian af amoricium(V) 1~_.2 mM/I 

conditions, to side processes one of which is evidently 
the reaction of americium(V) disproportionation. 
The very low value o{ the rate constant of the auto
reduction reaction (7.4 X 10·3 hr-1 ) obtained in 
0.SM HCl (Hall and Herniman5) is apparently 
partly due to the same causes. 

AMERICIUM(V} DISPROPORTION ATION 

A study of the auto-reduction of americium(V) 
in solutions of higher acidity reveals that the process 
of reduction is in this case retarding. leading to other 
parallel reactions. The complete reduction of ameri
cium ( V) in 11\1[ sulphuric acid at 23°C takes place 
in 98 hr. When americium(V) is dissolved in 2M 
H:SO, after a certain period 0£ time an appreciable 
quantity of americium(VT) is detected in the solu
tion, besides americium(III). The concentration of 
the americium (VI) S hr after dissolving reaches 30% 
of the total americium concentration. This gives evi
dence of the disproportionation reaction taking place 
under these conditions (Fig. 10). With an increase 
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Figure 10. Dlspraportlonation of am•ricium(V) in 2M H1SO ,: molar 
••tlnaion caefflci•nt• for americlum(III) at 811 ffll' - 63; for ameti• 

ciuOl(V) at 718 m,ll - &O; for omoriciu,..(VI) al 99& ml' - 103 

in acidity the rate of this reaction increases markedly. 
and in 4M H~SO• at 23°C, 2J/2 hrs after the ameri
cium(V) is dissolved, the solution contains more 
than 50% of americium(VI) (Fig, 11). 

Owing to the parallel reaction of the reduction of 
americium(VI) to americium(V) the reaction of 
disproportionation does not attain stable equilibrium. 
The composition of the reaction mixture changes 
with an increase in the concentration of ameri
cium(III). which is the sole final product o( the 
overall reaction. 

If the reaction of disproportionation is represented 
in its general fom1 as 

R 11Am(V) i (11-l) Am(VI) + Am(III) (4) 

and the reaction of reduction as 

Am(VI)~Am(V) (S) 

the rate laws for each of the valency states of ameri
cium (both reactions proceeding) will be: 
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Table II. Calculation of the Stoichiometric Coefficient n of the Disproportionation 
· Reaction of Americium(VJ in 2M and 4M H2S04 

Conc£n• Concen• 
Acid lro..tian tf'ation 

ccmcen- TinLt. of tlm(V) of AmJll) 
lration "' in tnM/l inm /1 

20 2.00 1.65 
2M 30 1.76 1.33 

H,SO, 40 1.60 1.02 
so 1.49 0.63 

20 0.57 3.63 
4.\1 30 0.52 3.06 

H,SO, 40 0.48 2.48 
50 0.42 1.90 
60 0.36 1.34 

d[Amd~III)J = R1 - R2 (a) 

d[Am(V ) ] 
dt = 11R2 - nR1 + R. (b) 

d [Am(VI)] 
dt (n - I)R1 - (11 - l)R2-Ra 

(c) 

where R 1 and R 2 are the rates of the forward and 
back reactions, and R,. is the rate of the reduction 
reaction. 

By combining Equations a and c and integrating 
the expression obtained, we get : 

(11-l) [Am(III)] - (Am(VJ)] = R,.t = 
Ka[Am] · t 

therefore 

K,,[Am] · t+ (Am(III)] + [Am(VI)] 
[Am(III)] 

The value of K,. can easily be calculated from the 
change in the average oxidation number of the ameri
cium with time. The values of Ka. obtained in this 
way for ZM and 4M H2S04 are 2.42 X 10-2 and 
2.36 X 10-2 hr1• 

On the basis of the value obtained for the stoichi
ometric coefficient, the reaction of disproportionation 
of americium{V) may be represented as follows: 

3Am02+ + 4H+ ~ 2Am02++ + Am++• + 2H20 
(6) 

As a rule, such reactions are multi-staged. Therefore, 
a more detailed picture of its mechanism may be 
given by the following equations: 

Am(V) + Am(V) ~ Am(VI) + Am(IV) 
(7) 

Am(IV) + Am(V) ➔ Am(VI) + Am(III) 
(8) 

with reaction (8) taking place instantaneously, since 
americiurn (VI) is not detected in the solution. 

Asprey and Stephanou suggest a different mech• 
anism of disproportionation reaction in 6M HCI0,1, 
considering it to be a second order reaction: 

Con.cc•• 
trotiou 

of ,1mMII) 
intn /l Ka n 

2.62 2.42 X 10·•hr·1 2.8 
3.14 2.9 
3.64 2.9 
4.15 3.0 

3.95 2.36 X 10·•1,r·1 2.9 
4.58 2.9 
S.22 3.0 
S.85 J.O 
6.48 3.0 

Am(V) + Am(V) ~ Am(VI) + Am(IV) (9) 

Am(IV) ➔ Am(III) (10) 

2 Am(V) ~ Am(VI) + Am(III) (11) 

However, analysis of the experimental curves ob
tained by these authors show that in 6M perchloric 
acid the stoichiometric coefficient of the dispropoi:
tionation reaction ( 11) exceeds two. 

Evidently reactions (8) and (10) are competing 
reactions. In sulphuric acid, which is a strong com
plex-forming agent for americium(VI) and, appar
ently, for americium (IV), reaction (8) is the dom
inant one. 

AUTO-REDUCTION OF AMERICIUM(VI) 

In aqueous solutions americium(VI ), under the 
influence of its own radiation, reduces to ameri
cium (V). The reduction process was studied by the 
change in the concentration of americium(VI) and 
(V) (Fig. 12). 

As long as the concentration of americium(V) is 
below 4 mM/1 only one reaction takes place : 

Am02H + e ~ Am02• 

This proceeds at a constant rate, dependent upon the 
total americium concentration and independent of the 
concentration of americium (VI) . When the concen
tration of americium(V) exceeds 4 rnM/1, the dispro-

Q 5 !Q !5 IQ 15 3/J J5 t,/J/15 5Q 55 GO 55 lQ 

Time in hr 
Figuro 11. Disproportionotion of omerieium(V) in 4.M H,SO.: mofar 
exiinction cocff'kiont.s for omcricium(lll) at 811 mJ,I, - 6S; for omeri• 

clum(V) a t 718 mµ - 60; for omerieium(Vf) at 996 mµ - 105 
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portionntion reaction of arncriciurn(V) llccorncs sig
nificant and ret3rds reduction. As a result of this re
action americium(III ) appears in the solution. The 
complete reduction of americium (VI) took place in 
28 hr under the conditions of the experiment (in 
0.21'1 J-ICl01 at 2J°C and a 10.1 mM/1 initial con
centration of runcricium(VI) ). If the formation of 
0.7 ml\f/ 1 americium(III) is assumed to follow re
action ( 6), the rate constant of the reduction reaction 
in these conditions will be equal to 4.0 X 10·2 hr1• 

The lower rate constants for this reaction (2.42 X 
10-9 hr 1 and 2.36 X 10--2 hr-') obtained in 2M and 
4M H~SO.,, seem to testify the influence of complex 
formation on the rate of the reaction of reduction. 

If we a ssume that the decomposition of -water fol
lows reaction (3) exclusively, the value of Ka £or the 
reduction of americium(VI) is equal to 3.5 X 10-' 
hr1• The higher value of this constant obtained in 
studying the reduction of americium(VI ), confirms 
that under these conditions the decomposition of 
water takes place according to reaction (2). 
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Elect~odeposition of Plutonium, Americium and Curium 

By V. B. Dedov and V. N. Ko$yakov, * USSR 

Elech:odeposition of transuranium elements from 
solutions o{ their salts is a good mctho<l for obtaining 
uniform films which show no signs of flaking. These 
films can be used for studyini nuclear properties and 
for other experimental purposes. 

This paper describes a method for the electro
deposition 0£ plutonium, americium, and curium and 
gives some information about the behaviour of these 
elements during the electrolysis and about the kinetics 
of the process. 

Owing to their great electronegativity the elements 
of the actinium series cannot be deposited in the 
form of metals. It is cl1aracteristic of these elements 
that tl1ey can be deposited on the cathode as the 
hydroxides or other insoluble compounds, depcn1.ling 
on the conditions of electrolysis. Considering that in 
their tripositive s tate plutonium, americium and curi
um arc chemically analogous to the rare earth ele
ments it was reasonable to suppose that their elec
trochemical behaviour would be similar to that of 
the latter. By their chemical properties plutoni
um (IV) and plutonium(VI ) resemble respectively 
thorium and uranium, whose electrochemical prop
erties have been investigated by a number of au
thors.1.u,u A peculiar feature of the electrolysis of 
aqueous thorium solutions is hydrolysis in the layer 
immediately adjacent to the cathodc6•7 which causes 
precipitation of either the hydroxide or basic com
pounds. This can be avoided by electrolysis in acid 
m e<l ia, l in non-aqueous solvents1 or in media of com
plex salts of organic3 or inorganic~ acid solutions. 

U ranium can be deposited on metal surfaces in 
the form of uranyl ions4,G,s,o. io from solutions of its 
compounds. 

Considering the above analogy of the chemical prop
erties of uranium(IV, VI) and plutonium(IV, VI ), 
the ckctrodeposition methods for uranium have been 
used also for the deposition of plutonium. Existing 
practices of plutonium electrodeposilion may be 
divided into two groups. 

T he first group consists of normal methods based 
on the isolation of plutonium from solutions contain
ing pluto11ium in the form of plutonyl ions. It in
cludes electrolysis of uuffered solutions of complexes 
with organic acids, also methods based on the forma
tion of insoluble compounds during the process of 
the cathodic reduction of plutonium to the tetra
positive oxidation state. 

* Origin.ii language: Russian. 

The second ~roup consists of methods of electrol
ysis of plutonium in the lower oxidation states. 

Like uranium, plutonium (VJ) salts were electro
lysed in acetone, carbonate and basic solutions.11• 16 

T hough plutonium(VI) and uranium arc quite simi
lar in a number of properties, the methods applicable 
to uranium did not yield sufficiently satisfactory re
sults for plutonium. This was not ttne..xpected, as 
plutonium and uranium behave differently in elec
trolysis due to the great difference in their oxidation
reduction potentials and the properties of the result-
ing compounds. . 

In the reported w ork12 on elcctrodeposition of plu
tonium from solutions with carrier containing plu
tonium in the lower oxidation s tate, the autl1on have 
erroneously proceeded on the assumption that abso
lute absence of water and free acid in the electrolyte 
was necessary and therefore car efully avoided plu
tonium(IV). But it is known17 that the media need 
not be absolutely neutral and non-aqueous for the 
electrodeposition of lanthanum and thorium, whose 
chemical properties are very much like those of plu
tonium ( HI) and ( IV) respectively. I t therefore 
hardly seemed probuble that plutonium would be
have essentially differently under these conditions. 

The authors of this paper investigated the influence 
of various factors on the electrolysis of chlorides of 
transuranium elements in the tripositive state and of 
plutonium(IV) chloride for the purpose of working 
out a simple :i.nd reliable rnethod for obtaining uni
form and adherent films. 

The preliminary investigation of the electrodeposi
tion method was carried out on the rare e;irth ele
ments; cerittm and samarium, because their chemical 
properties are similar to those of transltranium ele
ments in the tripositive stale. 

EXPERIMENTAL 

Apparatus 

Special equipment was designed and 1.Juilt for the 
investigations to solve the problems connected with 
the practical application of the electrodeposition 
method. 

369 

In the main two kinds of electrolytic cells were 
used : (a) glass and quartz electrolytic cells with a 
flat cathode and rotating anodes; ( b) electrolytic 
cells with cylindrical cathodes and rot.."lting anodes 
for deposition of films on the outside and inside 
surfaces of the C)'linders. 
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Tobie I. Tho Influence of A lcohol on 1he Current 
Efficiency and the Quality of Cerium a nd 

Samarium Deposits 

O.ricits Cu,,.,nt 
oblaitied. cffi;i,ncy, Quo/it~ of 

Solvents '"11 
,. de1>os1Js 

\Vakr . ....... S.l 50.5 Friable, crumbles 
when dry 

25% alcohol 7.7 76 
50% alcohol 7.9 78 
75% alcohol 8.2 81 
99% alcohol 8.8 87 Adherent. cracks 

when dry 

Reagents 

For the work with rare earth elements commer
cial CeCla • 7 H20 and Sm20 8 were used. Samarium 
chloride was prepared by dissolving samarium oxide 
in hydrochloric add with subsequent vacuum drying. 
Carefully purified plutonium (IV) chloride was used 
directly. Plutonium(III) chloride was prepared from 
it by hydrogen reduction on platinized pl:ltinum. 
Contamination of the plutonium and americium sam
ples did not exceed 1 per cent. The curium samples 
were obtained by irradiation of americium in a pile 
with subsequent quantitative separation by cation
exchange-resin. 

THE PRELIMINARY INVESTIGATION 

The composition and quality of cathode films are 
determined chiefly by electrolyte composition and 
current density. Since published works hardly touch 
on the influence of these factors we undertook sys
tematic research in this field. Experiments were car
r ied out on the electrolysis of cerium and samarium 
chlorides in aqueous media, ethyl alcohol, and alcohol
acetonc-water mixtures. 

Flaking films, obtained by electrolysis of nqueous 
samarium chloride solutions, adhered only slightly 
to the cathode surface. 

Decrease of current density improves the quality 
of the film. \\Then the current density, however, is 
less than 0.5 ma/cm2 the hydroxide is not formed. 

The influence of the alcohol content in the clcctrn
lyte on the current efficiency and the quality of the 
film is shown in Table I. 

Table II. The Influence o f Current Density on the 
Current Efficiency and Deposit Quolity of 

Cerium and Sa marium Oxides. (The 
Solvent Is 99% Alcohol.) 

c~rrnl Orid• c .. ,..,,..1 
-:..":1~• obt•i,.,J, ~TtNenc-y, QHOlily of 

tff(I %mo deposit 

1.0 8.8 8.7 Adherent, cracks 
when dry 

0.5 4.6 91D Cracks when h~ated 
0.2 2.0 100. Adherent, readily 

rubs off 
0.1 1.0 100. Adherent, ,~adily 

rubs off 

The data in Table I were obtained at a current 
density of 1 ma/cm2 and electrolysis time of 40 min. 

Alcoholic media are more convenient for electrol
ysis since they make it possible to decrease the 
current density with the result that the quality of 
the deposit improves and gas evolution is completely 
e.'<c!Uded. 

As seen £rom Table II the most suitable current 
density for electrolysis in 99o/o alcohol is 0.2 ma/cm2

• 

Further decrease of current density increases the 
electrolysis time, but does not appreciably improve 
the quality of the deposit. 

Various mixtures of alcohol with acetone and 
water were tried for improvement of the film quality. 
These tests showed lhat the addition of a small quan
tity of water ( up to 15 % ) considerably improves the 
quality of the electrolysis film. The most adherent 
film was obtained by using a mixture consisting of 
50% alcohol, 45% acetone, and So/o water with a 
current density of 0.2 ma/cm2• Acetone evidently 
facilitates dehydration which in turn is conducive 
to the formation of adl1erent cathode films. 

Analysis of the cathode deposits shows that the 
hydroxide produces crystalline compounds with al
cohol and water as constituents. 

The composition of the deposits depends upon the 
water and alcohol ratio in the electrolyte and can be 
expressed by the general formula: Sm(OH)a · 
11H20 · 111C2H50H. The composition of the cerium 
deposits differs from that of the samarium one, since 
cerium is partially oxidized to the tetrapositive state 
by the products formed at the anode. 

ELECTRODEPOSITION Of PLUTONIUM(lll) 

For the deposition of plutonium by the rare <;arth 
clement method it was found that the electrolysis 
under these conditions should not be carried out for 
more than 10-15 min. Prolonged passage of the 
current leads to the precipitation of plutonium(IV) 
hydroxide. However, if the concentration of plu
tonium does not exceed 0.03 mg per ml precipitation 
may not occur. 

Table Ill. Electrodeposition of Plutonium from 
Neutral Media 

Cuf'rC>it d.,-,,i~ity, TitJ!C, CH-rrt:"''t· Ffl,n dcns<iy fo mg 
ma/c-m• "''" d4iUC~. C!. of P11/cm• 

0.2 4 93.1 0.037 
0.2 8 92.2 0.073 
0.27 15 81.0 0.14 
0.2 40 36.0 0.16 

Table III gives the results of the electrodeposition 
of plutonium from neutral media. 

The dependence of the deposit on the electrolysis 
time in acid media (pH= 1.5-2.0) is shown in 
Fig. 1. The points on the cu,vc represent average 
results of a number of experiments. 

The initial quanti6es of plutonium in each experi-
ment were 1.5 mg, the ~thode surface was 16 cm2• 

Electrolysis was carried out with a current density 
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Figure 1. Dependence of plutonium deposition (per cent) on 

al,tetrolysis time 

of 5-lO ma/cm~. Practically all the plutonium was 
separated with a film density of up to 0.25 mg/cm2• 

The plutonium films obtained were sufficiently 
adherent. 

ELECTRODEPOSITION OF PLUTONIUM FROM 
SOLUTIONS OF PLUTONIUM{IY) 

Good films can be obtained by increased acidity 
and high current density. Thus, electrolysis at a 
current density of 40 ma/cm2 of an alcohol-acetone
water solution of plutonium(IV) with 0.1 N acidit)' 
removed 97o/o of the plutonium from the solution in 
3 hr as a uniform yellow-brown deposit with a film 
density of up to 0.3 mg/cm2 • 

ELECTRODEPOSITION OF CURIUM AND AMERICIUM 

. Electrodeposition of tracer amounts of curium and 
americium was carried out from solutions having 
americium and curium concentrations of 2 X 10-10 

gm/ml and 2 X 10-7 gm/ml respectively (the dis
integration rate for both elements was 10° a. partic.les/ 
ml-min) at a current density of 20 ma/cm2 . From 

JOO 
-r1 ~ 

.f V -fl 

/ 

I 
JO 

I 
+ 

0 JO 50 min 
figure 2. Dependence of percentoge of element isolotion upon 

electrolysis time in min.: curve 1, curium; curve 2, americium 

nitric acid solutions at pH = 2.0--2.S, 99.6'fo of the 
americium was deposited on the cathode in 30 min 
and 99.7% of the curium in 3 hr. 

Quantity dependence of the deposited material on 
electrolysis time under the above conditions is shown 
in Fig. 2, where the x-axis represents time in min
utes and the y-axis represents americium deposition 
in per cent. Investigation of the dependence of total 
deposition upon pH revealed that a fixed maximum 
percentage of isolation corresponds to eaclt pH va/1,e 
irrespective of the initial concentration of the element 
in the electrolyte (Fig. 3). 

Thus, under certain conditions nma:i/ NO = con
stant, where n,.a., is the maximum deposit on the 
cathode and No the initial concentration in the elec
trolyte. ·with increasing pH, the percentage deposi
tion increases. In neutral solutions, however, the 
losses due to adsorption on the vessel walls may 
essentially account for some loss of material. In nitric 
acid the pH is constant throughout the electrolysis, 

I 

,uo 
V ---/' " '" I/ 

,_ 
"fJll·Z / I("" ._ 

I jpH,1,S 

I 

J ~ ~ 
...... 

I/ V pH•/ 

I V ./' 
[,,/' 

D 
figure 3 . Dependence of percentage of americium isolation upon 

electtolysis time and pH o f nitric ccid media 

whereas in hydrochloric acid solutions it increases 
due to acid decomposition. 

E lectrodeposition of weighable amounts of ameri
cium yielded better results, as in this case losses due 
to adsorption are negligible, and electrolysis can be 
carried out in a less acidic medium (pH = 3) with 
a lower current density, which is conducive to the 
formation of a more adherent fine crystalline deposit. , 

From a solution initially containing 400 p.g of 
americium 399 ,,.g (99.8%) of it was deposited on 
the cathode in 3 hours with a current density of 15 
ma/cm2• 

RESULTS 

Considering that plutonium(III) and the rare ele
ments have similar electrochemical properties it might 
have been assumed that the electrodeposition method 
worked out for cerium and samarium would also be 
suitable for plutonium(III). This, however, was not 
the case as it was found that oxidation of plutoni-
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um(III) by chloriue forn1ed at the anode resulted 
in the precipitation of plutonium (IV) hydroxide 
from the e lectrolyte. In this case the anode processes 
can be expressed by the reactions whose ox.idation• 
reduction potentials are given in Table IV. 

As is known, the oxidation-reduction potential of 
the plutonium(Ill/IV) couple is +0.96 voltsl8 and 
in the pH range 0- 1.S, docs not depend on the hydro
gen-ion concentration, as oxidation occurs according 
to the scheme: 

Pu•3 ➔ Pu" + r 

[n the pH range 1.5-7.0 the potential of the system 
due to hydrolysis of the pluionium(IV) greatly de
pends on pH, since oxidation corresponds to the 
scheme: 

Pu•3 + 4H~O -4 Pu(OH)1 + 4H+ + e-

In this acidity range the potential change on the 
negative s ide is 0.236 volts per pH unit. As may be 
seen from Table IV, the oxidatio11-reduction poten
tials of the above systems are more positive than that 
of the plntonium(lll/IV) couple even in acid media. 
In the neutral range thi~ difference is evetl greater 
and plutonium oxidi1.cs to the tetrapositive state. The 
plutonium (IV) thus produced is hydrolized and 
precipitated from the solution in the form of hydrox
ide. VVork on this problem showed the necessity 
for studying electrodeposition 0£ non-metallic de
posits. Though non-metaJJic deposi1ion is a complex 
process and is rather scantily discussed in the litera
ture, it still may be explained to some e:i..-1:cnt from 
the standpoint o[ existing concepts regarding elec
trode process kinetics.21 Plutonium deposition rate 
depending on electrolysis time in concentrated solu
tions may be characterized by the curve in Fig. 1. 
Examination of this curve shows that initially the 
process proceeds at an approximately constant rate, 
up to a deposition oE about 80 per cent of the plu
tonium in the solution, and 'then slows down. This 
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Cl' + 

Table IV 

Systtm 

a·
H,o -
H,O -

Cl, + •-.... 
HCIO + H+ + c· 
HCIO + H• + ze· 

1.36 
1.63 
1.49 

• The potential signs are given according to the European 
S)'Stcm. 

slowing down may be attributed both to the consider
able decrease of plutonium concentration in the solu
tion, as a result of its deposition on the cathode and 
to the oxidation of plutonium(III) to the tetraposi
tive stnte.22 

Thus, in the electrolysis of relatively large amounts 
of plutonium, the process becomes complicated due 
to the secondary process, caused by the chemical 
properties of plutonium. A much better concept of 
deposition kinetics may be developed by an analysis 
of the curves representing lhe electrodeposition proc
ess of tracer amounts of americ.ium and curium (F ig. 
2 ) . The deposition process of these elements may be 
regarded as being the results of decomposition of 
water according to the following reactions: 

3HOH + 3e-➔ %H2 t + 3OH' 
R·3 + 3OH' ➔ R(OH)s 

R•3 + 3HOH + 3c· -;. %H: 1' + R(OH)a 

Con:.equently the formation o[ the hydroxide pre
cipitate in the layer immediately adjacent to the 
cathode layer is related to the electrolytic decomposi
tion of water and precipitation occurs at the electrode 
potential corresponding to hydrogen evolution. In
vestigation of the electrodeposition curves of tracer 
amounts of americium and curium revealed that the 
formation of the deposit on the cathode obeys for 
some time an e.xponential law which can be expressed 
by the following equation: 

11 = 11,.. • .., ( l - e-1") (1) 

where 11 is the amount of subst.mce deposited on the 
cathode in time t, and /. is a constant. 

From the values of the constant ll during the elec
trolysis (Table V) and from Fig. 4 where the solid 
curve passes through the experimental points and the 
dotted curve correspouds to Equation 1 when Ii = 
0.163, we conclude that the above process obeys 
Equation l only after a certain time-in our ~se 
10 min. 

Tobie V 

Mimdts 
Erprn·mrrdal 

d(JCO Ak 

2.5 0 124 
s 0.150 

10 0.163 0.000 
15 0.165 +0.002 
20 0.163 0.000 
JO 0.HiO -0.003 
lO 0.165 + 0.002 

Average data 0. 163 :!:0.002 
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Figure 5. Dependence of electrodepo,tt;on on initial element con• 

centrotion C in the eloc1rolyto 

The exponential form of the electrodeposition 
curve was noted in earlier reports on the electrode
position of small quantities of substances!?.1,,4 .~o during 
investigations of the process of total element isolation. 
This phenomenon was explained from the ,,iewpoint 
of electrocleposition diffusion kinetics by Joliot25 using 
the e,xample of the deposition of polonium on gold. He 
found the followi ng empirical formula expressing this 
deposition rate: 

d11 
dt = a.(No - 11) - {J n (2) 

where n is the amouut of polonium deposited on the 
cathode, No is the initial amount of polonium in the 
electrolyte, a and fJ are empirical constants which 
depend on the e>..-perimental conditions. 
· U ltimately the deposition process obeys the ex
ponential law. 

In our case the deposition rate is determined not 
only by the diffusion rate 0£ the cations, but also by 
the inverse reaction of hydroxide dissolution. The 
latter explains the influence of pH on the limiting 
percentage of deposition (Fig. 3) . It will be remem
bered from Fig. 4 and Table V that the empirical 
Equation l is valid only for that section of the curve 
where I,' = const, i.e., for the end of the process. As 
for the beginning of the process, the experimental 
data indicate a linear dependence (Fig. l ). Special 
experiments were carried out to investigate the de
pendence o{ electrodeposition on the initial concen
t ration in the electrolyte using ccri~!ll labelled with 
r:idioacti ve CeH~. The results obtained n.re presented 
graphically in Fig. S and show that when the initial 
concentration or the clement in the electrolyte is not 
too low, the deposition (denoted by a) does not de
pend on the concentration. 

Thus the conclusion can be drawn that, at the start, 

electrodeposition proceeds at a constant rate and only 
at the end of the process, when the concentration of 
the substance in electrolyte has decreased, does the 
diffusion process begin to play an increasing role, as 
a result of which the rate dependence becomes ex
ponential. 
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Plutonium Hexafluoride: Preparation and Some 
Physical and Chemical Properties 

By C. J. Mandleberg, H. K. Rae, R. Hurs t, G. Long, D. Davies and K. E. Francis,* UK 

Several observations by worker:; at A.E.R.E., Har
well suggested that plutonium forms a volatile com
pound, possibly a fluoride. For example, milligram 
quantities of plutonium trifluoride, plutonium (IV) 
oxalate or plutonium dioxide were completely vola
tile in a stream of hydrogen fluoride and oxygen.1 By 
analogy with the reaction 

UF4 + 02 -== U02F2 + UFc 

it was assumed that plutonium hexafluoride had been 
produced, and milligram quantities of a volatile plu
tonium compound were in fact obtained by passing 
oxygen over plutonium tetrafluoride at 8S0°C.2 Con
sequently the action of fluorine on plutonium com
pounds was investigated, with successful production 
of plutonium hexafluoride. The method of prepara
tion and some physical and chemical properties of the 
hexafluoride are presented below. 

PREPARATION 

Plutonium hexafluoride has been prepared by the 
direct fluorination of the dioxide, trifluoride and 
tetrafluoride of plutonium. The sample was contained 
in a nickel boat and heated in a horizontal nickel fur
nace ( 1.2 in.) i.e., to a temperature in the range 370 
to 720°C. Fluorine gas at 1 atmosphere p ressure was 
passed through the furnace, and the volatile hexa
fluoride condensed from the fluorine stream in a 
nickel cold-trap immersed in liquid oxygen. On cool
ing the furnace, the fluorine was displaced with 
argon, the whole furnace evacuated to I0-8 mm Hg 
and the PuFo distilled into a reservoir of nickel or 
glass. Quantities of up to S gm of hexafluoride have 
been prepared in this manner, with yields ~ 90%. 

The fluorination of the dioxide and trifluoride ap
peared to proceed with the tetrafluoride as an inter
mediate; consequently the fluorination of plutonium 
tetrafluoride was studied in greatest detail, the in
fluence of temperature, fluorine flow-rate, duration 
of reaction and the natul"e of the tetrafluoride. 

Temperature 

Samples ( ca 3.0 gm) of plutonium tetrafluoride 
were fluorinated for four hours at various tempera
tu1"es and the amount converted to hexafluoride de
tem1ined by weighing the residues of tefraf!uoride. 
The amount converted varies .from 40 mg/hr/gm 

* A .E.RE., Harwell, England. 
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PuF 4 at 320°C to 200 mg/hr /gm PuF 4 at 620°C. It is 
interesting to note that under identical conditions at 
400°C the rate of fluorination of uranium tetrafluo
ride is 20 times that of plutonium tetrafluoride. 

Effect of Fluorine Flow-Rate 

When the fluorine flow-rate falls below 0.2 milli
mole/min the reaction rate is considerably reduced, 
but an increase from 1 millimole/min to 20 milli
mole/min brings about no significant increase in the 
reaction rate. Even the lowest flow-rate corresponds 
to a large excess of fluorine over plutonium tetra
fluoride, and a very inefficient conversion of fluorine. 
In this work a flow-rate of 1 millimole/min was used. 

Duration of Reaction 

The extent of conversion to plutonium hexafluo
ride at 720°C of a series of 3.0-gram charges of plu
tonium tetrafluoride was detem1ined after varying 
intervals of time, and as may be expected the mean re
action rate decreased with increasing time. Assuming 
that the rate of reaction is proportional to the surface 
area_ of the tetrafluoride and as this is roughly _pro
p~rtional. to the mass of tetrafluoride then a logarith
mic relation holds between the mass of tetrafluoride 
and the time This !"elation has been demonstrated over 
the range Oto 65'.1'o conversion of the PttF,. 

The effect of initial charge of plutonium tetraflu
oride on the reaction rate was investigated ; below 
about a 3-gram charge the rate was approximately 
proportional to the charge (as assumed above) but 
with larger charges the mte of reaction fell off, pre
sumably because with a deep bed of PuF 4 the dif
fusion of fluorine into and PuF0 out of the bed be
came rate determining. 

Effect of the Plutonium Tetrafl uoride 

The tetmfluoride from which the hexafluoride was 
prepared -was made by precipitating the oxalate at 
80-90°C from a solution of quadrivalent plutonium 
nitrate, igniting the oxalate to oxide in a stream of 
argon and oxygen, and then converting to tetra
fluoride in a stream of hydrofluoric acid gas and 
oxygen. The effects on the rate of Buorination of the 
tetrafluoride, of the temperature of ignition of the 
oxal~te and fluorination of the oxide, were studied 
and 1t was found that the most reactive tetrafluoride 
was produced by low-temperature (350°C) ignition 
and hydrofluorination. · 
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The Residue Remaining After High-Temperature 
Fluorination of Plutonium Tetrafluoride 

Plutonium tetrafluoride, when prepared as de
scribed above, is pale pink in colour when viewed in 
white light, and the residue remaining after partial 
conversion to hexafluoride at temperatures below 
500°C is of similar colour. As the fluorination tem
perature is increased, however, the residue appears 
darker in colou1·, the proportion of darker material 
and the depth of colour increasing with increasing 
temperature and time of fluorination. At 600°C some 
apparently unaltered pink material still remains over
lying the darker residue. These dark residues have 
been analysed for fluorine by the pyrohydrolytic 
method, the average value for a series of fluorina
tions at different temperatures being 25.9 + 0.3% F 
(cf PuF4 24 .lo/o; Pu4P11 25.3o/o; Pu2Fo 26.3o/o F). 
The X -ray diffraction pattern of the residues is dearly 
d~fined, and the majority of lines compare closely 
with those of plutonium tetrafluoride, with a number 
of extra lines, which make the pattern for the residue 
similar to the "distorted UF/' lattice " ·hich Agron 
et al. 3 reported ( cf fluorine analysis above). 

Analysis of the Volatile Fluoride 

Although there is little doubt as to the formula of 
the volatile fluoride of plutonium, it was felt desirable 
to confirm its composition by chemical analysis. This 
was carried out lJy hydrolysis and subsequent deter
mination of the Pu :F ratio. Because of the vigorous 
nature of the hydrolysis at room temperature ( see 
below) the hydrolysis was carried out by condensing 
PuFo, which had been pumped at -70°C for some 
hours, on to ice on a glass cold finger at -180°C 
sealing off the cold-trap and allowing the system t~ 
warm up to room temperature. The hydrolysis took 
place smoothly under these conditions to give an 
orange-pink solution. T he glass-trap was ~racked 
open and washed out with dilL1te sulphuric acid. The 
solution was examined spectrophotometrically and 
the plutonium found to be substantially in the hex:a
valent state. 

The solution was analysed for fluorine by distilla
tion of hyd rofluoric acid from the acid solution and 
subsequent titration, and plutonium by the countino 
of aliquots. The ratio Pu: F was found to he 1 : 6.26 ~ 
0.38; thus confirming the formula PuF6 • 

PHYSICAL PROPERTIES 

Appearance and Melting Point 

Plutonium hexafluoride, when condensed in a dry 
Pyrex or silica tube at -180°C and sealed in vacuo 
is a white crystalline solid, s imilar in appearance t~ 
uranium hexafluoride. On warming to room tempera
ture the solid turns pale urown which deepens as the 
temperature is increased, the solid melting at 54 4-

1 °C to a limpid dark-brown· liquid. Vapour at melting 
point is pale brown and at 70°C deep brown. 

Vapour Pressure 

This was determined at various temperatures by 

means of a bellows manometer which was used as a 
null-point in5trument, the backing pressure required 
to return the bellows to the fiduciary mark being 
observed on a mercury in glass manometer by means 
of a ca!hetometer. Before making any readings, the 
reservoir of hexafluoride was maintained at -70°C 
and evacuated continuously for 60 hours to remove 
traces of hydrofluoric acid. When this precaution was 
not taken, appreciably higher values of the vapour
pressure were obtained. The series of measurements 
extended over three weeks, and it was found that, 
although the apparatus was free from leaks a pressure 
of a gas, which was incondensible at -80°C, slowly 
developed. This was attributed to the decomposition 
of P uFo to a lower fluoride and fluorine under its 
own a-bombardment ( see below). Consequently, be
fore making a ser ies of measurements t he reservoir 
was cooled to -70°C and pumped to remove the 
incondensible gas. The vapour pressure was meas
ured over the temperature range -29.5 to +2l°C 
( vapour pressure range 0.8 to 97.4 mm Hg) and the 
points are closely represented by the equation 

log10 Pmm = 11.45 - 2778/T 

DECOMPOSITION O F PLUTONIUM HEXAFLUORIDE 

On standing for several days in a sealed container, 
plutonium hexafluoride produces a free-flowing pink 
solid (from which residual hexafluoride can be re
moved by pumping) and a corresponding rise in pres
sure occurs. This is attributed to disruption of the 
molecule under the bombardment of the plutonium 
a-particles. The nature of the solid product and rate 
of decomposition are reported upon below. 

NATURE OF THE SOLID DECOMPOSITION 'PRODUCT 

Immediately 011 coming in contact with moist air 
the pink powder darkens slightly. This compound 
(A) was examined on a quartz helix balance and a 
thermogravimetric curve obtained, on which a dis
tinct plateau was observed at 150 to 230°C for all 
the samples. On cooling from 200°C an increase in 
weight of 1 % occurs, giving compound B. At higher 
temperatures both compounds lose weight and at 
500°C in air are completely converted on the dioxide. 

Compound A gives no X-ray diffraction pattern, 
presumably because of the small size of the particles 
deposited during the decomposition of the he..-<afluo
ride. The diffraction pattern of compound B was found 
to be identical to that of a compound reported by 
Dawson and D'Eyc' which was shown to be a hy
drate of plutonium tetrafluoride containing between 
0.5 and 1.5 molecules of water ( cf the analyses be
low). Both compounds were analysed for plutonium 
by ignition to the dioxide and for fluorine by pyro
hydrolysis, givi!lg the following results : 

Plutonium 
Fluorine 
\.Vater ( ?)by <liffcrence 
F :Pu atomic ratio 
Formula 

Com~und A 
70.0% 
22.2% 
7.8% 
3.99 

PuF, · 1.5 H,O 

Compo1mdB 

72.4% 
23.4% 
4.2% 
4.3 

PuF, · 0.8 H,O 
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Thus the product of the decomposition of pluto• 
uium hexafluoride is the tetrafluoride and the dark
ening on bringing the product into contact with air 
is a ttributed to the rapid formation of hydro.le. 

Rare of Decomposition 

The rate of decomposition was determined by two 
methods, namely (a) by weighing the amount of 
solid decomposition product produced and (b) by 
observing the pressure rise during the decomposition. 

(o) Solid Fo~mation 

The amount of solid produced by decomposition 
of the hexafluoride was determined by weighing as 
PuF. • 1.5 H 20. Vessels of nickel nnd glass were 
used, the latter being kept at -7O°C during the ex
periment. Sufficient hexafluoride ( ~ 1 gram) was 
introduced into the vessels to ensure that some solid 
hexafluoride was remaining at the end of the experi
ment. The amount of tetrafluoride produced after 
different times, varying from 6 to 36 days, was de
termined, giving an average value for the decom
position rate of about tO mg of hexafluoride decom
posed per day for the particular vessel used (i.e., 
about 1 % per day). 

(b) Pressure Rise 

The rise in pressure during the decomposition was 
observed in the same apparatus that was used to deter
mine the vapour pressure of plutonium hexafluoride. 
The reservoir of hexafluoride ,vas kept at room tem
perature during the experiment, but when readings of 
pressure were made the reservoir w:1s cooled in ice. 
The experiment covered a period of 34 days; during 
the first 11 days, while, by mass balance, solid PuF 6 

was estimated to be still present, the pressure rise 
was linear with time, but after the 11th day the rate 
of rise in pressure dccrcasc<I, following an exponential 
law. Under the conditions of the C.'Cperiment the total 
rate of decomposition in the vapour was 2% per day. 
However, the estimated range of plutonium a-par
ticles in the vapour ( approx. 5 cm) was so much 
greater than the s ize of the reservoir ( cylinder, l 
cm diameter, 20 cm long) that the greater part of the 
energy of the a.-particles would be lost to the wails. 

REACTIONS OF PLUTONIUM HEXAFLUORIDE 

Reaction with Water 

Plutonium hexafluoride can be stored at room 
temperature in carefully dried Pyrex glass for long 
periods, and with undried glass there is no reaction 
at -180°C unless the glass is unusually moist. On 
wanning from -180°C a brown flaky stain spreads 
rapidly over the whole of the inside of the tube, ac
companied by considerable etching. The reaction does 
not appear to go to completion as readily as that 
of uranium hexafluoride, for a[ler some period of 
hydrolysis a considerable qu:mtity of pllltonium hex~~ 
fluoride can be distilled from the tube. The product 
of this hydrolysis is plutonyl fluoride., PuOzF2, as 
rlemonstrated by X-ray diffraction,,and thennogravi 
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metric analysis. . 
On hydrolysis with water or moist air at room 

temperature a violent reaction takes place accom
panie<I by flashes 0£ light. The resulting solution con
tains a variable ::imount of precipi tate which has been 
shown by X-ray analysis to contain PuF4 hydrate and 
Pu02, demonstrating further the high temperatures 
occurring during the hydrolysis. By spectrophotom
etry no evidence was found for the presence of val
ency states other than (VI) in the solution resulting 
from the hydrolysis. 

Readion with Sulphuric Acid 

During the fluorination of the tetrafluoride the 
effluent fluorine was passed through a bubbler of 
98% sulphuric add, which served to prevent the dif
fusion of water vapour into the apparatus. After a 
time thi.~ acid became pink in colour and eventuaUy 
threw down a flocculent pink precipitate which on 
standing separated out as a pink crystalline solid. If 
the acid and precipitate were left standing in moist 
air the precipitate redissolved to give a bright red 
solution. 

The crystalline precipitate was filtered under suc
tion on a porous disc, but could not be washed as it 
dissolved in sulphuric acid or waler. On standing, 
however, it dried to a friable brick-red powder. The 
X -ray diITraction pattern of this powder is very com
ple.x, :uid agrees closely with that of U(S01): • 
2H~O. The powder was analysed after dissolving in 
di lute nitric acid, the plutonium being determined by 
a.-counting and the sulphate by precipitation as bari
um sulphate, giving the following values: Pu 41.89'0 ; 
SO~, 37.0o/o; water ( ?) by difference ll.2o/o. This 
corresponds to Pu(S0.):0·2I-I2S0.·3.SH20 which 
represents the formula of the a.ir-<l rie<I sample of 
the precipitate. The solution in 98% sulphuric acid 
was examined in the spectrophotometer5 and the ab
sorption spectrum agrees closely with that for Pu (IV) 
in 16M sulphuric acid.6 

Thus the analytical, X-ray difTraction anc.l spectro
photometric evidence make it highly probable that 
the pink precipitate produced when plutonium hexa
fluoride is passed into sulphuric acid is plutoni
um (IV) sulphate, although the mechanism of the 
reaction : 

Ft 
PuFc R,so, Pu(SOih 

is obscure. 
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The:·Properties of Plutonium Hexafluoride 

By B. Weinstock and J. G. Malm,* USA 

Plutonium hexafluoride is the volatile plutonium 
analogue of uranium hexaAuoride. Its existence was 
suggested in the nineteen-forties by many experi
menters because of the high volatility observed for 
plutonium in fluorinating gas streams at elevated 
temperatures. The first successful isolation and identi
fication of this compound was reported by A. E. 
Florin of the Los Alamos Scientific Laboratory in 
October, 1950. Subsequently, plutonium hexafluoride 
has also been prepared and studied at the Atomic 
Energy Research Establishment (Harwell, Berks., 
England), the Knolls Atomic Power Laboratory and 
the Argonne National Laboratory. This paper will 
deal principally with the studies that have been made 
at the Argonne National Laboratory. It is our under
standing that papers are in preparation for publica
tion that will describe the work of the other labora
tories.1•2•3 

METHOD OF PREPARATION 

Plutonium hexafluoride can be readily prepared 
by the reaction between plutonium tetrafluoride and 
fluorine gas at elevated temperatures. The reactor 
that we have used for this purpose (Fig. 1) was 
modeled after that developed by Florin, Tannenbaum 
'and Lemons,1 Plutonium tetrafluoride contained in 
a ·shallow nickel dish is heated in a fluorine atmos
phere ( 300 mm Hg pressure) by the work coil of 
an induction heater that is located within the reactor. 
This coil, which is made of copper tubing, is cooled 
by the passage of liquid nitrogen and therefore also 
serves as lhe condenser for the plutonium hex:afluo
ride produced. The proximity of the heated and cooled 
zones provides an efficient convection mechanism for 
the removal of the volatile product from the hot cru
cible to the condensing surface. The reaction is ob
served ( through the £uorothene window) to pro
ceed very rapidly at about 700°C and appears to be 
completed in a few minutes. The plutonium hexa
fluoride is subsequently recovered. from the con
denser by vacuum distillation and stored in a nickel 
reservoir as vapor. During this procedure a careful 
attempt is made to completely remove hydrogen flu
oride from the product in order to permit the eventual 
study of PuF0 in Pyrex glass and quartz equipment 
without hydrolytic decomposition. Starting \Vith 
about one gram of PuF4 , a yield of purified PuF0 

corresponding to 90 per cent or more of the theoreti
cal amount is generally obtained. 

*Argonne National Laboratory. 
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In one experiment 2 mg of americium as the oxide 
was added to 860 mg of PuF1 in an attempt to pro
duce americium hexafluoride together with the plu
tonium hexafluoride. Althottgh it would have been 
preferable to have started with americium fluoride 
rather than the oxide, the fluorine gas that was used 
contained sufficient hydrogen fluoride to assure the 
rapid conversion of the oxide to the corresponding 
fluoride under the conditions of the experiment. 
About 90 per cent of the plutonium was x-ecovered 
as plutonium hexafluoride in this experiment, but 
americium was not detected in an aliquot taken from 
this gas. This result indicates either that americii1m 
hexafluoride cannot be produced or that much more 
vigorous treatment i_s required for its formation than 
for the formation of plutonium hexafluoride. 

In a somewhat different type of reactor neptunium 
hexafluoride has been produced at a very rapid rate 
at a temperature of 500°C.4 Under similar conditions 
one would expect uranium he.-xafluoride to be pro
duced rapidly at about 300°C.5 Thus the hexaf!uo
rides are produced with increasing difficulty as one 

lO l'LVOAIN( UNK, 
STOf<AGt VESSEt.S 
ANO PUMPING SYSTEMS 

FOR UOUIO 
NITROGEti 
CIAOJLATION 

! 

I 
J 

lO IN0UCTION 
MEATEq 

Figure I. Reactor for plutonium hexafluoride: (A) nickel dish filled 
,..,th Puf,; (8) bran reactor con; (C) removable cover for loading 
reactor; (0) tongue and groove, teAon gasket for dosure; (EJ nickel 
supporting rod for nickel dish; (F) coil of 3/io-in. copper tubing; 
(G) nuorothene window; (H) teflon seol and insulator; (/) micolex 

insulator 
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proceeds through the series uranium, neptunium, plu
tonium and americ ium, with the possibility that 
americium he..'<a0uoride cannot be prepared. T his 
behavior is analogous to the increasing ly negative 
value found for the (IV)-(VI) oxidation potentials 
of these elements in 1-molar aqueous solutions,6 
which G. T. Seaborg has suggested is partial evidence 
for an actinide series. 

IDENTIFICATION AND CHEMICAL COM?OS'.TION 

The similarity in volatility between the plutonium 
co111pouncl and uranium hexafluoride suggests that 
tl1c two compounds a re o( similar chemical composi
tion. This has been confirmed by a chemical analysis 
of a carefully purified sample of PuF0• In this experi
ment a weighed amount of PuF0 was condensed in 
the bottom of an evacuated glass tube at the sub
limation temperature of solid carbon dioxide and 
hydrolp:cd by admitting an ammoniacal solution 
through a break sea.I in the top of the tube. The hy
drolysis occurred with considerably greater vigor 
than had been our experience with uranium hexa
fluoride. The chemical assay for plutonium and fluo
rine in the solution fonned corresponded to the for
mula PuFri.83 anrl accountccl for 97.3 per cent of the 
weight of the sample. Within the experimental un
certainty of this determin:ition the vol:itile gas under 
study was determined to be PuFc. The purity of the 
material has been established by infrared measure
ment where ausorption bands due to other known 
volatile fluorides were not found. F urther evidence 
for the similarity of this material with UF0 has been 
obtained from X-ray powder photogrnphs, taken in 
a thin-walled Pyrex capilla_ry, which showed it to be 
isostructural with UF0•7 

PHYSICAL PROPERTIES 

Solid µlutonium hexafluoride varies in color from 
dark red to yellow-brown. T he Yapor is brown ir1 
color resembling nitrogen tetroxide. The melting 
point of a freshly distilled sample was found to he 
50.75°C in an experiment carried out in a glass 
capillary. The vapor density has been roughly deter
mined at 25°C and found to agree with the mono
meric formula, PuFo. Semi-quantitative dew point 
measurements of the vapor pressure indicate that 
PuF 8 is slightly less volatile than U F o.8 

RADIATION DECOMPOSITION 

The study of plutonium hexafluoride is influenced 
to some degree by the high specific alpha activity of 
plutonium. Aside from the extreme health hazard 
presented by this volatile compound 0£ plutonium, 
the alpha-particle emission results in a significant 
amom1t of radiation decomposition. vVhen P uF6 is 
stored principally as the solid phase the amount 
oI this decomposition corresponds to the destruction 
of about 1.5 per cent of the volatile material per 
day. Assuming that the total alpha-particle energy 
is absorbed in the condensed PuFo it is estimated 
that an average of 31 electron volts are used in the 

decomposition of one molecule of plutonium hexa
fluoride. The products 0£ decomposition have been 
identified as fluorine and plutonium tetr::ifluoride. All 
attempts to identify a plutonium compound of inter
mediate ,•alence between four and six have thus far 
been unsuccessful. 

In order to decrease the loss of P uFo due to radia
tion decompos ition, we generally store the compound 
as vapor in a nickel container. In this state, de
pendent on the geometry of the container and the 
pressure of the gas, a large fraction of the alpha
particle energy is absorbed by the walls of the con
tainer and docs not result in the decomposition of 
the compound. In general om decomposition losses 
during storage as vapor arc found to be of the order 
of 0.1 per cent per day. 

CHEMICAL PROPERTIES 

Plutonium hexafluoride is a very powerful fluori
nating agent. Tt has been found to effect fluorination 
reactions wi th greater rapidity than has been ob
served for flu orine gas. 

The reaction between BrFa and PuFn has been 
studied in collaboration wi th I. Shcft and H. H. Hy
man. PuF0 was condensed onto the surface of solid 
BrF8 contained in a Fluorothenc tube at the tem
perature of liquid nitrogen. As the tube was allowed 
to warm up to room temperature the PuFo was ob
served to react at the surface of the BrFa and' form 
an insoluble green precipitate. Subsequent distillation 
oi the BrF3 at 100°C yielded 0.1 per cent of the plu
tonium in the distillate . The non-volatile precipitate 
appeared lo contain two solid phases under micro
scopic examination. One o( the solid phases gave an 
X-ray pattern that showed it to be isostructuml with 
PuF◄; the other solid phase did not produce an X-ray 
pattern and was presumably amorphous PuF~. The 
probable reaction is summarized by the equation : 

PuF0 + BrFs = PuF◄ + BrF6 (1) 

This fluorin!ltion of DrFs to I3rF3 by PuF0 appar
ently occurs with greater case than the corresponding 
reaction between fluorine and BrF3•0 It is also of 
interest to compare this result with the fact that BrF3 
is usually used as a fluor inating agcnt10 and, in par
ticular, is used to convert uranium compounds to UF0 
quantitative! y.11 

An attempt to dissolve PuF11 in BrFa has been 
made. The experiment was performed by condensing 
40 mg Qf PuPo onto 6 cm3 of Br Fr, frozen in a fluoro
thcne tube at the temperatme of liquid nit rogen. As 
the surface of the RrF0 was warmed a yellowish 
brown solution was at first observed to form; subse
quenlly, however, the plutonium precipitated out. 
Since BrF. is the highest known fluoride of bromine 
the probable explanation ior this result is that small 
amounts or 13rF3 in the BrFz reacted with the PnF0 
to form the insoluble PuF~. 

An 0.5 per cent solution o( PuP O in 11-perfluoro
heplane ( C7 F ,o) has been prepared with some diffi
culty. Al though the fluorocarbon sample used had 
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been carefully purified and various tests had indicated 
complete fluorination, it was observed to react rapidly 
with PuF0 upon mixing. This suggested that some 
undetected carbon-hydrogen bonds still present in the 
fluorocarbon had reacted rapidly · with PuF0 • The 
hydrogen fluoride produced from this reaction was 
then separated and a successful solution of PuF0 in 
the;: now purified C7F 1o was obtained. 

A preliminary iJwestigation of the reaction between 
PuFG and PuF3 has been ·undertaken. A quartz boat 
containing 55.2 mg of PuFa was exposed to 138 mg 
of PuF6 vapor (pressure = 85 mm Hg) at room 
temperature in a glass system. The purple PuFa in 
the boat was observed to be partially converted to 
PuFt (light pink in color) very rapidly and pres
sure-volume calculations showed that 10 mg of PuFo 
had reacted. No further reaction was detected by 
pressure measurement after 16 hours of further ex
posure. The system was subsequently heated t o 
l l8°C for one hour and an additional 18 mg of PuF0 

was decomposed at this temperature. The weight 
ch:mgc of the boat and its contents accounted for 
26.3 mg of the Teacted Pur'6 • A sample of the con
tents of the boat did not give an X-ray pattern, but 
on heating this sample in the X-ray capillary for 
16 hours at 305°C the pattern for PuF• ( with a trace 
of PuF3 ) was obtained. Neither solubility measure
ments with the product in neutral aqueous solution 
nor spectrophotometric examination of an acidic aque
ous solution indicated the presence of an oxidaLio11 
state higher than the tetravalent. The probable course 
of tile reaction is summarized by the equation : 

2PuFs + PuFc == 3PuF. (2) 

On the basis of this equation 80 per cent of tl1e PuFa 
' initially present was converted to PuF •· 

'In another experiment the reaction between PuF3 
(from the same source as that used above) and flu
orine gas at 300 mm Hg pressure was observed at 
room temperature. Reaction took place very rapidly, 
although it did not go to completion. A sample of 
the pink reaction product (after heating at 230°C 
for 12 hours in a thin-walled Pyrex e,'lpillary) showed 
the PuF• X-ray pattern. On the basis of the equa
tion 

(3) 

the reaction had proceeded to 61 per cent of comple
tion. 

Reactjons (2) and (3) offer promising systems 
for the determination of the heat ·of formation of 
PuF, and PuF6 • Although tl1ey djd not proceed to 
completion with the sample of PuF3 that was used, 
reaction (3) had previously been found by one of u s 
to go to completion at room temperature with a more 
reactive sample of PuFa. 

A quartz boat contajniog 88.4 mg PuF~ was ex
posed without cvideuce of reaction lo 100 mg PuF6 
(70 mm Hg pressure) in a glass system at room 
temperature. The system was then heated to 180-
2100C for an hour, and by pressure measurement 

27 mg of PuF6 were determined to have decom
posed. Subsequent measurement of the increase in 
weight of the boat accounted for 19.4 mg of this mate
rial. X-ray analysis of a sample of the contents of the 
boat revealed only PuF◄ to be present. The conclu
sion is that the PuF6 did not react with PuF, but 
decomposed on . the surface of the PuF 4 in the fol
lowing manner : 

PuF0 == PuF, + F2 (4) 

This conclusion is substantiated by the following 
experiment. 

Plutonium hexafluoride (25 mg) was heated in a 
glass tube at 50 mm Hg pressure iu order to deter
mine the non-volatile solid phase that results irom 
its thermal decomposition. Heating for 30 minutes 
at 208°C revealed little. if any, thermal decomposition. 
Heating for 1 hour at 280°C resulted in rather com
plete decomposition of the PuFo. The solid decomposi
tion product deposited on the walls in red, single 
crystals (about 1 mm in size) and was identified as 
PuF4 by X-rny :malysis. Equation 4 describes the 
course of this decomposition although the fluorine 
was not identified in this experiment. 

The reaction between UF4 and PuF0 was studied 
in a Pyrex glass system. Jo this experiment, 56 mg 
UF., contained in a quartz boat was contacted with 
56 mg of P uF O gas ( 35 mm Hg pressure). The sec
tion of the apparatus containing the boat was then 
heated for 20 minutes at 200°C. At the end of this 
time PuF 6 was determined to be present by conden
sation of the vapor in a side arm and observation of 
the colored condensate. The heating was then con
tinued for 30 minutes at 225°C, and condensation 
of the vapor indicated that the brown PuF O had been 
substantially replaced by a condensable white solid 
(UF6). The heating was then continued for another 
3.5 hours at 223°C and the vapor and contents of 
the boat analyzed. The vapor was determined to con
tain 14.3 mg UF0 (11 mm Hg pressure in the ex
periment) and 2.7 X }Q-G mg PuF0• The boat con
tained three differently colored solids which upon 
X-ray analysis gave the following results: pink 
compound, PuF4; black compound, U2F9 ; greenish
black compound, U 2F 9• The equations representing 
the course of the reaction arc: 

4UF, + PuFa == 2U2F9 + Pt1F4 (5) 

U2Fo + %PuF6 == 2UFo + ¾PuF., (6)' 

The presence 0£ U:Fn as the only solid uranium 
phase under these conditions is in agreement with the 
phase diagram for the uranium-fluorine system.5 

MAGNETIC SUSCEPTIBILITY 

The magnetic susceptibility of solid P uF6 has been 
measured in collaboration with D . M. Gruen at 81° 
and 295°K by the Faraday method. For this experi
ment 62 mg of PuF0 were condenserl into a thin-wall, 
4.2-mm diameter quartz bulb and its 1-mm quartz 
connecting tube sealed off about 8 mm above the 
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bulb. Due to the small vapor volume available in the 
ampoule, the fluorine pressure build-up due to radia
tion decomposition was very rapid. This greatly in
creased the hazard of the experiment and the quartz 
ampoule was enclosed in a capped copper container 
during the magnetic measurements as a precaution
ary measure. It was estimated that the fluorine pres
sure would increase at the rate of one atmosphere 
per day in the ampoule so that at the end of the third 
day after filling the experiment was discontinued 
and thereafter the ampoule kept under water until 
it exploded on the tenth day. 

The magnetic apparatus and experimental pro
cedure were similar to that described by Gruen and 
Hutchinson.12 The molal susceptibility was found to 
be 290 X 10-6 at 295°K and 330 X 10-G at 81 °K. 
This small, relatively temperature-independent sus
ceptibility found for PuFc is very surprising, since 
other compounds that are isoelectronic with PuFG 
[U•'t, Np+5

, and (PuO2)+2 ) have susceptibilities12•13 

of magnitude 3000-4000 X 10-0 at room temperature 
that are strongly temperature dependent. It seems 
likely that the two non-bonding electrons in PuFo, 
unlike those in U•4, Np•6, and (Pu02 }+2 compounds, 
have paired spins and that the electronic ground state 
is non-degenerate. 

RAMAN SPECTRUM 

An unsuccessful attempt to obtain the Raman spec
trum of PuF o vapor at two atmospheres pressure 
using a mercury arc source has been made in col
laboration with H. H. Claassen. T he Raman tube 
was filled with gas rather than liquid because the 
absorption of PuF 6 in the spectral region of interest 
is of such intensity that a greater density would be 
impractical. The general difficulty of obtaining the 
Raman spectrum for colored gases14 is perhaps in
creased to the point of impossibility with PuF c be
cause of photochemical decomposition. Under the 
conditions of irradiation ( with the ultra-violet light 
completely filtered out) the sample of PuF6 had de
composed by 50 per cent after 10 minutes of exposure. 
By comparison a vapor sample of UF u showed no 
evidence of photochemical decomposition after 72 
hours of exposure in the mercury arc source. 

INFRARED SPECTRUM 

The infrared spectrum of PuF0 vapor has been 
measured in collaboration with H. H. Claassen. A 
double beam infrared spectrophotometer equipped 
with KBr, CaF2 and NaCl optics was used for the 
measurements. The PuF0 was contained in a nickel 
cell fabricated with AgCl windows, and its pressure 
was maintained at values between 0.6 and 600 mm 
Hg pressure by adjustments of the temperature of a 
side arm. 

The observed infrared spectrum is very similar to 
that obtained for UF o1~• 16•17 and on this basis•' the 
molecular structure of P uF 8 is also believed to be a 
regular pctahedron. vVithout this comparison with 
UF6 the infrared spectmm woula _be very difficult to 
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interpret since only one of the two infrared active 
fundamentals is observed ( v3 ) H and the three Raman 
active fundamentals probably cannot be obtained di
rectly. F ortunately all of the fundamentals can be 
derived from the observed combination bands in the 
infrared, and the values derived are given in Table I 
together with Gaunt'sH assignment of the UF0 funda
mentals. 

From these frequencies and the Pu-F bond dis
tance of 1.98 A given by ZachariasenO the thermo
dynamic functions of PuF O have been calculated on 
the simple harmonic oscillator approximation. 

The entropy ( exclusive of nuclear spin) calcu
lated for PuF O is 1.55 cal-deg-1-mole-1 smaller than 
that calculated for UFc11 between 150° and 500°K. 
In this calculation the ground state of PuF 6 was taken 
to be non-degenerate in view of the magnetic sus
ceptibility measurements. 

Table I. Fundamental Vibration Frequencies (cm-1) 

Anigut1tttlt Sym,t,cl,y UF, PiiF, 

v, A,. 668 631 
Vz E, 532 523 
v, }-1\_, 626 615 .. F1w 189 202 
Vs F., 202 210 v, F,. 144 173 

ABSORPTION SPECTRUM 

The absorption spectrum of PuF0 vapor has been 
investigated in collaboration with J. K. Brody, F. S. 
Tomkins and M. S. Fred. The PnFc was contained 
in a quartz cell, 10 cm in length, at a pressure of 
100 mm Hg. The spectrum was photographed over 
the region of wavelength 5000-12,000 A, using a 
Jarrell-Ash spectrograph with a dispersion of S A/ 
mm and the Argonne 30-foot spectrograph with a. 
dispersion of 1.8 A/mm. In order to obtain sufficient 
absorption for the weaker bands, multiple traversal 
of the light through the cell was used with the num
ber of passes varying from one to eight. Below 4500 
A the absorption intensity increases greatly and 
hence the photographic observations were limited to 
wave lengths greater than 5000 A to avoid possible 
rapid photochemical decomposition. Beyond 12,000 
A, the photographic limit in the infrared, the spec
trum was examined with a conventional infrared 
spectrophotometer. 

Over. the range 5000-25,000 A the spectrum con
sists of about 6 groups of bands, each group evidently 
corresponding to a different electronic transition, -as 
in the rare-earth spectra. Each group of bands con
sists of 3 or 4 bands of various intensities and sepa
rations. These separations are of the order of 100 A 
and evidently form a vibrational spectrum that is 
superimposed on the electronic transition. The bands 
in these groups have a width of about 50 A that is 
probably dtte to unresolved rotational structure with 
the exception of one \veak sharp band at 9371 A. 
Some of the separations in individual bands recur 
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from group to group. Under high dispersion, fine 
structure is found in many 0£ the bands that consists 
of a great many sharp absorption lines 0£ which some 
are arranged in obvious sequences of about 10-15 
cm-1 ~d others without obvious regularity. This 
structure is too fine to be due to vibrational lines 
and too coarse to be due to rotational lines. It is 
being investigated further in high orders of the 30-
foot spectrograph. 

THERMODYNAMIC STABILITY 

As has been previously mentioned, PuF0 has been 
found to be unstable relative to dissociation into flu
orine and PuF. (Equation 4). A preliminary meas
urement of the equilibrium constant for this dissocia
tion has been made at 220°C. In this experiment, a 
mixture initially containing 141 mm Hg of fluorine 
and S mm Hg of PuF, was maintained at a tempera
hire of 220°C for seven days in a seasoned nickel 
container. The amount of PuF0 present in the mix
ture was then measured and the ratio of FJ? to PuF6 

calcnlated to be 1.86 X 103. The standard free energy 
change 

AF0 = -RT ln (F2 )/(PuFo) (7) 

calculated from this result at 493°K was - 7.4 kcal
mole-1. At 298°K the values of t.F0 = -7.6 kcal
mole-1, t.H 0 = -8.3 kcal-mole·1, and AS0 = -2.3 
c.-il-molc-1-deg-1 were calculated from this result and 
from the- entropies of PuF 6 ( this report), fluorine, 19 

and PuF, (estimated from the entropy of UF4).18 

Although the instability of PuF o toward disso
ciation accounts for its ability as a fluorinating agent, 
the rate of its thermal dissociation is fairly small 
under some conditions. For example., the quartz cells 
fo which the absorption spectrum of PuF6 (100 mm 
Hg pressure) is being studied show only a small 
amount of decomposition although they were filled 
over a year ago. In another instance a mixture of 
F 2 and PuF o has been kept at a temperature of 120°C 
for seven days without a measurable change in the 
amount of PuF0 ( ± l.4 per cent) . Further increase 
in temperature, however, does lead to observable 
thermal decomposition, and at 2&l°C the decom
position is found to be complete in one hour. 
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Vapor Pressure of Liquid Plutonium 

By T. E. Phipps,* G. W. Sears, t R. L. Seifert,:j: and 0 . C. Simpson,§ USA 

The research which forms the basis for the present 
paper was carried out at the Chicago Metallurgical 
Laboratory in the summer and fall of 1944. 

INTRODUCTION 

The vapor pressures of substances having very low 
volatility are conveniently measured by the Knudsen 
effusion method. In this methotl a sample of the vola
ti le material is placed in a small oven which is closed 
except for a thin-edged orifice of known area. The 
area of the orifice must be small compared to the 
evaporation surface of the sample to insure that the 
pressure of the vapor in the oven will closely approxi
mate the saturation pressure. To insure "molecular 
flow" the largest dimension of the orifice must be 
small compared to the mean free path of vapor mole
cules in the oven. When the oven is maintained at 
a constant temperature in a vacuum the number of 
molecules of vapor effusing from the orifice in unit 
time is directly proportional to the pressure of the 
vapor in the oven. The pressure can be calculated 
quite simply from the measured total effusion rate by 
application of the kinetic theory of gases, if there is no 
backscattering of vapor molecules from the walls of the 
orifice. Though the orifice edge can usually be made 
quite thin it still has a finite thickness and there ex
ists some backscattering of molecules, which reduces 
the total effusion rate into 2 ,,,. ster-radians. If, how
ever, one measures the partial effusion rate into a 
small solid angle about the axis normal to the plane 
of the orifice, the effect of backscattering is largely 
avoided.1•2 

Measurement of the effusion rate within a small 
solid angle normal to the plane of the oven orifice 
is accomplished by collecting on a cold target the 
vapor that effuses from the oven orifice and passes 
through a collimating orifice. The planes of collimator 
orifice and oven orifice are mounted parallel, with 
the centers of the two orifices on the same normal. 
If circular orifices are used the weight of vapor ar
riving at the target is the fraction, D2/(D2 + 4r2) , 
of the total weight of vapor effusing from an ideal 
oven orifice of a rea equal to that of the given orifice.1 

D is the diameter of the collimating orifice and r is the 
distance from oven orifice to collimator, which must 
be large compared to D. 

+ Unjversity of Illinois. 
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The efficiency of condensation of plutonium vapor 
on the cold targets could be tested as follows. lf 
vapor, after passing through the collimating orifice, 
should fail to condense on the cold targets, it would 
accumulate upon the colder inner walls of the target 
chamber where it could be detected because of its 
radioactivity. Tests showed that if any scattering oc
curred it amounted to less than 0.1 o/'o of the vapor 
collected on the targets. 

From the kinetic theory of gases and the geometry 
factor determined by the diameter and position of 
the collimating orifice, the following Equation is 
obtained for N, the number of moles of vapor strik
ing the target in T minutes, 

60TpA-D2 

N = ---,,(-=v=2_+_4.,....r-=-2 )c-(-:--:2:-,,,.-=-i\i=iR"'"T="'").,..,1 ,""'~ - (1) 

In this equation p is the pressure of vapor in the 
oven in cgs units, A is the area of the oven orifice, 
T is the oven temperature in degrees Kelvin, and M 
is the molecular weight of the effusing molecule. 
Under the counting conditions used in this investiga
tion the activity per microgram of Pu23~ was 7.10 X 
104 registered disintegrations per minute. Jf it is as
sumed that plutonium vaporizes as a monatomic gas 
the following Equation is obtained for its vapor pres
sure in millimeters of mercury, 

mm Hg 

(2) 

In this equation c is the number of a lpha disintegra
tions registered per minute for a target deposit ob
tained during an e"-posure for T minutes with oven 
at temperature T . 

APPARATUS 

Measurements were made with two different ex
perimental units. The major differences between the 
two units were in design of the effusion oven, method 
of measuring oven temperature; type of target mate
rial, number of measurements that could be made 
without breaking the vacuum, and fraction of effusing 
vapor collected. These two experimental units, which 
were constructed of Pyrex, have been described elsc
whcre.2 

In each apparatus tantalum effusion ovens were 
used and were heated by induction. Each oven con
sisted of a top and bottom section which fitted to-
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gether by means of a finely-ground taper joint. Liquid 
plutonium wets tantalum and has a tendency to creep 
over large areas. This results in a large evapora
tion surface even with small samples of plutonium 
and if1:sures saturation of the vapor ·phase. 

The following observations indicated that tanta
lum does not have a significant solubility in liquid 
plutonium under the conditions of these experiments. 
A layer of plutonium that had spread to cover the 
inner surface of a tantalum crucible became oxidized. 
The oxide layer flaked easily away from the tantalum 
surface. The original machine marks on the inner 
surface of the oven remained clear and sharp. Fur
thermore the plutonium oxide showed no trace of 
tantalum under X -ray crystallographic examination. 

In the first apparatus (see Fig. 2 of reference 2) 
a 1.0-in. high tantalnm oven (sec Fig. 2 of reference 
1), machined from 0.5-in. rod, was supported by a 
4-in. tungsten rod 0.100 in. in diameter, ground clown 
to a diameter of 0.060 in. over a length of 0.5 in. A 
round oriftce was fonned in 0.005-in. tantalum foil, 
which was then spot-welded to the cover of the oven. 
A platinum, platinum-rhodium thermocouple was 
mounted in the bottom of the oven and held in a 
thermocouple weJI by a tantalum screw. The junc
tion was surrounded by a section of platinum tubing 
to prevent direct contact with tantalum. Inside the 
well the thermocouple wires were insulated from each 
other and from the wall by a short section of a two
hole alundum insulator. The oven was surrounded 
by a 0.005-in. tantalum foil radiation shield that was 
curved as one loop of a spiral so that the shield would 
not be heated by induction. In a preliminary experi
ment with a "dummy" oven made of nickel three 
thermocouples were attached to the top, middle, and 

-bottom outside surfaces. At 1000°C it was observed 
that the bottom surface was 10°C cooler than the top, 
with approximately a constant gradient. In the tan
talum oven used for the vapor pressure mea~mc
me11ts the thermocouple junction came within 0.2 in. 
of the bottom inside surface of the oven, which was 
the coolest surface in the oven. 

A target strip, 0.7 by 9 in., was bolted to a Pyrex 
holder that could be moved back and forth above 
the oven inside a horizontal target chamber by the 
action of a permanent magnet outside lhe evacuated 
apparatus. The target chamber was do11ble-walled 
and was cooled by liquid nitrogen between the walls. 
The target strip was marked into ten sections which 
in tum could be placed in position above the col
limating orifice. A thin-edged, round collimating 
orifice was machined in a nickel collimator piece that 
was held by tungsten wire clips in an opening throu~h 
the double wall of the target chamber. A magnetically
operated shutter passed between the oven and the 
collimator. Two types of target strips were used; 
nickel foil, which was found to be heated somewhat by 
induction, and mica sheet that had been sputtered 
with nickel to increase the probability of condensation 
of plutonium vapor. With this apparatus it was neces-

sary to break the vacuum after every ten target ex
posures. 

The diameter o( the oven orifice was 0.0137 cm 
and that of the collimating orifice was 0.5512 cm. 
The distance between the two orifices was 3.02 cm. 

A second apparatus (Fig. 3 of reference 2) was 
built to improve the precision of measurement. More 
uniform oven temperature was achieved by using a 
more massive oven.8 The oven, 0.75-in. diameter by 
1.0-in. high, with 0.13-in. minimum wall thickness, 
was supported on three 0.040-in. diameter tungsten 
legs that tapered to a point at the bottom and rested 
on a quartz table. In the top of the quartz table was 
ground a conical cavity, a V-groove, and a flat-bot
tomed groove to support the three legs of the oven 
in a steady and reproducible position. The oven 
temperature was determined with a calibrated optical 
pyrometer focused on a "black-body" hole in the 
center of the oven bottom. The oven was sur rounded 
by a nickel-coated quartz radiation shield (see Fig. 
3 of reference 2). The shield was designed with 
two concentric quartz tubes, each with four vertical 
slots, sealed together so that there were eight vertical 
breaks in the nickel surface that was evaporated onto 
the inner surface of the quartz. The more uniform 
oven temperature thus achieved increased the danger 
of creepagc of plutonium over the entire inner sur
face of the oven and out of the orifice. To avoid this 
the plutonium sample was placed in the innermost 
of two concentrically nested, sharp-edged tantalum 
cups placed in the oven. The oven orifice was formed 
in 0.005-in. tantalum foil that was spot-welded to the 
cover of the oven. 

The collimator piece in the second apparatus wns 
constructed of Pyrex and was supported in an open
ing through a horizontal, double-walled, liquid-nitro
gen-cooled target chamber by a nared section thnt 
rested on the inner surface of the target chamber. 

As in the first apparatus a target holder was pro
vided that could be moved back and forth within the 
target chamber by the action of magnets outside the 
evacuated apparatus. T he target holder consisted of 
a Pyrex glass plate 1.3 X 27 X 0.12 inches through 
which were drilled 18 holes to hold the targets. The 
targets were 0.75-in. diameter disks of 0.005-in. 
platinum foil. These targets were held in aluminum 
holders (see F ig. 4 of reference 2), which were 1.0-
in. diameter and 0.125-in. in thickness, by circular 
phosphor-bronze springs. A disk of 0.020-in. nickel , 
foil was placed between the platinum target and the 
aluminum holder to make the entire assembly ferro
magnetic and to permit the movement of targets in the 
vacuum by magnets held outside the apparatus. A 
hundred such targets, each marked by a number, were 
placed inside the apparatus and, as needed, were 
loaded into the Pyrex target holder by the action 
of external magnets. 

A seal-off manifold was attached to the apparatus 
for removing exposed targets without breaking the 
vacuum. The exposed targets were magnetically re
moved from the target holder and maneuvered 
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through partially flattened sections of glass tubing 
into a part of the tube that could then be scaled off 
at one of the flattened places. A magnetically-oper
ated shutter was provided between oven and col
limating orifice, as in the first apparatus. 

In this second apparatus the diameter of the oven 
orifice was 0.01571 cm and that of the collimating 
orifice was 0.5182 cm. The distance between the two 
orifices was 8.103 cm. These values are the lengths 
at 25°C. They were corrected to proper experimental 
temperatures by use of known values of thermal ex
pansion coefficients. 

Each apparatus was evacuated by a vacuum system 
capable of maintaining a pressure of less than I0-0 

mm Hg while the oven was heated. 

EXPERIMENTAL PROCEDURE 

Because of the ease of oxidation of the plutonium 
surface, precautions had to be taken to exclude oxy
gen and water from the apparatus. The tantalum 
ovens were initially outgassed by heating them in an 
auxiliary vacuum system to 2000°C for two or three 
hours or until the pressure in the system had fallen 
to about 1 X 10-3 mm Hg. After the oven had cooled, 
dried nitrogen was admitted to the system and the 
oven was removed to a nitrogen-filled desiccator. 
Before being placed in the desiccator the oven top 
was inspected with a microscope for possible change 
in orifice size during the outgassing procedure. No 
change in orifice size was ever observed. The thermo
couple was attached to the oven of the first apparatus 
after the outgassing. The vapor pressure apparatus. 
with targets in place, was evacuated and the glass 
walls were torched until the pressure had been re
duced to less than l X 10-3 mm Hg with all \\'alls 
hot. 'While the apparatus was being torched the radi
ation shield was outgassed by use 0£ a "stand-in" 
oven that was heated inductively to a temperature 
considerably higher than that to which the oven was 
to be heated. Dried nitrogen was admitted to the 
apparatus just prior to the introduction of the oven. 

Each pellet of plutonium had previously been 
cleaned anodically or by brush-burnishing and stored 
in a sealed glass tube under an inert atmosphere. The 
pellet to be used for vapor pressure measurements 
was transferred from the tube to the outgassed oven 
in an atmosphere of dried nitrogen. The top was pi1t 
on the oven and tapped into good contact with the 
tapered surface of the bottom section. The oven was 
rapidly transferred to the glass apparatus. A slight 
positive pressure of dry nitrogen was maintained in 
the apparatus until the last closure was made. The 
apparatus was immediately evacuated. 

Except for the difference in the method of meas
uring oven temperature and for the slight variation 
in the method of moving the target holder and oper
ating the shutter, the exposure procedure was the 
same with both experimental units. With the shutter 
between oven and collimator the oven was heated 
and its temperature was observed and recorded over 
a considerable interval of time.••\Vhen the tempera-
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ture appeared to be stable the shutter was opened 
and a timing -device started. Temperature readings 
were taken at frequent intervals during the exposure. 
Finally, as the shutter was closed, the timer was 
stopped. The temperatures recorded during the e..'C
posure were averaged to obtain the oven temperature. 
The target holder was moved to place a new target 
in position, the oven temperature was adjusted to a 
new value, and the process was repeated. Exposure 
times varied from 200 minutes at the lowest to 2 
minutes at the highest oven temperature. 

With the first apparatus it was necessary after ten 
exposures to cool the oven, admit dry nitrogen, and 
replace the target strip. \,Vith the second apparatus 
the exposed targets were removed by means of the 
"seal-off manifold" without breaking the vacuum. 
New targets, previously stored in the apparatus, were 
transferred to the target holder by manipulation with 
external magnets. 

The exposed target strips from the first apparatus 
were cut to separate the ten exposures. T he exposed 
platinum foil targets used with the second apparatus 
were removed from the aluminum holders. The 
amount of plutonium deposited on each target was 
determined by standard counting procedure. \iVhen 
the time involved was not prohibitively long, the 
counting of each target was continued until about 
I 0,000 counts had been recorded. 

EXPERIMENTAL RESULTS 

Thirty e..xposures, ten on nickel and twenty on 
nickelized mica, were made in the first apparatus. 
For these measurements the oven was charged with 
a 5.5-mg sample of plutonium, which had been pre
pared at the Chicago Metallurgical Laboratory by 
reduction in a beryllia cmcible and had been puri
fied by remelting on tantalum. These measurements 
covered the temperature interval 1338°K to 1838°K. 
The resulting vapor pressures, as calculated by 
Equation 2, are shown in Fig. l by partially shaded 
circles. These data scatter badly, due most probably 
to uncertainties in the temperature measurements 
since considerable erratic behavior of the thermo
couple was experienced. Least squares treatment of 
these data gave the following equation for p : 

log10P ... , = -(17,600 ± 900)/T + (8.08 ± 0.15) 
. (3) 

Fiity-six exposures were made on platinum tar
gets in the second apparatus. For these measurements 
the oven was charged with a 30-mg sample of plu
tonium which had been prepared at the Los Alamos 
Laboratory and had been remelted twice in a calcium 
oxide crucible. These measurements covered the tem
perature range 1392°K to 1793°K. The resulting 
vapor pressures are shown in Fig. 1 as circles. The 
equation obtained from these data by least squares 
treatment is as follows: 

log10Pmm = -(17,587 ± 73 )/T + (7.895 ± 0.047) 
(4) 

I I 
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figure 1. The vopor pre>sure of liquid plutonium 

The probable errors given for the constants in 
Equations 3 and 4 were calculated from the residuals 
of the experimental points from the lines defined by 
the Equations. The relative values of these probable 
errors in the two equations and the distribution of 
points in Fig. 1 show the marked improvement in 
precision of measurement by the second apparatus. 

Systematic errors in the geometry of the apparatus 
and in the measurement of oven temperature would 
shift the position of the log p vs 1/T curve but w ould 
not contribute to the probable errors as calculated 
for the constants in Equations 3 and 4. Estimates of 
the maximum possible error in each of the various 
quantities ( e.g., the geometric parameters of Equa
tion 1) whose errors might contribute to a systematic 
error, led to the conclusion that values oi vapor pres
sure calculated uy Equation 4 are correct within 
±5%. 

The average molar heat of vaporization of liquid 
plutonium in the temperature range 1392°K to 
1793°K is 80.46 ± 0.34 kcal/mole. Extrapolation of 
the linear Equation 4 gives a normal boiling point 
of 3508 ± 19°K. 
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Some Aspects of Polonium Chemistry 

By K. W. Bagnall,* UK 

Although polonium was discovered by Pierre and 
Marie Curie' nearly 60 years ago, the literature, until 
recently, hns contained little definite information 
about the element and its compounds. This is due to 
the fact that only very minute amounts of polonium 
were available, since the only sources of the clement 
were pitchblende ( containing 0.1 mg of Po210 /ton) 
and, later, radon ampoules containing the radium de
cay series RaD-E-F. Consequently much of the early 
literature was devoted to procedures for the separa
tion of the element. Fundamental studies of its spon
taneous deposition on to silver,2 copper,3 nickel4 and 
some other metals were made, together with some 
work on the electrodeposition of polonium on to plat
inum5·6 and on to gold.5,G,7 

The deposits obtained by these procedures were 
usually dissolved off the substrate for tracer e.xperi
ments, although some vapourization studies were 
made which showed that the volatilization of tracer 
polonium was somewhat erratic,5 the problem being 
further complicated by the fact that the chemical 
nature of the sublimates was uncertain. 

There is evidence for the formation of a polonide, 
Na2Po • :1:H20,9 formed by the reduction of tracer 
polonium together with tellurium under conditions 
suggesting isomorphism, and, under similar condi
tions, evidence for polonium dimethyl and dibenzyl 
was obtained. Tracer work has also indicated the 
existence of an unstable and volatile hydride,1° pre
sumably PoH2 and evidence for the existence of 
tetravalent compounds of the type M2PoCl11 was ob
tained by co-precipitation studies.11 

The evidence concerning the valency states of po
lonimn · is conflicting. By analogy with the other 
Group 6 elements and tellurium in par ticular, poloni
um should exhibit valencies of 2, 4 and, possibly, 6. 
In the last case, however, it has been shown11 that 
polonium is not precipitated with tellurium after 
oxidation by chromic oxide, indicating that polonium 
is not oxidised to the hexavalent state under these 
conditions and the only evidence for the existence 
of he..xavalent polonium is the possible formation of 
the trioxide by anodic oxidation7 and co-crystallis~
tion studies of tracer polonium with hydrated potas
sium telluratc.1 ~ 

Diffusion studies13,14 indicate the presence of di
valent ions in solution, but these could be complex 
ions of the form PoCl6 or possibly PoO++ and lhe 
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evidence obtained by co-precipitation studies has also 
suggested trivalency in solution.u Much of this tracer 
work has been summarised in a monograph by Hais
sinsky.1G 

Now that intense neutron fluxes are available in 
nuclear reactors, larger amounts of polonium can be 
prepared hy neutron irradiation of bismuth. 

Di200 ( 11 y) ➔ Bi210 !!_..,.. p 0 210 _ a~ Pb2oc 
• ' 5d 138d 

Due to the high specific activity of this isotope 
( 4.5 curies/mg, i.e., 1013 disintegrations per min per 
mg) the hazard from contamination is high, so that 
work with milligram amounts must be carried out in 
dry-box systems. The maximum permissible ingested 
dose is only 0.02 p.c ( 4.5 X 10-12 gm) and siuce 
ruhher dry-box gloves are rapidly penetrated, it is 
necessary for workers in this field to wear surgical 
gloves for additional protection against contamination 
and this tends to make for clumsiness in manipula
tion. More recently, work with synthetic rubber gloves 
( e.g. neoprene) has shown that these have increased 
resistance to penetration. 

Work with milligram quantities of the element is 
complicated by the scattering and decompositi•on of 
the solid preparations under the intense a bombard
ment. The high internal temperatures of the speci
mens, due to the heat evolved in the stoppage of the 
disintegration a particles within the sample ( equiva
lent to 27.4 calories/hour/curie) 16 is an additional 
complicating factor. It is also necessary to exclude 
air from the preparations to prevent oxidation of the 
sample an<l, since nitrogen dioxide is formed under 
the o. bombardment, to prevent the subst:quent reac• 
tion of this gas with the prcparation.17, 18 Preparations 
of organic compounds are rapidly charred and con
sequently analytical work must be• carried out very 
quickly. In solution, the problem is aggravated by the 
continuous (and, at concentrations of the order of 
500 mc/.ml, visible) radiation decomposition of the 
solvent accompanied by strongly oxidising effects. 

Most of the preparative work reported recently 
in the literature has been carried out on the 100-500 
microgram scale and even at the lower of these levels 
it is frequently difficult to assign a colour to a new 
compound due to the blue glow emitted by the prepa
ration and to the fluorescence induced in the con
taining tube by the a. bombardment. 

In our work in this field the main effort has been 
directed to the solid state chemistry of the element 
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and for this purpose X-ray powder photography has 
been used for identification purposes. 

The primary requirement was a quick method o[ 
preparing pure polonium metal as the starting point 
for each preparation. Due to the short half-life of 
Po~10 lead grows into the preparation at the rate of 
approximately 0 .5% per day. The self-deposition of 
milligram amounts of polonium on to sih-er, copper 
and nicke117 and the electrodeposition on to platinum11 

and on to gold18 was therefore investigated. The de
posits were then sublimed off the substrates under 
vacuum aud examined by X-ray powder photography 
:111d by spectroscopic analysis. It was found that, with 
the exception of the copper deposits, ver y pure po
lonium metal was obtained. 

For convenience the elcctrodcposition on to gold 
was used since it was found that reproducible de
posits of high density could be obtained on gold wires 
0.0 10 in. in diameter. This led to tbe technique1s of 
preparing the specimens IJy solid/gas r eactions in 
X-ray capillaries. One curie (0.2 mg) of polonhtm, 
electrodeposited on a one-inch length of gold wire, was 
sealed into the open end of an X-ray capillary attached 
to a ground glass joint. The polonium was sublimed 
under high vacuum into the centre of the capillary and 
the stripped gold wire was then scaled off and dis
carded. The required reagent ~ was then admitted to 
the evacuated capillary or fed through it in a slow 
stream. The product could then be sealed off for X-ray 
powder photography and analysis or subjected to re
action with a second gas by evacuat ing the capillary 
and repeating the abo,·c procedure. 

A micro-filter stick which could l>e used as an X-ray 
capillary18 was devised for work with insoluble com
pounds, since the normal centrifugation technique for 
preparing X-ray capillaries could not be applied in 
the case of polortium due to the disruption of the 
precipi ta te by the vigorous radiation decomposition 
o[ the solvent. 

The first published stud)• on "weighablc'' amounts 
of polonium was by Beamer and Maxwell10 who de
tennined the crystal structures of the two modifica
tions of the metal by means of X-ray powder photog
raphy o{ 0.1 mg S::tmplcs. The low temperature (a) 
form was found to be simple cubic with a phase trans
formation at about 75°C to the high temperature 
(B) form, which is simple rhombohcd ral. Due to the 
high internal temperature of the sample, freshly pre
pared specimens arc always the B form unless sub
jected t-o prolonged cooling in liquid air. Maxwc11=0 

has determined a number of the physical properties 
of the clement, including the melting ·point, found to 
he 254 °C, considerably lower than the theoretical 
calculations which had suggested 1300°C~1 and 
1785°C.22 

The physical properties of the metal resemble those 
of thallium, lead and bismuth, i ts neighbours in the 
period table, more closely than those of the sulphur 
(Group VI) family to which it belongs. 

The metal reacts with oxygen at 250°C to form a 
dioxide, identified by l\liartin~~ and found to exist in 

two crystal modifications, tetragonal (apparently red) 
and face centred cubic (yellow). It appears to be a 
U02- type oxide with variable oxygen content, the 
phase-change tetragonal face-centred cubic being tem
perature dependent and reversible, with the cell con
stant of the face cenlre<l cubic modification varying 
from 5.626 to 5.687 kX. 

The metal also reacts with chlorinc24.l8 and bro
mine24•2•·20 to form the corresponding tetravalent 
halides, which can be degraded thermally under vacu
um to the dichloride2 • •18 and to the d ibromide26 re
spectively. These compounds are brightly coloured, 
the tetrachloride being bright yellow and the tetra
bromide bright red. The dichloride is :i. dark ruby-red 
and the dibromide dark purple-brown. The tetra
chloride melts (in chlorine) to a straw-coloured liq
uid which uecomes scarlet about 60° above the 
melting point, the \"apour being purple-brown below 
500°C and blue-green nbove this lemperature16-

changes which indicate either changes in association 
in the vapour state, or decomposition to a ~eries of 
lower balides. 

The dihalides can also be prepared by reduction of 
the tetrahalidc by hydrogen sulphide or sulphur di
oxide gas.18,26 Even the dioxide degrades to metal 
under vacuum at 500°C11 showing the instability of 
the tetravalent stale. 

In solution the tetra.halides are readily reduced to 
the pink divalent state by sulphur dioxide gas, hydra
zine, etc., but are rapidly re-oxidised by the oxidising 
effects of the intense e1-bombardmcnt.18 There is also 
some evidence for the existence of an intermediate 
trivalent state in the case o( the chlorides. 

The ions formed in halogen acid solution arc ccr
tainl y complex and, like tellurium, salts of the type 
M 2 Po X 6 (X = CI, yellow,18 -28 and Br, brick-red26 ) 

are readily precipitated by addition of a solution of 
the corresponding caesi11m halide. 

According lo one repod24 iodine does not react 
with polonium metal, but we have f0tmd21 lhat a grey
black tetraiodide of metallic appearance can be pre
p:i.rcd by direct combination of the elements, by the 
action of hy<lriodic acid on the dioxide or by pre
cipitating a solution of the tetrachloride in hydro
chloric acid with potassium-iodide solution.n The 
precipitate is soluble in excess potassium-iodide solu
tion to give a dark red solution from which caesium 
iodide precipitates black caesium hexaioclopolonite.27 

Solvent extraction work has led to the isolation~6 • 

of polonium organic co111pouncls which appear to be 
analogous to those of tellurium, formed by condensa
tion of polonium tetrachloride with mono- a11d di
kctones. The yellow initial products have two atoms 
of chlorine per molecule, which are lost, as elementary 
chlorine, on heating and can also be removed by 
potassium hydroxide solution, the product being a 
purple-·violct, volatile crystalline solid. Work is still 
in progress 0 11 these compounds. 

The chemistry of the halides is therefore seen to 
be analogous to the chemistry of tellurium, as iodi-



388 VOL VII P/439 

cated by Marckwald,29 with the divalent state rather 
more stable than is the case with tellurium. 

REFERENCES 

1. Curie, P. and Curie, M., Compt. rend., 127: 175 (1898) . 
2. Marckwald, W., Ber., 38: 593 (1905). 
3. Russell, A. and Chadwick, J., Phil. Mag. (6), 27: 112 

(1914) . 
4. Tammann, G. and \\Tilson, C., Z. anorg. Chem., 173 : 

137 (1928) . 
5. Joliot, F., J. Chim, phys., 21 : 9 (1930) . 
6. Wertenstein, M., Compt. rcn. sex:. sci. Varsovie, 10: 

771 (1917). 

7. Haissinsky, M., J. Chim. phys., 29: 453 (1932). 
8. Bonet-Maury, P., Ann. Phys., 11: 253 (1929). 

9. Chlopin, V. G. and Samarzewa, A. G., Compt. rend. 
acad. sci., URSS, 4: 433 (1934 ). 

10. Pancth, F., Ber., 51: 1704 (1918). 

11. Guillot, M., J. Chim. phys., 28 : 92 (1931). 

12. Samarzcwa, A. G., Compt. rend. acad sci. URSS 33: 
498 (1941). ' ' 

13. Hevesy, G., Phys. Z., 14: 49 (1913). 

14. Pancth, F., Koll. Z .. 13: 297 (1913). 

UK K. W. BAGNALL 

15. Haissinsky,, M., Le Polonium, Hermann et Cie, Paris 
(1937). 

16. Beamer, W. and Easton, W. E., J. Chem. Phys., 17: 1298 
(1949). 

17. Bagnall, K. W. and D'Eye, R. W. M., J. Chem. Soc., 
4295 (1954). 

18. Bagnall, K. W., D'Eyc, R. W. M. and Freeman, J. H., 
J. Chem. Soc. (in press). 

19. Beamer, Vv. and Maxwcll, C., J. Chem. Phys., 14: 
569 (1946). 

20. :Maxwell, C., J. Chem. Phys., 17: 1288 (1949). 
21. Proszt, J. and Vcndl, M., Mitt. berg. Nuttenmann Abt. 

Uugar. Hochscule B~rg Forstwescn, 319 (1930). 
22. Vinassa. P., Atti R. Acad. Lincei (6), 8: 123 (1928). 
23. Martin, A. W., J. Phys. 01em., S8: 911 (1954). 
24. Burbage, J. J., The Chemistry of Some Alp/ia-E111itters, 

American Report MLM-885 (1953). 
25. Joy, E. F., Chem. :md Eng. News, 32: 3848 (1954). 

26. Bagnall, K. W., D 'Eye, R. W. M. and Freeman, J. H. 
(in press). 

27. Bagnall, K. W., D'Eye, R. w. M. and Freeman, J. H. 
(in press). 

28. Staritzky, E .. Some Tetravalent Comt,o,mds of Polo-
11i11m, American Report LA-1286 (1951). 

29. Marckwald, W., Ber., 35: 2285 ( 1902). 



On the Vapour Pressure of Polonium at Room Temperature 

By Josef S. Auslander and lulia I. Georgescu, * Romania 

PRINCIPLE OF THE METHOD 

In two previous papers,1 •2 it was shown that nu
clear research plates could be used as measuring 
instruments for extremely low pressures, especially 
partial, and/or vapour pressures, if the gas consid
ered were radioactive or contained a radioactive com
ponent, e.g. an unstable isotope in the case of chem
ically homogeneous vapours. 

Consider a vessel of some arbitrary rotational sym
metrical form and, on its internal wall, an elementary 
area, covered with an emulsion sensitive to ionizing 
particles. Let the vessel be filled with a radioactive 
gas (vapour) of such low partial pressure that the 
equation of state of perfect gases applies. · 

Then, it is easy to show, that the partial pressure 
P of the radioactive substance is given by 

I.: T 
p = VG o·v (1) 

where lz is the Boltzmann constant, T the absolute 
temperature, v the number of tracks per unit area of 
the emulsion, V the volume of the vessel ( or in some 
cases, see below, the part of it which contributes to 
. the formation of tracks), while G, called the geom
e(ry factor, depends on the form of the vessel, and on 
the position of the sensitive emulsion in it, and (} is 
a quantity, called the time factor; the last two quan
tities, G and e, are defined as follows: 

If the radioactive gas is in equilibrium with an 
equally radioactive condensed phase, then 

(} = >..t (2a) 

where .\ is the disintegration constant and t the time 
of exposure; if necessary, 'A may be supposed to in
clude an abundance factor of the radioactive isotope. 

If there is no such equilibrium, then 

I)= 1 - exp (- .\t) (2b) 

Under the assumption of a low enough total gas 
pressure in the vessel, such that the range R of the 
ionfaing particle in the gas may be considered as in
finite, the geometry factor G has been calculated1 for 
spherical vessels as : 

(3) 

where A is the radius of the sphere. Under the same 

• Polytechnical Institute, Bucharest. 

assumption it has been calculated for hemispherical 
and cylindrical vessels.2 

If the total gas pressure is large, so that R is 
smaller than the smallest of the linear dimensions of 
the vessel, then G becomes, under certain conditions,2 
independent of the vessel form and for V in Equation 
l the volume of the hemisphere with radius R0 has to 
be substituted. 

EXPERIMENT AL 

Preliminary experiments have been carried put 
with a (nearly) spherical vessel of radius A :::::: 14.2 
cm (Fig. 1) . At A the nuclear plate could be brought 
in or taken out. At B a glass tube with stopcock 
could be connected to a vacuum pump. At C there 
was a brass tube, which contained the source Po (a 
silver foil with polonium). As seen in Fig. 2, the 
polonium foil was placed in such a way that the direct 
impact on the plate of a-particles from the source 
could be excluded for geometrical reasons. The glass 
tube at E was provided with a simple Hg manometer 
and contained CaCl2 in order to prevent humidity 
and subsequent fading. The vessel was closed at A 2, 

B, C, D, and E by greased rubber stoppers. At the 
bottom it contained a small piece (,_,3_5 cm2 ) of a 
nuclear research plate. 

All manipulations were carried out in a dark room, 
where the vessel, previously evacuated to ~3-4 
rnm Hg, was stored during exposure. 

Each exposure was duplicated by a control expos
ure, under as far as possible identical conditions ex
cept for the absence of the orifice C and the polonium. 

The plates used, which were similar in type to 
Ilford C2 plates, were prepared in the laboratory by 
.one of the authors,3 and exposed at room temperature 
( 1~22°C, i.e., 294°K). Their shrinkage factor was 
determined by weighing as 1.99. . 

Four plates (and four control plates) were ex
posed for different exposure times ( see Table I on 
following page). 
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The vessels were evacuated again during expo
sure, as soon as the manometer showed a pressure 
higher than ,_,30 mm Hg. Such operations became 
necessary once with the vapour vessel in experiment 
1 ( see Table I), once with the control vessel in ex
periment 4, and daily after the seventh day with the 
vapour vessel in experiment 4; in this last case it also 
happened twice that the vapour vessel remained for 
~ ½ day under a pressure of 50-60 mm Hg. 
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to vacuum pump 

D. 

Po 

nucloar p\at-e 

figure 1 

Scanning was performed by means of a binocular 
"Me-Opta" microscope with total magnification of 
,-...,840 X (oil immersion objective). 

PRELIMINARY RESULTS AND DISCUSSION 

The results given below are to be considered as 
p reliminary, firstly because the experimental tech
nique employed is subject to improvement, :i.nd, 
secondly, hecause the area of the plates could not yet 
be scanned to the full extent. 

Substituting Equations 2 and 3 in Equation 1, in
troducing the corresponding numerical values, with 
A = 5.011 X 10-3 cl-1,4 and e.'<prcssing /J in mm Hg, 
w e get: 

p = 1.28 X 10-1u. ~ [mm Hg) (4) 
t 

Table I gives an over-all view of the results ob
tained. Most o[ its columns need no explanation. 
C olumn (c) gives !he number of radioactive stars 
which appeared in the scanned area. All of them are 
two-pronged; their number is negligibly small a nd 
will not be taken into account in the following. The 
numbers v from column (h) are the differences be
tween the upper and the lower numbers, v', of column 
(g). Column ( i) contains the pressure p, calculated 
hy Equation 4 from v' of the preceding column. The 
last column (j) gives pressure values p', calculated 
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in the same way from the upper values v' for the 
vapour vessel. 

The most reliable meas11remenL~ are those of ex
periments 1 and 3. In e.'Cperiments 2 and 4 the scanned 
area is very small. The most unreliable is experiment 
4, where fading may be of g reat influence because 
of the vacuum accidents mentioned above, and the 
long time of exposure. 

Figure 2 shows a histogram of the range, r, in the 
emulsion for experiment 3. The dotted histogram 
refers to the control p late. It is corrected for the 
difference of scanned area, i.e., the number of tracks 
plotted is recalculated to the same area as the vapour 
vessel plate. The peak o[ the histogrnm is at ~21 I"-, 

as is to be expected for polonium tracks in the plates 
used. The histograms of all other plates sho.w the 
same character. 

In order to make sure that the tracks recorded 
actually belong to atoms in the vapou r phase and not 
to atoms adsorbed on the walls of the vessel and on 
the plate. or to impurities on the p late, a histogram 

Table I 

• <>' 

·I ' J,•apoHr 1 Ntonbcr .. 
Timt of "' Seanntd 5~ "' . Single p p• 

t rxpotur~ eonN'ql aroa c u .tiuplt tracks ,I ( l Q·J• (JO-H 
i.:.! (days) vc.sul (e1n') :;::~ trod.:s pc,- cm:? (cm-•) m,n}lg) mm Hg) ,, 

C d ~ I (I 
,, 

11.4, { Vapour 1.40, 0 159 114 } 41 0.4. 1., Control 0.80, 0 62 73 

2 14.0o { Vapour 0.7& 1 91 116 } 25 0.2. 1., Control 0.77. 2 70 91 

3 15.0. { Vapour 1.76, z 223 127 } 56 0.4,, l., Control 0.86, · 1 61 71 

4 30.2. { Vapour 0.65, 2 55 84 } 43 . 0.1. 0.3. Control 0.76. 3 31 41 
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of the lengths p of horizontal track projections was 
traced in Fig. 3, which refers to experiment 3, too. 
The dotted Jines represent numbers of tracks in the 
witness plate, corrected in the same way as in Fig. 2. 
I-Iere, too, all histograms of this kind show th~ same 
essential features. 

It has been shown2 that the distribution function 
f (p) of the horizontal projections enables one to 
distinguish statistically between tracks issuing from 
disintegrations of atoms adsorbed on the walls of the 
sphere and on the plate, and those issuing from disin
tegrations in the volume of the vessel. These distril>u
tion functions2 were calculated with range fluctua
tions neglected. These functions are plotted in 
Fig. 4, where r means the range in the emulsion of 
the a-particles. One of the plots shows a ma..'-::imum at 
0.71 r; it refers to the atoms from the volume of the 
vessel. The other plot has a vertical asymptote at r; it 
refers to the disintegration of adsorbed atoms. As far 
as we are interested here, the form of the plots would 
not change essentially, if the fluctuations were not 
neglected. 

F igure 3 shows a well pronounced maximum at 
,......,16 µ., which is in satisfactory agreement with 
0.71 X 21 µ. = 15 µ.. 

The fact that the dotted plots sii'owed the same 
form as the full ones, suggests the possibility that the 
tracks in the control plate may originate, at least to 
some extent, from polonium vapours leaking in from 
the vacuum pump. Under the hypothetical assump
tion that all the control tracks have this origin, in 
column (j) are given the values I>' of the pressure, 
calculated by Equation 4 from v' for the vapour.:. 
vessel plate. It is more probable that the above as-

0 -r 
Figure 4 

sumption is only partially true, and thus part of the 
control tracks has to be subtracted from the 1/ values 
of the vapour vessel plate. 

The very small number of tracks from radioactive 
contamination can be explained by the fact that only 
tracks which begin at the emulsion surface play any 
role. 

In spite of the preliminary character of the results 
we feel entitled to assert, that the vapour pressure of 
polonium at room temperature is ---0.S X 10-a 
mm Hg. 

FINAL REMARKS 

It is not intended to claim a greater precision for 
our results than the order of magnitude. Notwith
standing the small total numbers of tracks, the small 
scanned areas and the vacuum imperfections men
tioned, all fou r e..-xperiments lead to vapour-pressure 
values of the same order, no matter whether we com
pute P ( column i) or P' ( column j) under the re
spective assumptions. Therefore, we can say that the 
order of magnitude is well established. 

It must be pointed out, that the method can be 
most valuable in many respects, especially if used • 
with electron sensitive plates and radioactive tracers. 
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A Natural Isotope of Element 84 With a Very Long Half-Life 

By R. Ripan, R. Paladi, H. Hulubei, Romania 

During the course of previous research into the 
possible existence of long-lived or very long-lived 
isotopes of the radioactive elements of the periodic 
system, one of us, in collaboration with Y . Cauchois,1 

observed in some gold ores of the petzite type from 
Transylvania (in 1940 and 1947) the existence of a 
naturally occurring element of atomic number 84 
which appeared likely to have a very long half-life. 

E lement 84 had previously been identified by the L 
lines of its X-ray spectrum. At that time we knew 
well the L spectrum of polonium-210 which had been 
recorded with a double focusing X -ray spectrometer.2 

This research also enabled us to shed some light 
on the detecting power of our methods (the a. ac
tivity of polonium deposited on the anticathode gave 
a measure of the quantity of the substance which 
was used for the analysis; and we could a lso detect 
10-10 gm of Po which was contaminated with other 
substances such as Au, Ag, Bi, Pb). 

After conventional chemical treatment of the pet
zites, X-1·ays still showed the existence of element 84 
in the extracted product. 

The activity of the product thus obtained, a few 
contaminating particles, was very weak. 

We then came to the conclusion (see above) that 
there existed a very Jong-lived isotope of element 84. 

The petzites are very rare in Transylvania. In 
order to confirm the results mentioned, we analyzed 
other Transylvanian tellurium minerals in the hope 
of finding this element in larger concentrations and 
in minerals less scarce than the petzites. 

Ultimately, we identified the same long-lived iso
tope of element 84 in the altaites, minerals containing 
tellurium, gold and lead, from Stanija (Transyl
vania). 

The chemical treatment, briefly described here, 
was as follows: The mineral was treated with aqua
regia- the lead sulfate was separated after the nitric 
acid had been eliminated. The product was filtered 
and chemical treatment continued as follows: 

Original_ language: French. 
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(1) Precipitate Solutio11 

l 
(a) gold and tellurium are precipilated 

with SO. 

Precipitate Solutia" 

I 
(a) SO, removed 
( b) Precipitation with H,S 

-E---
(2) Precipitate 
Removal of the Sb and As sulfides by 

dissor g ;, amm,,,;,m polys,::::.,,.s:!'t:" 

(3) Precipitate 
(a) The sulfides which are insoluble 

in ammonium polysulfide are dissolved 
in HNOa 

(/J) Bi(OH). is precipitated by NH,OH, 
from previously concentrated solution. 

t 
(4) Precipitate 
Dissolved in HNO. and 

rcprecipitation by NH,OH (repeated 
2 or 3 times) 

t 
Precipitate is dissoh'ed in HCI, and 

SO, is used to remove possible residual 
tellurium. 

t 
(5) Electrochemical separatio11 
On a si lver foil, yields a dark brown, 

almost black, product. 
Analysis of the L8 and L'Y lines of 
the X-ray spectrum shows the existence 
of element 84, which had been deposited 
on the silver foil. 

Analysis was made by the spectrographic methods 
mentioned above, and L11:y region was chosen for 
practical reasons: e.g., fewer rays coming from the 
elements in the mineral. 

The efficiency of the chemical treatment has been 
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checked with a small quantity of mineral using Po210 

as a tracer. 
Control of large-scale treatment was achieved with 

the aid of the typical X -ray spectrum. 
Since_ our first publication in 1940, Tempelton, 

Howland and Perlman3 published their work on arti
ficial radioisotopes of Po. 

It would be interesting to try to place the long
lived natural isotope which we found in 1940 among 
those obtained artificially. 

Preliminary research with nuclear emulsions indi
cates very weak a-activity, which would bear out the 
persistence of this isotope in our mincral.1 The min
eral does not contain any trace of uranium or thorium 
and does not contain any rare earths. 

The systematic study of a radioactivity made by 

Perlman, Ghiorso, and Seaborg4 seems to show that 
this isotope might well be found, as we expected, in 
the region of isotopes deficient in neutrons. 

Research in this direction is continuing. 
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Recent Developments in the Chemistry of the 
Uranium-Oxygen System 

By Henry R. Hoekstra and Stanley Siege l,* USA 

The uranium-oxygen system, as well as binary 
oxide systen1s of uranium, have been the subject of 
intensive study during recent years. Jn addition to 
the interest purely in the basic chemistry of the ura
nium oxides, a great deal of work has been done on 
use of the oxides as reactor fuels, as well as the possi
bility of high-temperature processing of metallic fuel s 
by oxide slagging techniques. A comprehensive sur
vey of all phases of investigations on these systems 
would require more space than is available here. This 
paper, therefore, will be concerned almost exclusively 
with the dry chemistry of the oxide systems. Litera
ture ci tations are restricted to the period 1945- 1955. 

URANIUM-OXYGEN SYSTEM 
U-U02 

The region between uranium metal and the dioxide 
is relatively simple; the solubility of oxygen in the 
metal is very slight (0.4 atom per cent at 2000°C). A 
monoxide of uranium has been reported.1 The struc
ture is given as cubic (NaCl type) with lattice param
eter ( 4.92 kX ) intem,ediate between that of ura
nium mononitride and the monocarbide. Uranium 
monoxide has never been prepared in bulk, appearing 
only as an impurity on uranium metal in a system 
containing "oxygen as the chief contaminant." Cubi
cciotti2 and Loriero3 found no indication of a monox
ide in their studies on the low-temperature oxidation 
of uranium metal. The inability to prepare uranium 
monoxide in bulk suggests that the pure compound 
is stable only at elevated temperatures, or that it is 
thermodynamically stable towards disproportionation 
only when carhon and nitrogen are present to stabilize 
the NaCl structure. If the problems of technique can 
be solved, X-ray studies at elevated temperatures 
are indicated here. The system might also be studied 
by the gradual addition of oxygen to the well-estab• 
lished monocarbide or mononitride. 

The structure of uranium dioxide (fluorite, a = 
5.458 kX) is well known, as is the fact that the 
structure is maintained over a considerable composi
t ion range with oxygen/uranium greater than 2. Less 
well-established is the ability of the fluorite structure 
to e.xist at oxygen/uranium ratios less than 2. Sev
eral studies4•5 based on X-ray evidence indicate the 
fluorite structure is stable at UO1.75, but no analytical' 
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data have been given to substantiate the discovery. At 
present the existence of both U O and U01.75 must be 
considered as questionable. 

UOrU02.2:. 

The uranium-oxygen system between UOt and 
U02r. has been studied in detail by Anderson and 
his associatcst.7 .s in England and by Perio and Her
ing5·9 in F ranee. The first portion of this composition 
range (to UO2.25) is comparatively straightforward. 
Oxidation of UO2 has been found to begin at a 
temperature as low as -183°C. At these tempera
tures chemisorption of oxygen equivalent to a mono
molecular half-layer of oxygen is found. T he adsorp
tion energy is very high, approximately 50 kcal/mole, 
but there is practically no activation energy.10 Above 
-140°C further oxidation occurs equivalent to sev
eral complete monolayers (~IO kcal activation en
ergy). The mechanism of the oxidation process has 
not been determined. The oxidation rate shows little 
temperature dependence, and is a logarithmic fu nc
tion of time. On the basis of these findings, it should 
be remembered that uranium dioxide which has been 
exposed to air at room temperature will have a 
composition approximating U02.04• 

Above 50°C a third oxidation process, \\'hieh fol 
lows a parabolic law, becomes important. This proc
ess is diffusion controlled, has an activation energy 
of about 30 kcal, and represents the actual bulk oxida• 
tion of uranium dioxide. Anderson, on the basis of 
density measurements, considers the diffusion-con
trolled oxidation to involve the random addition of 
interstitial oxygen atoms into the fluorite lattice. The 
composition limit in which the fluorite structure is 
retained is indefinite. Anderson estimates the limit 
at U02.20, while Pcrio reports the · preparation of 
U02.3G in which the cubic stn1cture is retained. The 
random addition of interstitial oxygen results in a 
gradual decrease in unit cell dimensions, but when 
oxidation is followed by annealing in a closed tube 
at 200°C or above, a rearrangement occurs with 
the interstitial oxygen placing itscH a t the center of 
the unit lattice to give an oxide with the composition 
UO2.25. Thus, any oxide in the composition range 
UOrUO2.2, will disproportionate to two cubic struc
tures on annealing, UO2 and UO2.25• The unit cell 
of U0.2.2s is given as 5.430 ± 0.003 kX with four 
uranium atoms per unit cell (U4O0 ). 
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U02.2n-U02.G 

The ~sual result of oxidation beyond UO2•2:s is a 
conversion from cubic to tetragonal symmetry with 
~/a i1:1creasing as oxidation proceeds. This increase 
is bche"'.ed to be stepwise rather than continuous as 
would be observed with a solid solution region. Joli
bois11 :ind Grnnvold and Haroldscn12 were the first 
investigators to report the formation o{ a tetragonal 
structure on oxidation of uranium dioxide. 

A~dcrson finds two tetragonal structures at ap
proJOmatcly UO2.31 (cja = 1.016), and UO2.:17 
(c/a = 1.030), for which he suggests the formation 
of a superstructure of the type (U4 O9 ) 4 O,. where 
11 = 1 and 2. A lhird phase, with 11 = 3, might be 
expe~tcd. Perio does report a third tetragonal phase, 
but 1t does not fit into the Anderson picture, since 
its composition is such that n < 1, with c/a = 1.010. 

The tetragonal forms show a rather limited tem
perature stability range which decreases from about 
500°C at ~UOu to 400°C at ....... u02.4• Above 
500°C the tetragonal phases disproportionate to 
form UO2.2;; aml U3O~. Thc.ir exact composition 
boundaries arc difficult to nsccrtain since the low 
tem~cratures required for the annealing process re
sult tn very slow diffusion and equilibration. Further
more, the tetragonal phases arc almost never obtained 
in a pure state. The usual experience is to observe 
th~ c?cxistence of two phases in varying quantities. 
·within the quoted composition limits for their sta
~ili~y, these ~ixtures are believed to n:µresenl equi
libria by Peno. Ile reports the preparation of tetrag
onal ph:"ISes from heated mixtures of UOA and 
U3Os. Anderson helieves that the tetragonal phases 
are formed only by oxidative processes and that true 
equilibria do not exist The end point in the oxidation 
of the tetragonal forms above UO2.• is always U30 8• 

\Ve have found that a reactive form of uo~, pre
rared by the thermal decomposition of uranyl oxalate 
in a closed, evacuated system, follows a very different 
oxidation path. Exposure to air at room te~1perature 
results in oxidation to nearly uo~.G· The X-ray pat
tern _remains cubic, although poorly crystalline, with 
a un_it cell so~ewhat _smaller than UO~.~:;. Annealing 
studies on tins material may prove worthwhile. Com
plete oxidation results in the formation of amorphous 
OOa, with no indicaLion of the formation of U 3O8 
as an intermediatc.13 The diITerent oxidation pattern 
may be due to the c..-ctremcly small particle size which 
does not permit nuc:leation of the U30 8 phase. We 
have ohserved that exposure to oxygen, rather than 
air, results in the formation of some U3O8• Evidently 
the heat of oxidation in pure oxygen is sufficient to 
cause some nucleation of the U110 8 phase. It is also 
possible that the tetragonal phases may play some 
role in the nucleation of the U3O8 phase. 

U02.5 to U02.6, 

Our recent work has been concentrated on the next 
portion of the systcm.15 Biltz and Muller, on the 
basis of tensimetric measurements, had indicated a 

lower limit of the U 3O 8 phase at approximately UO2.e. 
Rundle.1 on the basis of X-ray measurements, re
ported the c.-cistence of an orthorhombic phase related 
to U3O5 and extending to uo~.Ge- Gronvold12 had 
indicated UOuo as the lower limit, while Hering and 
Perio's investigation11 was in agreement with the 
results obtained by Rundle. 

One factor which may play some part in the dis
agreement as to the lower limit of the orthorhombic 
phase is the lack of a. precise analytical mean::; for 
anal)•zing the products for oxygen. ,ve have utilized 
a procedure14 which permits the direct determination 
of oxygen in all uranium oxidei; to ±0.4%. The 
method involves the use of bromine trifluoride to lih
erate molecular oxygen which is then measured tensi
metrically. In addition, a careful tensimetric study 
of the thermal decomposition of U30 8 has revealed 
that the composition of heated samples reverts exactly 
lo UaOs on cooling to room temperature, provided 
the oxygen pressure above the sample does not fall 
helow 100 mm . At lower pressures a certain amount 
of hysteresis in oxygen absorption results in the 
formation of an oxide deficient in oxygen relative to 
Ua<?~· We feel that the lack of agreement on the 
position of phase boundaries in the past may have 
resulted in part from the low-tcmpcrattire oxidation 
of UO2 discussed earlier and from the inability to 
meru;ure oxygen content with sufficient accuracy. The 
two methods outlined above should solve most ana
lytical problems.Hi 

Our results on ignited mixtures of UO2 and U3O 8 
place the lower limit of the orthorhombic phase (Run
dle's U:iO;;) at UO:uss, in agreement with Gronvold. 
Samples were analy1.ed both by reaction with bromine 
trifluoride and lly oxidation to UaOs. The .possibility 
rcmnins that the solubility range is greater at elevated 
~cmperatures, but since all results have been reported 
m terms of room temperature X-ray measurements, 
there should be agreement on phase boundaries. The 
upper limit of the orthorhombic phase ( which we have 
termed the U02.6 phase) is at UO:.!.o:;- There is no 
measurable variation in lattice dimension over the 
composition range. 

We have succeeded in preparing single crystals of 
an oxide with the composition UO~.c. by ignition of 
UaOs at lJ 50°-1400°C in air. If these crystals are 
cooled rapidly, oxidation is nei.?ligible. At 11S0°C 
needle-like <:rystals, approximately one mm in length, 
are formed 111 a week. At higher temperatures ,•ola
tilization becomes appreciable. Pseudo-hexagonal • 
blocks of oxide with the composition UO2 .04 condense 
at a slightly cooler portion of the furnace tube. Single 
~rystals oi UllOa were obtained by heating the UO2•61 

m oxygen to 500°. In performing this oxjdation, it 
was observed that the U 3O 8 so formed was of a dif
ferent crystaJline modification. This new phase, the 
P-phase, has been identified as orthorhombic, \\ith 
a= 7.04 kX, b = 11.40 kX, and c = 8.27 kX. This 
lead~ to 4 molecules in the unit cell and an X-ray 
dcm,1ty of 8.38 gm/cm'. The /3-form can be con
verted to the conventional, or a-form, of U 3O 8 by 
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heating to 750°C. No measurable change in oxygen 
content is observed as a result of the phase trans
formation. 

High temperature X-ray studies were initiated in 
order to determine the phase transformation tempera
ture (a to /3) and the decomposition temperature 
(/J to UO2.01). For purposes of technique, it was 
desirable to confine the U 3O 8 in a closed and evacu
ated capillary. However, since it was known that 
a-UaOs loses oxygen below 750°C under these con
ditions, a second set of data was obtained using an 
open-ended capillary, thus permitting the sample to 
equilibrate with atmospheric oxygen. 

Upon heating the a-U3O8 to 975°C in either an 
open or a closed capillary, the /3-U3O8 form was not 
observed. We conclude that ( 1) the ,B-form may occur 
near the U3 O8 decomposition temperature, (2) the 
/3-form cannot occur in a closed capillary because the 
structure of the a-form is too modified by the oxygen 
Joss, or ( 3) the /3-form is a metastable modification of 
UsOs which appears when the UO2.0 phase is oxi
dized to UaOs at low temperatures. Although the (3-
modification was not observed, other phase changes 
were detected, and one in particular has been iden
tified. 

The following applies only to results obtained with 
a closed and evacuated capillary of a.-U3O8 • Between 
room temperature and 400°C, the orthorhombic cell 
undergoes dimensional changes which arise from 
the oxygen loss as well as the temperature coefficient 
of expansion. At about 400°C, a new phase appears
and persists up to about 600°C; beyond 600°C, an 
additional phase occurs. 

The phase between 400°C and 000°C can be in
terpreted on the basis of a he."agonal cell with dimen
sions a = 6.801 ± 0.001 kX, and c = 4.128 ± 0.001 
kX. The cell contains one molecule and the calculated 
X-ray density is 8.41 gm/cm3 at the t ransition tem
perature. The main features of the X-ray pattern of 
this phase can be accounted for by placing uranium 
atoms at (000), (.½ ½ 0), and (½ ¼ 0). This 
structure is related to (l-U 3Oa reported by Zachari
asen,17 and the uranium positions are derived as 
follows: (000) orth ➔ (000) hex, ( ¼ % 0) orth 
➔(¼ ½ 0) hex, and (0 ¼ 0) orth ➔ (½ ¼ 0) hex. 

1f the ratio a/b for a-U3Oii is plotted as a function 
of temperature, it is found that this ratio approaches 
the value V3;'3 near the transition temperature. This 
change to the hexagonal symmetry is so continuous 
as to indicate that the oxygen atoms as well as the 
uranium atoms show similar structural relationships. 
Thus, the oxygen positions in the hexagonal cell be
come 

½ 0 z; 0 ½ :r; ½ ½ s; ¼ ½ ¼ 

½ Oz; 0 ¼ z; ½ ¼ z; ½ ½ ¼ 

For z = 0.1, the oxygen contributions are approxi--· 
mately of the correct sign and magnitude. indicating 
that the oxygen positions are approximately as given. ,, 
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On the basis of the assigned oxygen pos1t10n, the 
structure must be considered as trigonal. 

If a sample of U8O8 is pre-heated to 675°C, the 
X-ray pattern at room temperature indicates that the 
sample composition is between UO2.65 and UO2.01 
(UaOs). High-temperature studies of this material 
reveal that there may be a transition near 375°C but 
the new phase may not necessarily be hexagonal. For 
an open capillary, a transformation occurs near 
J00°C, but again the transformation is not well-de
fined. This indicates that for compositions with oxy
gent content slightly less than occurs in U 3O8 , the 
phase may be maintained up to about 300°-400°C, 
but at higher temperatures the transformations may 
involve order-disorder phenomena. 

U02.e1 to U03 

T his portion of the system is generally considered 
to consist of a solid solution. The upper limit, UO3 , 

is known to exist in at least four crystalline modifica
tions in addition to the amorphous form. Three crys
tal types are encountered in the high-temperature 
high-pressure oxidation of UsOs.'8 Phase I, the first 
to form, is hexagonal17 (a= 3.963 kX, c = 4.16 kX) . 
Phase I then converts to phase II, whose structure 
is unknown. This in turn fom1s phase· IH, or IVIal
linckrodt UO3 , which Perio10 has tentatively indexed 
as orthorhombic with a = 12.98 kX, l1 = 10.70 kX, 
and c = 7.49 kX. Phase IV, formed by the oxida
tion of UaOs by nitrogen dioxide, may also be con
verted to the Mallinckrodt oxide by prolonged heating 
in air at 500-SS0°C. 

V cry little appears to be known of the phase rela
tionships in converting U3O8 to UO3, or vice versa. 
It is possible that at least two paths exist between 
these composition limits. 

Zachariasen20 has shown that the orthorhombic 
UsOs can be derived from the hexagonal UO3 by 
referring the UO3 to orthohexagonal axes and choos
ing an axis three times longer than required. The 
transformation would involve only slight shifts in the 
uranium positions. Fried and Davidson21 reported 
that UO2.s2 and UO2.oc prepared by thermal decom
position of amorphous UO3 at 62~30°C in an 
atmosphere of oxygen were orthorhombic, but their 
lattice parameters were not intermediate between 
those of U3Os and U O3• Perio10 reports the prepara
tion of a he.xagonal form of UO2.sa, whose dimensions 
are given as a = 3.85 kX, c = 4.16 kX. Perio's com
pound was also prepared by thermal decomposition 
of amorphous UO3,22 but it is not stated whether 
decomposition occurred in vacuum, air, or oxygen. 
The phases encountered may be a function of decom
position conditions. Milne28 has prepared, by thermal 
decomposition of uranyl nitrate in air at 220°C, a 
compound which he assumes to be U3Q8• The fact 
that UO3 is routinely prepared from uranyl nitrate 
at somewhat higher temperatures, coupled with the 
reported structure (hexagonal, with a = 3.93 kX, 
c = 4.14 kX) suggest that the composition was 
actually much nearer to UOa. 
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BINARY OXIDE SYSTEMS 

The binary oxide systems of uranium are char
acterized by extensive regions of solid solution much 
as the uranium-oxygen system itself. Mixed oxides 
of di- and trivalent elements with uranium oxide re
flect the stability of the cation lattice in the fluorite 
structure. Oxides containing Jess than the required 
amount of oxygen for the perfect M02 lattice show 
anion vacancies, while those containing oxygen in 
excess of the required 2 :1 ratio add the extra oxygen 
at interstitial positions in the lattice. Complete oxida
tion of uranium to lhe he..-xavalent state with the 
formation of uranates is encountered only wilh mono
or divalent metal oxides. In mixtures of tri- or tetra
valent oxides with uranium oxides, the uranium is not 
oxidized beyond U30 8• Attempts to stabilize tetra
valent uranium by the addition of other oxides have, 
in general, been successful only in decreasing the 
rate o[ oxidation. As was indicntcd earlier, the fluorite 
lattice of uranium dioxide is capable of adding inter
stitial oxygen. R etention of this phenomenon in binary 
oxide systems of uranium has prevented effective 
valence stabilization. The data on binary oxide sys
tems with UO:? and U30 8 ai:-e summarized in Table I. 

Oxides of the metals of small ionic radius (Be, Al, 
and Ti ) show no compound formation or solid solu
tion with uranium oxides. The slightly larger mag
nesium ion does not form compounds or sol id solu-

tion with uranium dioxide, but does form com
pounds and solid solutions with uranium at higher 
valences. 

GROUP I OXIDES 

The work reported in this category is concerned 
almost exclusively with compounds formed between 
the alkali metal oxides and u ranium(VI) oxide
the uranates. Recent investigations have been con
fined for the most part to t he constitution of the ura
natcs of the alkali metals formed on precipitation from 
aqueous solution2•-27 and to the determination of 
crystal structures o[ the ortho-uranates (MiUO.) of 
potassium, sodium, and Iithium.26 rotassium uranate 
is reported to crystallize in an orthorhombic struc
ture (a= 7.96 kX, b = 6.90 k."'C, and c = 19.74 kX 
with 12 molecules per unit cell). The sodium and 
lithium compounds are isomorphous. 

GROUP II OXIDES 

Magnesium Oxide-Uranium Oxide 

As mentioned above, no compound or solid solu
tion is formed in the magnesium oxide-uranium diox
ide system. As uranium is oxidized above the tetra
valent stage, we have observed a solid solution region 
which extends from at least 25-S0o/o MgO. The 
structure is fluorite and extends on either side of 
the perfect fluorite (M02) lattice-(anion vacancies, 

Table I. Binary .Oxide Systems with U02 and U30 ~ 

Metal loN ic 
o..ride f'{ldiu.1 • 

R,a.ditm 
witl<t Observations R,r/cre,u, 

BeO 0.30 uo. (Theoretical ; eutectic at 2060°C; no compound or solid solution) 35 
MgO 0.65 uo. Eutectic: nt 21oo•c; no compound or solid solution 7,36 

U02.G Fluorite structure 25-50% McO; oxidizes to unmates in air 7,28 
CaO 0.94 uo. Eutectic at 2080°C; solid solution 0-47% CaO at eutectic; 7,31 

CaUO,,, Ca,UO, stable below 1850°C 
uo. .• Fluorite structure at 33% CaO; oxidizes to uranate in air 28 

SrO 1.10 uo ... F1uorite structure at 33% SrO; oxidizes to uranate in air 28 
BaO 129 UOu l'luorile ~tructure at 33% BaO; oxidizes to uranatc in .iii:- 28 
Al20, 0.55 uo. Eutectic al 19J0•c; no compounds or solid solution 37 
sc.0. 0.68} 
Sm.,O• 0.97 u.os Fluorite structure at SO% M (III) 38 
Yb.O. 0.8S 
Y,O, 0.88 UO, Almost complete miscibility at 2ooo•c fluorite to rare-earth C 7 
L:uO. 1.04 u.o. Fluorite 33-70% LaOu; to rarc-,earth C type above 70% Lo.O, .• 38 
Pr.On t.00( !II} u.o. Fluorite 30-60% PrO~ to rare-earth C type above 60% PrO. 39 

0.90(IV) 
Nd:Oo 0.99 UO, Solitl solution 0-60% NdO,.o 40 

u.o. Fluorite 25-65% NdO, . ., to rare-earth C type above 65% NdO, .• 38 
Er.Oo 0.89 u.o. Fluorite 27-'6i% ErO,.., to rare-earth C type above 67% Er01.s 41 

TiO, 0.60 u.o. ~o compounds or solid solution at ZSo/o TiOs 40 
ZrO, 0.77 UO, No compounds, fluorite 0-52% ZrO,, tetragonnl 53-100% ZrO, 42 
CcO, 0.92 UO, Continuous solid solution 43, 44 

u.o. Fluorite 50-100% CcO, 45 
ThO, 0.99 uo. Continuous solid solution 46 

u.o. Fluorite 44-100% ThO, 47 
uo.• Fluorite 50-100% ThO., maximum stable U valence +s 48 
.t-0, 

• Ionic radii arc taken from Zachariasen•s compilation in 
Seaborg, G. T. and Katz, J. J., Tlrt A ctinide Elc11umls, N:a
tional Nuclear Energy Series, Division IV, Vol. 14A, p. 77S, 
McGraw-Hill Rook Co., New York (1954). 

t Reactions with U02 arc in vacuum or in an inert atmos-
11herc: with UoO. in air. Reactions with UO. .• r epresent 
reduction of uranium in uranates by thermal decomposition 
to U(V). Reactions with UO, + XO, were controlled oxi
dation ex:pt-riments. 
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and interstitial oxygen) . The upper limit of the phase 
with respect to oxygen has been fairly well estab
lished, while the lower limit is less well known. Ob
s1:rved ranges are: 50o/o MgO(XOu-XO1.1:1) , 33o/o 
Mg() (XOu-XO:) , and 257'0 MgO(XOrXO2.13), 
where X = Mg + U. 

Two magnesium uranates have been prepared: 
M2UO. and MgU3O 10 . The diuranate,28 MgU!07, 

has been shown to be an equimolar miA-ture of the 
mono- and triuranate. vYe find that thermal decom
position of the triuranate occurs at ~1050°C in air 
to form MgUO, ~nd U3Oa(MgUaO,,3). At 1200°C 
further oxygen is lost and the fluorite structure is 
formed at the empirical composition MgU3Os.s, 
Vacuum heating at 1150°C causes further oxygen 
loss to MgU3Os with retention of the fluorite struc
ture. The monournnate is stable in air to ,.....J250°C at 
which temperature oxygen ic; lost to form a fluorite 
phase with the composition MgUOa.5 . Vacuum heat
ing at 1100°C results in a further slight oxygen loss 
to MgUO3.4• Above ll00°C loss of uranium from 
magnesium urn11ales becomes appreciable. 'vVe have 
not identified the volatile species, but it is probably 
the same compound responsible for volatili2ation 
losses in the uranium-oxygen system itself. \Vhetber 
the end product of the volatilization process is mag
nesium oxide, or whether another refractory binary 
oxide is being formed, is unknown. 

The structure of MgUO. has been determined by 
Zachariasen.213 It is orthorhomhic body-centered with 
four molecules per nnit cell. The compound contains 
co-linear uranyl groups joined together by the re
maining oxygen atoms to form long chains, indicating 
that crystallographically the formula should be writ
ten Mg(UO2 )O:. Zachariasen30 has also suggested 
that the simplest way in which polyuranates coulrl 
be formed would be to join two or more of these 
chains by means of shared uranyl oxygen atoms 
(O-U-O-U-O, etc.). 

Colcium Oxide-Uranium Oxide 

The calcium ion has nearly the same ionic radius 
as the U+-t ion. As a result, the anion deficient rare
earth C type structure is stabilized suniciently to 
permit extensive solid solution at the eutectic tem
perature (2080°C), with Ca(U) + U(IV) replac
ing the two trivalent rare-earU1 atoms in the struc
ture.31 The CaO solubility decreases rather rapidly 
with temperature, but below 1850°C two compounds 
are formed, CaUO3 and Ca~uo~. 

The effect of addition of Oll.ygcn to the Cao-uo~ 
system has been studied only in the vicinity of the 
composition of CaU2Oo, where the fluorite structure 
is obtained.28 Furlher oxygen addition results in loss 
of the fluorite structure. 

We find that calcium uranate is more stable than 
the corresponding magnesium compound. Ignition 
in air to 13S0°C causes no change in composition._. 
Zachariasen32 has reported the structure of CaUO4 

to be rhombobedral with one molecule per unit cell. 
The structure contains co-linear ur~nyl groups. Jn 
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this compound the (00~)02 arrangement is such 
as to form a layer structure rather than the chain 
structure observed with MgUO •. It is interesting to 
note that CaUO~ can be regarded as having a de
formed fluorite type o( structure .. 

Calcium diur:matc (CaU2O 7 ) can be decomposed 
to CaU2Oc hy heating to 900°C under vacuum. The 
intervening region is large!J• diphasic, but there is 
some solid solution near the diuranate composition. 
Its crystal stnicture has not been determined. 

Strontium Oxide-Uranium Oxide 

No data have been reported for the SrO-UO2 sys
tem. At the composition SrU10u, prepared by heat
ing SrU~O7 to l 100°C in a ,-acuum, a fluorite struc
ture is obtained. vVe have observed an unusual re
action for Lhis composition in that it oxidizes in air 
::tt room temperature to give ~SrU 2 O0.:. Complete 
oxidation to the diuranatc requires h!"ating at 600°C. 

The structure of SrUO,1 is isomorphous32 with 
CaUO4; its thermal stability has not been measured. 

Borium Oxide-Uranium Oxide 

We have ohtained the composition BaU2Oo (flu
orite structure) by heating barium diuranate 111 a 
vacuum at 1200°C, but the reaction is accompanied 
by a slow Joss of uranium. 

Dariurn urauate (DaUO,1) is orthorhombic with 
four molecules per unit ccll32•33 The (UO:)O2 layer
ing observed with calcium and strontium uranates 
is also seen here. \ Ve have not measured the therm.al 
stability of BaUO4 above 1200°C, at which tempera
ture no decomposition was observed. 

GROUP Ill OXIDES 

Yttrium oxide and neodymium oxide show exten
sive solul>ili ty in uranium dio;-.:ide. The remainder of 
the rare-earth oxides should show very similar prop
erties. The crystal structure encountered here is a 
transition from fluorite to the type C rare earth. 
\Vhen the rare-earth o:xides are ignited with U30 8 
in air, opportunity for the formation of both anion
deficient and interstitial oxygen containing stntctures 
e..._ists. The work of Hund and his associates illus
trares this phenomenon in their plots of cell radius vs 
composition for the t\<l, La, and Pr systems. The 
ProOu-U3Oe system mii;ht be expected to show 
the interstitial oxygen t·o oxygen <ieficient trans
formation at higher percentage of the rare-earth 
metal than the other Janthanides, but at the tempera
ture (1200°C) used in their work, the composition 
of the praseodymium oxide was probably consider
ably below PrO1. 83.31 The approximate composition 
range observed for the fluorite structure in the rare
earth uranium-oxide systems is M01.oi-MO~ 35• At 
lower oxygen-metal ratios the rare-earth type C struc
ture is obtained. In general, it can be said that the 
addition of rare-earth oxides to nranium oxides 
results in the stabilization 0£ the fluorite structure, 
but docs not appreciably affect the resulting uranium 
Yalence. 
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No uranates have been reported for trivalent 
metals, although the possibility e.-dsts that a ternary 
oxide of the type M(I )M'(III) (UOth can be pre

. pared. We are beginning an invest igation of systems 
o{ this type at the present time. · 

GROUP IV OXIDES 

A continuous solid solution over the entire com
position range is found for the CeO~-UO2 and ThOr 
U02 systems, as expected, since the oxides are iso
morphous. The addition of cerium or thorium dioxide 
to uranium oxide again tends to stabilize the Anorite 
structure. Anderson reports the inability to form the 
UsOs phase when the uranium oxide concentration 
falls below 50%. Measurements of lattice dimensions 
indic.ited shrinkage of the fluorite lattice with addi
tion of oxygen until the uranium valence reaches +s. 
F urther oxidation (maximum achieved was 5.38) 
results in expansion of the lattice, indicating a ma..xi
mum stable valence of +s for isolated uranium 
atoms in the fluorite lattice. A very similar situation 
is encountered in the Ce02 · U30s system. Rudorff 
and Valet report uranium valences to 5.2 with reten
tion o{ the fluorite stmcture. They report a fluorite 
composition range from 55-lO0o/o CeO2. Hund, Wag
ner, and Peetz indicate a somewhat greater stability 
i-ange-37 to 100% CeO2. 
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On Some Precipitation and Coprecipitation 
Systems of Thorium and Uranium Salts 

By Bozo Tezak, * Yugoslavia 

The precipitation and coprecipitation of inorganic 
substances from dilute solutions (in concentrations 
ranging from a few micrograms to a few thousand 
micrograms per milliliter) are nowadays very fre
quently used unit operations. In the field of nuclear 
chemistry many extractions, refining procedures, puri
fications, and other operations in connection with tech
nological treatment of low-grade ore, nuclea, fuel sep
aration, radioactive waste disposal, etc., and analytical 
techniques, are based on processes controlling the ap
pearance of a new solid phase from solution. 

From this point of view it seems worth-while to 
discuss certain general and specific features of the pre
cipitation and coprecipitation phenomena as exempli
fied by some thorium and uranium salts. It is expected 
also that the results obtained can be fitted into the 
framework of the systematic survey of precipitation 
systems in general.1 

For the characterization of such systems we are 
using the so-called typical precipitation curves obtained 
by making the concentration of one of the precipitating 
components reasonably small and constant, and vary
ing systematically the concentration of the other com
ponent. Such diagrams with tyndatlometric values, or 
am·ount of foreign substance ( or the constitutent ion 
in excess) occluded, or effect of peptization, or any 
other characteristic element for the precipitate, as 
ordinates, plotted against the logarithm of concentra
tion of the varying precipitation component are well 
suited for accurate description of the systems.2 

We intend to illustrate here, by using typical pre
cipitation curves of some sparingly or moderately 
soluble thorium and uranium salts, some important 
interactions between the heteropolar crystals in statit 
nasce11di and their environment. 

For the description and discussion of various crit
ical regions and limits it is necessary to distinguish 
between various maxima of precipitation ( the iso
electric or equivalency maxima, th~ crystallization 
maximum, the coagulation maximum, von Weimam's 
ma.'Cimum, the aggregation maximum, and others).:i" 

THE PRECIPITATION SYSTEMS OF THORIUM SALTS 
Figures 1-4 present systems of thorium maleate, 

fumarate, oxalate and phthalate obtained by mixing 

* In collaboration with M. Branica, H. Fiiredi, and N. 
Simunovic, Institute "Rudjer Boskovic," Zagreb, and Labora
tory of Physical Chemistry, Faculty of Science, University 
of Zagreb, Yugoslavia. 

aqueous solution of the sodium or potassium salt of 
the corresponding acid with 5 X 1()-3 N thorium ni
trate solution. The concentrations of anionic com
ponents are plotted on the abscissa. The technique 
of mixing and observation was the same as before. 
'With the exception of thorium fumarate, all typical 
precipitation curves show a pronounced isoelectric 
or equivalency maximum. Similar diagrams were ob
tained when the concentration of the anionic com
ponent was constant while the concentration of 
thorium nitrate varied. 
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The diagram is somewhat different for the thorium 
iodate system; Fig. 5 gives both the tyndallograms 
with constant thorium nitrate and with constant po
tassium iodate concentration. In the latter case only, 
there was a wide isoelectric maximum; with excess 
of potassium iodate it was impossible to obtain stable 
systems. 

Although on each side of a maximum in systems on 
Figs. 1-4 there are usually clear solutions, there is 
also the possibility (in the vicinity of the maximum 
at least) for the solid phase to be "thrown out" by 
the action of neutral salts. 

Figure 6 shows the critical concentrations of lan
thanum nitrate which "coagulate" thorium phthalate 
in the presence of varying excess of potassium phthal
ate. Similar effects are found with sodium, magnesium, 
and calcium nitrate : an over-all picture of the "co
agulation" effects of these ions on clear solutions of 
thorium phthalate as a function of the excess of po
tassium phthalate is given in Fig. 7. An analogous 
situation is observed with the coagulation effect of 
sodium sulfate on thorium phthalate in excess of tho
rium nitrate. Figure 8 gives the results over a large 
concentrational region of sodium sulfate; with increas
ing excess of thorium nitrate the precipitation becomes 
more and more incomplete. 

THE PRECIPITATION SYSTEMS OF URANIUM SALTS 

Usually the separation of uranium salts is per
formed by alkali hydrox ide or carbonate. In order 
to follow the completeness of the precipitation, the 
uranium content was determined polarographically 
in the clear mother liquor and expressed in percentage 
of the original content. The polarographic method for 
uranium determination was described earlier.4 

Figures 9, 10 and 11 show the results of mixing 
uranyl nitrate solutions with sodium hydroxide, am-
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monium carbonate and sodium carbonate solutions 
respectively. On some of these figures there are re
marks describing the precipitate formation ; on others 
the tyndallometric values are given as a measure of 
precipitation; the coi-responding pH-values, and the 
uranium content in the filtrate are marked in all 
figures. 

The possibility of precipitating uranium more com
pletely by addition of neutral salts was demonstrated 
in the case of uranyl nitrate- sodium carbonate sys
tems. Figure 12 presents a series of coagulation effects 
of sodium, magnesium, calcium, barium, and_ Ian-
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tyndallogrom,) of lanthanum nitrate for the sy,tem>: 5 X 10-•N 
thorium nitrate and 1 X 10-•N (I), 1.2 X 1o·•N (2), 1.5 X 10 .. N 

(J), 2 X 1 o·'N (4), and 4 X 10·2N (5) poto .. ;um phtholote 

thanum nitrate on equivalent "bodies" of uranyl car
bonate; all coagulation curves were obtained by using 
sols in stdtu nasce1idi.G The series of coagulation val
ues is in accordance with the rule of Schulze and 
Hardy. However, the great differences between the 
effects of magnesium, calcium and barium indicate 
the influence of solubilities of alkaline earth- uranyl 
--carbonates. It \viii be of interest, therefore, to ex
amine the precipitation and coprecipitation curves of 
such mixed systems.' 

THE PRECIPITATION AND COPRECIPITATION IN 
SYSTEMS OF URANYL NITRATE-BARIUM 

CHLORIDE-SODIUM CARBONATE 

Figure 13 gives the precipitation curve of barium 
chloride together with an equivalent amount of uranyl 
nitrate; the concentration of barium chloride and 
uranyl nitrate was constant, while the concentration 
of sodium carbonate solutions varied. It should be 
noted that the precipitation was more complete than 
in the case oE uranyl carbonate; the minimum amount 
of uranium in mother liquor did not exceed 2% . It 
may be concluded, therefore, that the best conditions 
for the precipitation of uranyl ion are obtained by 
performing the precipitation with carbonate ion con
centration equivalent to the sum of barium and uranyl 
ion, which are also in equivalent concentrations. 

This is demonstrated again in Fig. 14 where the 
precipitation was performed with the concentration 
of carbonate ion equivalent to the sum of barium and 
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uranyl-ion concentrations, but with systematic varia
tion of barium ion; while the concentration of uranyl 
ion was kept constant. On both sides of the barium 
chloride "gradient" there is a region where the pre
cipitntion of uranyl ion is nearly complete; the remain
ing amount in the mother liquor was under 1 % of 
the original concentration. 

When the ratio between barium and uranyl ion 
was 2 :1, a sharp peak was obtained with the conse
quence that about 50% of the original amount of 
ura11yl ion remained in the solution. I t should be noted 
that the concentration of the remaining uranyl ion is 
dependent upon the time elapsing between the mo
ment of mixing and that of taking the sample of 
supernatant mother liquor (or the analysis. This fact 
reflects the changes in the composition of the pre
cipitate. Nearly complete removal of uranyl ion from 
solution in the range of great excess o( 1,arium car
bonnte (more than 100 Ba/1 U) is cer tainly due to 
coprecipitation. 

THE COPRECIPITATION OF URANIUM WITH 
SARIUM CARBONATE AND CALCIUM HYDROXIDE 

It has been shown already that the eliect of copre
cipitation in systems of barium nitrate-sodium carbon
ate-sodium hydroxide depends on the concentration of 
carbonate and hydroxide as much as on the Ba/U 
ratio. Therefore some e..'<periments in this direction 
were performed. 

The solution of barium nitrate was added as pre
cipitating component to solutions containing from 1 
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6 X 10·•-1 X 10-4N sodium sulfote 

to 50 micrograms o{ uranium per milliliter, 0.03 to 
1.0 N sodium hydroxide, and 0.02 to 0.5 N sodium 
carbonate. The systems were filtered, the precipitate 
dissolved in nitric acid, evaporalt:d to dryness and 
treated with perchloric acid. After repeated evapora· 
tion the samples were dissolved in suitable electrolyte 
and polarographed. When the ratio Ila/U was greater 
than 600 the coprecipitation was nearly complete in 
all cases where the excess of carbonate was less than 
four times the concentration of barium ion. 
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These results may be compared with the results 
obtained with the calcium-nitrate sodium-hydroxide 
system. To obtain a similar effect of coprecipitation 
to that with barium carbonate, the ratio Ca/U had 
to be 3000, with the most convenient concentration 
of sodium hydroxide about 0.5 N . With the ratio 
600, about 70% of the uranium was found in the 
precipitate. vVhen aluminium ions were present (in 
concentration of about 5 X 10-2N) the effect of copre
cipitation was much smaller. With the barium-car
bonate system such an effect was not noticed. In the 
presence of sodium carbonate the coprecipitateil 
amounts of uranium were smaller. 

With these examples we have tried to demonstrate 
that similar systems are very well-suited for obtain
ing an insight into the character of the effect of vari
ous salts, and other factors, which are responsible 
for the appearance of a new phase. It had already 
been shown by similar investigations that it was pos
sible not only to describe the behaviour of the sys
stems with regard to practical appl ications. but also to 
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obtain valuable infom1ation for a theoretical approach 
to the mechanism of nucleation, crystal growth, aggre
gational crystallisation, coagulation, and all phenom
ena connected with the sensitive structures on the 
boundary between the solid and liquid phases. 
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Recent Developments in the Chemistry of Thorium 

Sy L. I. Kat:zin, * USA 

Before 1940, the main industrial use of the clement 
thorium had been in the incandescent gas mantle in
dustry. The advance of electrification had already cut 
deeply into that use of thorium. Other potential uses 
were still uncertain, and the study of the chemistry 
of the element was stagnated. \.Yith the d iscovery, 
within the last 15 years, of U233 and its slow-neutron 
fission properties, a new stimulus has been given to 
the detailed study of thorium chemistry. It is the 
purpose or this paper to discuss some of the more 
significant achievements of the newer studies, namely, 
(a) the production of massive thorium metal, ( b) 
the development of thorium hydride as a raw material 
for the synthesis of thorium compounds, (c) prepara
tion of volatile compounds of thorium, (d} develop
ment of extraction and purification procedures for the 
element based on the solubility of thorium nitrate in 
oxygenated organic solvents, and ( e) the prepara
tion of compounds in which thorium bas an apparent 
oxidation number less than four. 

THORIUM METAL 

ln his original work on the element thorium, Bcr
zelius1 treated both potassium thorium Auoride and 
thorium chloride, with potassium to obtain metallic 
thorium. Later workers used these compounds and 
the double chloride in various arrangements, with 
potassium or sodium metal.2-7 Calcium was also tried 
as a reductant for the chloride,8,0 and some experi
ments on reduction of thorium oxide with sodium, 
magnesium and calcium have been rcported.10- 13 A 
characteristic feature of all of these reduction p roc
esses is the powdery or granular nature of the metal
lic product; massive metal is not produced. Other 
techniques which have been tried include the vapor 
phase decomposition of thorium iodide on a hot tung
sten filament,u which is best suited for production 
of small amounts of high-purity material, and elec
trolysis of thorium chloride in molten NaCl and 
Kc1.15.11 

The production 0£ powdery and granular metal 
in thermochemical r eduction processes is clearly a 
consequence of the high melting- point of thorium 
metal. Formation of impurity (oxide) surface films 
may be a secondary complicating factor. Spedding, 
Wilhelm, Keller, Iliff and Neher developed a method 
of producing massive metal by both raising the t em
perature of the reacting system and lowering the 
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melting temperature of the metal formed so that it 
would flow together. The first part of this was accom
plished in part thrnugh choice of thorium fluoride 
and calcium metal as the reactants. The heat of 
formation of calcium fluoride gives a maximum heat 
evolution in the reaction. Additional heat could be 
supplied by means of a side reaction, such as that of 
iodine, bromine, or the halides of volatile metals with 
excess calcium in the system. Zinc chloride proved 
to be the most effective of such "boosters." Its suc
cess is based upon a double action- in addition to 
the heat released through the reaction of zinc chloride 
with calcium, the zinc metal formed alloyed com
pletely with the tl1orium, lowering its melting point 
and giv ing coherent massive metal that separated 
well from the slag. Vacuum fusion of the cleaned 
alloy billet gives sound metal completely free of the 
volatile zinc. 

The production of pure solid metal is of great im
portance because of its relationship to the chemistry 
of thorium compounds formed from the metal. When 
only powdered metal of unverified purity was avail
able for synthetic work, stoichiometry of reaction 
products could not be correctly verified from either 
the starting proportions or from analysis. This diffi
culty was exaggerated by the large atomic weight 
of thorium in comparison with the elements with 
which it was caused to react. Much of the early de
scriptive chemistry and thermochcmistry of the com
pounds of thorium with hydrogen, nitrogen, sulfur, 
etc., now should be or has been repented. 

THORIUM HYDRIDES 

Typical of the compounds whose nature was un
certain before the advent of massive pure thorium 
are the thorium hydrides. The uptake of hydrogen by 
freshly prepared thorium (mixed with much other 
material) was demonstrated by Winkler18 in 1891. 
Later work failed to define the composition.10, 20 With 
the massive metal as starting material, Nottorf, Wil
son, Rundle, Newton and Powell21 •22•23 were able 
to demonstrate positively that there were two thorium 
hydrides, with the formulae T hH2 and ThHa.7:; veri
fied by X-ray diffraction and neutron diffraction 
studies24•2~, 26 of the crystal structure of the solids. 

407 

The reaction between either massive thorium or 
thorium turnings and hydrogen gas can be initiated 
by heating a t 300-350°C, though somewhat higher 
temperatures may be used for convenience. Powdered 
thorium ( e.g., formed from high-temperature decom-
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pos1t10n of hydride) reacts immediately with hydro
gen at room temperature, becoming red hot. At room 
temperature ThH2. reacts very slowly with hydrogen, 
but the rate gradually increases, and after a few min
utes the sample begins to get warm, which in turn 
increases the rate rapidly. Heating in vacuo at 900°C 
completely decomposes the hydrides. 

The total amount of hydrogen absorbed by a sam
ple of thorium is greatly affected by impurities. Thus, 
thorium recast in BcO crttciblcs formed hydride to 
a maximum hydrogen content of 3.19 atoms per 
thorium atom; thorium heated to l 100°C in high 
vacuum ( residual Zn, 0.03 per cent) took up 3.52 
hydrogen atoms per thorium, and metal which had 
been heated to 1600°C in vacuum took up 3.62 atoms 
of hydrogen per thorium atom. T he detailed dissocia
tion pressure curves of the hydrides were also affected 
by purity, the best curves being given . by the purest 
material. The vapor pressure relation27 •2~·20 for the 
Th-ThH2 system is 

log P (mm) = -7700/T + 9.54 

for the higher hydride, in equilibrium with ThH2, 

log P (mm) = -4220/T + 9.50 

The most significant feature of the thorium hy
drides ( or possibly the finely divided metal in equi
librium with them) from the standpoint of the present 
discussion is their use in synthesis of anhydrous 
compounds of thorium. This is done in analogy with 
the corresponding use of uranium hydride30 and is 
due primarily to the work of Lipkind and N ewton.31,32 

The general technique is to pass the desired gas or 
vapors over thorium hydride (there seems to be no 
important differentiation between them, though the 
starting material more often is the higher hydride) 
at 350°C or sometimes 400°C. The gases are usually 
at low pressure, and the vapors may be carried with 
an inert gas such as nitrogen, so that reaction is kept 
to a reasonable rate. Typically, 3 to 4 hours of re
action time arc allowed for from 10 to 25 g thorium 
in the starting material. In all cases, production of 
the desired product is quantitative, with the exception 
of the few per cent Th02 which may be in the orig
inal metal. 

The most common type of gaseous reagent used is 
the hydrogen compound-HF, HCI, HBr, H i, PH3 , 

and H2S. The compositions of the products in all of 
these cases correspond to tetravalent thorium ; the 
phosphide has the composition Th3P1, and the sul
fide is ThS2• 'Water vapor at l00°C converted an 
original 12.7 grams of metal to Th02 in six hours. 
Even at 500°C, methane produced no reaction prod
uct ( other than bringing all the hydride down to 
ThH2 ). Others,33 •3• however, have used the reaction 
between powdered metal produced from thorium hy
dride and ammonia gas to produce both ThN. and 
a thorium nitride, tan in color, which has been iden
tified84.86 as Th2 N3• This reaction was carried out 
at 700-1100°C. 
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Reaction between chlorine or bromine and thori
um hydride also takes place under the same conditions 
to give the corresponding-halides. ·In these ·instances 
an important factor is probably the simultaneous re
action with the hydrogen to give gaseous hydrogen 
halide. Carbon dioxide at 350°C, even after 47 hours, 
gave neither carbide nor oxide visible to X-ray in
vestigation, and the apparent weight change, if real, 
was only from 11.9 gm of hydride to 12.0 gm. 

The technique possibilities cannot be considered ex
hau~ted and further work would show syntheses and 
institute the method for preparation of known mate
rials. 

VOLATILE THORIUM COMPOUNDS 

In 1896, Urbain37 reported synthesis of thorium 
acetylacetonate and that the compound sublimed at 
temperatures around 170°C. For over 50 years this 
compound remained the single example of what could 
be called a "volatile" compound of thorium. As a 
result of experience with the wartime preparation of 
metal borohydrides and their properties, Hoekstra 
and Katz38 were able to prep..'\re thorium borohydride, 
Th(BH,i ) 4 , and to demonstrate that it sublimed at 
temperatures lower than does the acetylacetonate. 
The reaction used for the synthesis was 

ThF4 + 2Al(BH4)a = Th(BH4)4 + 2A1F2BH" 

The vapor pressures as measured were 0.05 mm Hg 
at 130°C, and 0.20 mm Hg at 150°C. On passing 
through a tube at 300°C, thorium borohydride de
composes to a bright metallic mirror on the walls, 
which seems to be amorphous ThB4 • Thorium boro
hydride was found soluble in diethyl ether to the 
extent of 47 gm per 100 gm of ether, and in tetra
hydrofuran the solubility was 23,6 gm per 100 gm 
of solvent. Benzene die! not seem to clissolve the 
borohydride compound. From diethyl ether, a com
plex of the probable formula Th(BR1 ),, · 2Et20 
could be obtained at ice-bath temperature. 

Very recent work by Bradley, Saad and Ward
law30 has disclosed a whole class of relatively 
volatile thorium compounds. These are the alkoxides 
of tertiary alcohols, with the general formula 
Th(OCXYZ)4, where X, Y and Z are organic radi
cals attached to the carbinol carbon, and in the pub
lished work have been methyl, ethyl, 11-propyl and 
i-propyl, in various combinations. ·The dimethylpropyl 
alkoxides have been unstable to heating :tbove 120°C, 
and the tetraisopropoxide, parent substance for syn
thesis ·of the others, is not volatile. The most volati le 
compound, according to the experimenters, has been 
the tetra-methylethylisopropoxide, which may · be 
written Th(OCMeEtPr1) ,. It boils at 139°C under 
a pressure of 0.05 mm Hg. This seems slightly less 
volatile than the borohydride which Hoekstra and 
Katz report boils at 130°C under the same pressure. 

THORIUM NITRATE IN ORGANIC SOLVENTS 

Peligot40 reported )he ether solubility of uranvl 
nitrate in 1842, and Imre41 in 1927 used ether to 
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extract a thorium isotope from strong nitric acid 
solutions, but it took the war-time atomic energy 
program to give the needed impetus toward explora
tion of solvent-extraction procedures as a common 
purilic:(tion and isolation procedure for inorganic 
salts. One of the earliest surveys of organic solvents 
suitable for solvent extract ion of thorium nitrate was 
carried out in 1944-45 under the writer's direction 
by Hyde and Wolf. Without giving their results in 
detail, the following summary w.ay be presented. 

Using a standard arbitrary aqueous composition 
of 2N thorium nitrate, IN HNO3 and 3N ammo
nium nitrate, an<l equal volttmcs .of aqueous and 
organic phases, the simple ethers ( diethyl, d i-n-pro
pyl, dibutyl) showed essentially zero e.'<traction of 
thorium nitrate. ( lmre, it will be remembered, had 
found it nccc:,sary to go to acid concentrations greater 
than SN to obtain de tectable extraction with diethyl 
ether.) Polyethers or hydroxylic ethers were better, 
the diethyl ether of ethylene glycol giving some 24o/o 
extraction, and the monobenzyl ether of ethylene 
glycol, 21 o/c. Alcohols were better than the simple 
ether:, as a group, with 11-butanol ( 57()) and methyl 
11-amyl corbinol ( 4.770) appearing to show most 
promise. Dimethyl clioxane was also a little better 
than the s imple ethers ( 3.810). Halogenated hydro
carbons ( t richlorethane, trichlorethylene, chloroform) 
were no good, and the nitro compounds (2-nitropro
pane, nitrobenzene, o-nitroanisole) showed no prom
ise. The best of a dozen esters were the two propyl 
acetates, with extraction of l.2-1.3%, 

As a class, the mos t outstanding group or ex tract
ing solvents, with the arbitrary conditions set, were 
the ketones. Almost any liquid member of the class 
did well as a solvent. Examples are methyl ethyl 

. ketone (15% by volume xylene added to diminish 
water solubility) , 22o/o; methyl 11-propyl ketone, 
11 % ; methyl isobutyl ketone, 20%; cyclohexanone, 
11 % ; isophorone, 27o/o; and mesityl oxide, 12.7%, 

Ta.king a given solvent and vary ing the conditions, 
for a given thorittm concentration, nitric acid was 
more effective than ammonium ni trate in promoting 
extraction into the organic phase, and higher total 
nit.rates gave better result~ than lower concentrations. 
For the same total nitrate conccntratjon,. higher con
centrations of thorium gave better distribution into 
the organic phase than lower concentrations. \Vith 
both thorium and acid concentrations fixed, added 
salts such as calcium nitrate and especially mag
nesium nitrate promoted thorium extraction much 
more than did ammonium nitrate of the same nor
mality. Aluminum nitrate also promoted the extrac
tion of thorium better than did ammonium nitrate. 

With proper detailed choice of aqueous composi
tion and solvent, very favorable single-contact dis
tribution coefficients can Ile obtained for thorium 
nitrate. 'Nith the e..xception of uranyl nitrate, no 
other nitrate salt e.xtracts as well. Particularly, the 
rare earths are extracted very poorly. Incorporating 
the extraction into a m.'lny-stage counter-current Aow
column process, one has an extremely practical mode 

of isolation of thorium from other metallic cations 
and, in particular, o{ freeing it completely from the 
rare earths which are found with it in nature. Such 
a process has been worked out by Spedding, Johnson, 
Tucker, Kant, \,\/'right, \,Varf, Powell, Newton, 
Fisher and Lipkind and was embodied into an oper
ating plant about 10 years ago. T he thorium feed 
solution is 3 M in calcium nitrate, 3 M in nitric 
acid, and 0.445 M in thorium nitrate. Methy l isobutyl 
ketone is used as· the e.'<tracting agent. The extrac
tion column has operated satisfactorily to give con
sistently at least 99.7 per cent recovery of thorium, 
but the exact separation factors from the impuri ties 
in the s tarting thorium nitrate a re not known, iE only 
because their final concentrations cannot be meas
ured. Since the war there have been a munher o[ pub
lications from various laboratories over the world 
dealing in one manner or another with thorium ni
trate and organic liquids as solvents which do not 
alter what has been said above concerning the extrac
tion procedure:, aud which ,,;11, for brevity's sake, not 
be di~cusscd at this point. 

Our understanding of the nature of solutions of 
inorganic salts in organic solvents is still limited, and 
t11orium nitrate furnishes a desirable test materinl. 
In collaboration with Ferraro, we have established 
that the important hydrates of thorium nitrate at 
ordinary temperalul'es arc the penta hydrate and tetr;i
hydrate;1~ and we have measured the beats of solution 
of these hydrates in a variety of organic solvents. A 
summary of the findings appears in Table I We have 
also prepared anhydrous thorium nitrate43 and meas
ured its heat of solution in water (it is very difficultly 
soluble in other i.olvents), finding an evolution of 
-34 7 kcal-mole at a dilution of 1 ;2500. · 

The solubility and rates of solution of the hydrntes 
in the various solvents were not equal, so it was not 
practical to measure all the heats in Table T for 
equally concentrated solutions. There is, nevertheless. 
a marked t rend from high heat evolution for solution 
in the strongest electron donors to low heat absorp
tion for solution in some of the esters, the weakes t 
donors. Of significance seems to be the extremely 
high heat of solution in tributyl phosphite, which 
suggests that there is in this instance coordination 
to Llie lone electron pair of the phosphorus, whereas 
in the other solvents !isled the electrons shared come 
from oxygen. 

Another point of interest is the heat of solution. 
values in isobutyl alcohol, which come almost nt the 
encl or the list rather than with the strong bases. Tn 
similar work with 2- 1 nitrate hydrates44 •45 it was 
shown tha t this probably corresponded to partial 
displacement of anions by alcohol groups. When iso
butyl alcohol diluted with a weak base like acetone 
was used, a value approx imating that for the other 
alcohols was found. With tertiary butyl alcohol, eJjm
ination of anions from the coordination sphere40-48 

is attended by formation of insoluble he."<asolvated 
solids; with thorium nitrate, insolubility is also found. 
A series of mcas·urements of thorium nitrate tetra-



410 VOL VII P/734 

Table I. Heats of Solution (t..H) of Thorium Nitrate 
Hydrates in Water and in Various Orgonic 

Solvents at 25° (kcol/mole)* 

Solven,/ Solut, Th(NO•)• • 4 lftO TA(N00 ), • 5 R,O 

Tributyl phosphitc -42.9 (480) -44.2 (80) 
-37.2 (480)t 

Dimethyl fonnamide -252 (150) - -21.6 (150) 
-20.0 (293)1 

Dibutyl butylohosphonate -18.8 (450) - -14.2 (80) 
--15.5 (450) 

Tetrahydro[uran - 142 (80) 9.4 (80) 
8.9, ( 138) t 
5.9. (300)1 

Tributyl phosphate - 12.1 (80) 7.6. (80) 
Ethylene glycol diethyl -11.1 (150) 6.6. (150) 

ether 
Diethyl ether 9.S. {80) 4.8; (80) 

4.5. ( 110) t 
3.2. (218) t 

Ethylene glycol monoethyl - 9.4o (150) 1.0. < 1so) 
ether 

3.3. (450) Dibutyl "carbitol" 840 (450) 
Water 7.6. (350) 3.5, (350) 
Acetone - 6.6. (80) 3.3. (80) 
Methyl ethyl ketone 5.9. (130) I.SO (130) 
Ethyl acetate - 1.41(200) 3.10 (165) 

1.04 (200) t 
1.74 (100) 

Methyl isobutyl ketone - 1.19 (300) 0.37 (300) t 
4.4, (150) 

Ethyl propionate 1.05(150) 4.7. (300) 
Ethyl chloroacetate 1.38(300) 4.6' (130) 
n-amyl acetate 1.10(200) S.O, (200) t 

6.3. (180) 
lsobutyl alcohol 1.65 (180) 9.& (700) 
Diethyl malonate 

* The numbers in parenthesis indicate the solvent/solute 
mole ratios. 

't Single determinations. 

hydrate heats of solution in isobutyl alcohol mixed 
with acetone shows an effect identical in type as with 
the 2-1 salts ( see Table II) . A similar sort of ex
planation for the heats of solution in the pure alcohol 
may therefore be considered. 

Table II. Heats of Solution of Th(NOs)• • 4H20 in 
Mixtures of lsobutyl Alcohol or Water with Acetone 

Solvent Vol% " 
AH 

(kcal/mole) 

Water 0 -6.6, 
40 -12.0 
50 - 9.1. 
75 -7.4, 

100 - 7.6. 
lsobutyl alcohol 50 -s.o. 

75 -11.4 
87.5 -7.90 

100 1.65 

* Percentages determined from the respective volumes used 
in the solvents. 

The explanation cannot be id~ntical, however. With 
the dihydrate of a 2-1 nitrate of a cation whose co
ordination number is 6, it is clear,.that there are two 
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places at least to be occupied by solvent groups (6-2 
anions-2 waters) when the solid is dissolved. The 
ordering of solvents by base strength and the effects 
of alcohol diluted with acetone, and even of dilute 
solutions of waler in acetone, in giving high heats 
of solution, can readily be related to the effects of 
groups entering the two obviously vacant positions. 
Since the energy change on replacement of a water 
group by an oxygenated solvent group is much less 
than that on adding a totally fresh group, the effects 
of such replacement should be small, similar to the 
differences between two solvents for the 2-1 salt 
dihydrate case. 

Thorium nitrate tetrahydrate contains four anions 
per thorium and four water groups, a total of 8 groups 
available to fill coordination positions. There is some 
evidence, as from crystallographic studies•9- 52 of 
ThCl1, T hBr4 , Th(OH)2SO4 and Th(OH)2CrO4 • 

H2O, that the coordination number of thorium may 
be 8. If this is so, thorium nitrate tetrahydrate already 
contains sufficient groups to satisfy the coordination 
requirements of the cation. T hat the heat effects for 
the solution of tetrahydrate differ by 20 kcal between 
solvent dibutyl butylphosphonate and solvent n-amyl 
acetate suggests that more than water replacement may 
be involved. For addition to a formerly vacant co
ordination position, one may consider that either a 
coordination number greater than 8 is achieved, or 
that some of the crystal water not coordinated to 
thorium is diluted out in the solution process, and 
the vacant coordination position i:; Uius made avail
able without having coordination greater than 8 and 
without displacing a water group. A somewhat simi
lar and perhaps more attractive way of attaining the 
same effect is by systematically excluding one of the 
anions from the coordination sphere. With isobutyl 
alcohol, a second anion could be competitively ex
cluded in pure alcohol and re-admitted in the actone
diluted solvent. More experimental work from dif
ferent approaches is required to clear up this ques
tion. 

THORIUM OF "SUBNORMAL" VALENCE STATE 

Salts of thorium, in solution or in the solid state, 
thorium dioxide, and volatile compounds such as 
thorium acetylacetonate all contafo thorium clearly 
in the oxidation state 4+. Compounds such as ThS 
and Th2Sa are known only in the solid state. They 
would appear to represent compounds with thorium 
in subnormal oxidation states. Crystallographic 
studr 3 of ThS and T h2S3 , on the other hand, appear 
to offer convincing proof that the binding and inter
atomic distances are characteristic of thorium atoms 
in the metallic state, rather than in some ionic state. 
The physical properties~* of these sulfides in many 
ways agree with such a characterization- they show 
metallic luster, have no significant vapor pressures 
at their melting points (2000°C and higher), can be 
machined or filed like a metal, and conduct electricity 
fairly well. To perhaps confuse the issue, it may be 
pointed out that, although actinium, uranium, nep-
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tunium and plutonium all show a tripositive state in 
solution, and form sulfides of the formula X2S3, only 
those of actinium and plutonium are definitely ionic 
-the uranium and neptunium sulfides are crystallo
graphically met,-illic, like Th2Sa. 

Against this background, there have been reported 
in recent years by Hayek, Rehner and Frank,55 ,56 and 
by Anderson and D'Eye,1n the preparation of com
pounds with the stoichiometry Thl3 and ThI2. The 
technique is to heat together thorium tetraiodide and 
thorium metal in the proper proportions. The colors 
of the compounds have been reported as dark metallic 
grey with violet or brownish tinge. Hayek, Rehner 
and Frank report that the iodides are sensitive to 
X-rays and that crystallographic study is not possible. 
Anderson and D'Eye claim to have obtained a pat
tern for the diiodide and two different patterns for 
the tri iodide. They characterize the diiodide struc
ture as a hexagonal layer-lattice structure, like that 
of common diiodides. Unfortunately, detailed crys
tallographic data have not been given for either of 
the iodides, and no confirmation or check of the in
terpretation has been possible. In contrast to the 
behavior of the metallic sulfides mentioned earlier, 
the "subnormal" iodides are very sensitive to water. 
Hayek and Rehner report Thl4 and Th as the prod
ucts of the reaction with water. Anderson and D'Eye 
give Th·1• and gaseous hydrogen .. This apparent differ
ence might be one between acidified and non-acidified 
water but it is not clear from the descriptions given. 
There is not complete agreement apparent between 
the two groups concerning the temperature stability 
relations between the phases Th-ThI2-Thla-ThJ4. 

Experiments of our own have dealt with another 
type of compound which apparently contains thorium 

· in subnormal valence. It has been known since early 
work with thorium metal that it will dissolve on 
treatment with HCI. A residue is usually left. This 
residue has customarily been ascribed to ThO2 pres
ent in the starting material or produced during the 
reduction procedure. At least one investigator,58 how
ever, has proposed that this residue was a lower oxide 
formed in the reaction process. The most recent sug
gestion50 has been that it is finely divided metal, 
coated with oxide, which reacts only slowly with the 
acid. Our results make the last suggestion rather 
improbable, and give support to the guess of von 
Bolton ;58 the residue is probably ThO. Pieces of good 
quality massive thorium metal, 11- 14 gm in weight, 
were used as starting material. Excess hydrochloric 
acid ( concentrated acid may be used, 3-4-N acid will 
do also) is allowed to react with the metal in a flask 
to which a water-cooled condenser is attached. The 
spontaneous reaction drives the solution to boiling, 
and the metal becomes dispersed to a black suspen
sion. When gas evolution has largely terminated, the 
solution may be heated to boiling for short periods 
until ebullition stops when the source of heat is re
moved. If allowed to stand, the black matter settles 
out fairly rapidly. To free it from dissolved thorium, 
the solid is slurried, transferred to centrifuge tubes, 

and separated from the supernatant liquor. Several 
washes with fresh HCI and separation of the wash 
liquid by centrifugation give good removal of soluble 
thorium. Thorium dioxide originally present in the 
metal appears in these manipulations as a white, 
dense, finely granular material, which settles out 
faster than the dark reaction product. Some can be 
made to adhere to the original reaction vessel, in 
transferring to the centrifuge tubes, and is thus elimi
nated, but it is i1sually still visible as a small white 
ring near the bottom of the centrifuge tube. In mass 
it represents but a few per cent of the total thorium 
in the residue. The residue itself contains some 20-
25% of the thorium in the original metal. 

The mean oxidation state of the thorium in the 
residue, other than ThO2, is obtained by catalytically 
promoting the reaction between the residue and HCI. 
The catalyst is a small concentration60 of HF- a few 
drops of 6N HF in 10-20 ml of SN HCl (an acid 
concentration chosen for convenience) . The hydro
gen evolved is measured by determining the volume 
of water displaced at atmospheric pressure. When 
the reaction is complete, the ThO2 originally present 
in the metal remains as a small white residue at the 
bottom of the solution and can be separated off. The 
amount of thorium in the solution is determined 
gravimetrically, and the number of moles of hydrogen 
evolved per mole of thorium entering the solution is 
calculated. Typical values are 0.99, 1.04, 1.03, 1.01 
and 1.02 moles hydrogen gas per mole of thorium 
dissolved. This corresponds formally to the reaction 
Th2• + 2H• = Th4• + H 2. In the cold, the decom
position rate of the material is quite slow, and an 
appreciable portion remains after even six weeks. A 
sample of this sort gave a hydrogen-thor1 um ratio of 
0.92, with a perhaps larger residue of oxide than 
normal. 

In other experiments, washed and centrifuged resi
due, separated from supernatant liquor, was con
nected to a vacuum pump and trap, and the water 
and excess HCI pumped off. The ratio of hydrogen 
evolved to thorium dissolved was not distinguishably 
different from a portion of the same residue which 
had not been so dried. In other experiments, washed 
residue which had been pumped dry was analyzed 
for hydrogen, oxygen, chloride and thorium. Material 
balances were effectively 100%, confirming that no 
other element formed a significant portion of the ma
terial. Hydrogen was determined by igniting a por• 
tion of residue in a train and capturing the water in 
magnesium perchlorate ( Anhydrone). Oxygen was 
determined by the KBrF4 procedure.61 Samples for 
thorium analysis were dissolved in dilute sulfuric 
acid, with fluoride catalysis, and the thorium was 
precipitated with oxalic acid. Chloride was deter
mined gravimetrically in the supernatant liquor. 

A sample which had been pumped for 16 hours. 
showed the following analysis: hydrogen, 0.75% ;'' 
chloride, 7.72'fo; oxygen, 10.lZo/o; thorium, 82.36%; 
material balance, 100.9510. The critical hydrogen an
alysis, unfortunately, probably represents an upper 
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limit, inasmuch as in the ignition of the residue, whkh 
explodes spontaneously when heated to about 110°C, 
some hydrogen appears as HCl as well as H2O. The 
fraction of the hydrogen represented by the HCl is 
small, and it can be trapped at the end of the analyt
ical train and measured. H owcver, its mass hydrogen 
equivalent is over 4 t imes that of H~O, so that any 
small amounts of HCI that arc trapped in the mag
nesium perchlorate lead to erroneously high hydrogen 
values. The atomic ratios, per thorium, in the above 
analysis, arc hydrogen, 2. 12; chlor ide, 0.61 ; oxygen, 
1.78. Assuming all the chloride to be HCl, :1nd all 
the residua l hydrogen to be water, the thorium-oxy
gen composition may be represented as Th01.01- A 
small percentage of ThO.? is known to be in the dried 
solid, so the oxygen rnay be expected to lie a little 
high for ThO, but the closeness of agreement with 
expectation is forLuitous .. As there is hut 0.75 water 
molecule per thorium, the material is probably not 
Th(OH)z. 

As already stated, the dried residue, heated to 
110-115°C, w ill decompose explosi\•cly to \\ hite 
Th02 • \Varrned in an inert gas atmosphere, some 
permanent gas is evolved (hydrogen?). If the orig
inal residue in contact with acid is centrifuged, or 
allowed to settle, so that its upper surface extends 
somewhal along Lh1: length of a centrifuge tulJc, with 
the pass:igc of time a yellow zone will be seen to 
progress from the direction of the liquid surface 
downwards. This is a n indication of reaction with 
atmospheric gases, probably with oxygen (since the 
analytical rnaterial balances do not seem to be affected 
by the reaction). Handling 0£ damp residues in the 
air brings the yellowing reaction on quickly. Resi
dues which have been pumped dry quickly have the 
yellowing very greatly inhibited, although they a re 
exposed to the air after drying. Even in samples 
w\1ich have reached a canary-yellow condition, the 
hydrogen evolution-thorium solution ratio is still 
dose to unity, though the amount of residual oxide 
may be somewhat increased. ~fore investigation of 
the nature of the yellowing reaction and its end
product is in progress. 

Character ization of the residue b) X-ray diffrac
tion is hampered by the largely amorphous chnracter 
of the material. vVith Jong exposures, a weak pattern 
with diffuse lines is obtained. Though there may be 
contributions from the small amount of crystalline 
Th02 which is present, or from any small metal 
fragments t hat might have survivc:d the acid Lreat• 
ment, the pattern is not the characteristic sharp-lined 
structure of either of these. As thorium metal, ThO 
and T h0 2 all have cubic structures with similar unit 
cell dimensions, careful investigation is called for . 
Means of impro.,,;ng crystallization will I.Jc tried. At 
such time as the identification with T h O may be 
made, it wi ll be npproprinte to again refe r to the 
question whether this is thori~m in the 2+ state 
or an " inter-metallic" compound formed in aqueous 
solution. 
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P /838 as follows : , 

Americium and curium are now about 10 years old. 
During this time they have increased in availability 
to the present gram amounts of americium and milli
gram amounts of curium. Most of the americium 
work has been done with Am241, a 470-year alpha 
emitter. The long-lived Amm, with a half-life of 8800 
years, should make future invest igations easier, par
ticularly because the self-induced reduction of the 
higher americium valence states will be less by a 
factor of about 20 compared with Am241 . Curium 
has received much less stuqy than americium, pri
marily because of the simpler curium chemistry and 
the difficulty in working with the short half-life of 
the usual isotope of curium, Cmm, a half-life of 162.8 
days. A relatively long-lived isotope of curium, Cm2H, 

with a half-life of 18.4 years, recently became avail
able, and with it it was possible for the first time to 
have evidence of tetravalent curium in the black 
oxide. Since americium-243 and curium-244 are 
formed by high neutron irradiation of plutonium, it 
is reasonable to expect that these long-lived isotopes 
will become more available as the use of plutonium 
in power reactors becpmes widespread. 

I shall present today only the highlights of ameri
cium and curium chemistry and will be unable to 
reference each work which has been done by a great 
many workers. These references are in the paper 
which will appear in the proceedings of this Confer
ence. 

Americium is known in the formal valence states 
of (0), (III), (IV), (V), (VI), but only ameri
cittm(III), (V) and (VI) have been characterized 
in solution. Metallic americium· ( Slide I) has been 
prepared by reduction of AmF8 with barium metal 

at 1100-1200°C in high vacuum. The vapor pres
sure of americium metal has been measured recently 
and is 1.7 X 10-s mm mercury at 1000°C. The heat 
of the reaction of americium with 1.5 M HCI is 
-162.3 kcal-mo!. This, combined with entropy esti
mates, yields Et° of Am(c) = Am•3 caq> + 3e- = 
+2.32 volts. Americium metal reacts with excess 
oxygen to form AmO2• With a minimum of oxygen, 
as long as americium metal is present, AmO is 
formed. Americium also reacts with a minimum of 
hydrogen to give AmH2 • 

It is interesting that the ionic radius of Am•3 is 
0.99A, which is the same as that of Nd•3• If one as
sumes that the two elements have the same atomic 
volume or trivalent metall ic structure, the calculated 
density of americium metal (Table I on next page) 
would be 11.7 gm/cm3, based on neodymium and 
11.6 gm/cm3 based on praseodymium. If, however, 
americium had the europium metallic structure, its 
density would be only 8.3 gm/cm3 • It is the inference 
of this qualitative argument that americium is not 
divalent in the metal. Note here also the low density 
of curium metal-about 7 gm/cm3• Based on the 
gadolinium radius the density would be around 12. 
The reported density of curium metal is low, ap
proximately that of the light rare-earth metals, and 
may be due to a void. 

414 

With macro quantities of americium, it has not 
been possible to demonstrate the existence of divalent 
americium in compounds. If one- reduces anhydrous 
SmCl3 with hydrogen at 500°C to 800°C, SmCb is. 
readily obtained (Slide 2). A similar reaction in the 
case of AmCla gives no reduction. Electrolysis in 
aqueous acetic acid-sulphuric acid media with a mer
cury cathode and separate anode compartments was 
then tried. Whereas SmSO4, which is red, and 
YbSO,, which is green, are readily formed, in the 
c:.se of americium there is no color change observed 
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Am F 3 + BARIUM --1-10-0-_-,-2-00.,.-.,..c-- Am !Cl 

Am VAPOR PRESSURE 1OOO°G, -3 
1.7 xlO mm Hg 

Am• 3·· ·llH =-163.2 Kcol mo1 - • 
(oq) • 

and no precipitate. Americium amalgam, however, is 
formed under these conditions. If one treats ameri
cium amalgam with either ammonium sulphate _or 
sulphuric acid, a pink Am'3 solution is obtained and 
no precipitate. 

We conclude that Am(Il) is not an easily at
tainable state and that americium is not europium
like in its behaviour. 

T rivalent americium has often been considered as 
the only stable state of americium in solution. It is 
worth while pointing out that the valence states of 
Am(VI) and Am(V) are strong oxidizing agents 

Table 

Binner.I 
Observed 
density 

Esiimat,d 
d,,,sity 

Np 20.46 
Pu 19.7 
Am 11.7 ll.6Pr 

11.7 Nd 
8.3Eu 

Cm ~7.0 12.2 Gd 
La 6.19 
Pr 6.80 
Eu 5.24 

in acid solution, though not appreciably stronger 
than permanganate or tetravalent cerium, for in
stance. Thus, it is only an accidental result of the 
reduction of higher valence states of americium by 
Am241 alpha radiation that makes Am(III) appear 
so relatively stable. The isotope Am2~3 will lower this 
self-reduction rate of Arn(V) and Am(VI ) to only 

H9 CATliOOE (RE ) I 
HC2H,<>z-11.so. SmS04 D ♦ 

)• YbS04 (GREEN)! 

)• NO COLOR CHANGE 
NO PPT. 

Am (AMALGAM) + H2S04 + (NH4 }zS04 • Am+3 (PIN1< SOl'.N.} 
( NO PPT.) 

Slide 2. Reoctio~s not yieldi ng Am(II) 

a few per cent per day, and at this time the higher 
oxidation state should then show a more significant 
chemical stability. 

The three states, Am(III), Am(V ), and Am(VI), 
which are stable in aqueous acid solution, have very 
sharp and characteristic spectra and high molecular 
extinction coeffic:ients, Slide 3 (Fig. 1 of P /838). 
The exact value of the molecular extinction coeffi
cient depends so~ewhat on the resolution of the in
strument. This spectrum was obtained on the Model 
14 of the Cary .Recording Spectrophotometer. For 
each of the americium-valence states there is one or 
more peaks which can be used to estimate the con
centration of americium in a mixture which contains 
all three valence states. The characteristic color of 
americium(III) in dilute solution is pink. The color 
changes to yellow as the americium concentration 
is increased. Only slight shifts in the major peaks 
of americium (III) occur on going from acid solu
tion to K 2C03 solution. This is in contrast to the 
behaviour of the absorption spectra of Ncl(III) and 
Eu(III) in acid and carbonate media. 

Information on complexes of americium(III) by 
spectrophotometric studies by Yakovlev and Kosya
kov \Yill be presented in the next paper by Kosyakov. 

Since the major portion of the chemistry for iso
lating americium deals with the trivalent state, a brief 
discussion will be included at this point. It has re
cently been demonstrated that kilogram-scale sepa
rations of rare earths can be achieved by elution 
from the cation-e,-xchange resin, Dowex-50, using 
0.1 % ammonium citrate at pH 8 at very high flow 
rates ( 5 cm per minute). Under these conditions, 

Slide 4 
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Slide 5. Separation of Am from rare earth,. Ruin: H ► form 
Dowox 50; eluant: ammonium citrate, pH 8 

the rare earths separate an<l form a series of head
to-tail hands, each ham! containing an essentially 
pure rare earth. 

This procedure was utilized to separate gram 
amounts of americium from several hundred times 
it:; weight of lanthanum. Sli<le 4 depicts the ap
paratus which consists of a 6-inch Pyrex pipe filled 
with Dowex-50 and a 2-inch Pyrex pipe filled \\"ith 
the same resin. 

The original americium-lanthanum band occupied 
a linear foot of this column. J3y the time the elution 
had proceeded, and the americium was at the bottom 
of the 2-inch column it had formed a narrow band 
approximately 5 mm wide, 

Slide 5 depicts the linear rate of band advance of 
the americium, and depicts also the gamma scan of 
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the amcncmm activity at the bottom of the 2-inch 
column, width about 5 mm. Large volumes were 
needed here-more than .300 gallons-and the ameri
cium was eluted in approximately 8 li ters. 

\Vith respect to column separation if only small 
amounts of light rare earths are present the elution 
of americium from Dowex-50 using saturated hydro
chloric acid is a very useful separation technique. 

T etravalent americium is known only in the solid 
state ( Slide 6). Typical compounds are the dioxide 
AmO, and tetrafluoride AmF,; the tetrafluoride is 
prepared by treating Am02 or AmFa with fluorine 
at one atmosphere at a temperature of around 500°C. 
Cunningham has calculated, on the basis of heat meas
urements and entropy, the formal potential of the 
Am(III) and Am(IV) co11ple to be -2.44 volts. 

Pentavalent americium is re:1clily prepared and is 
precipitated (Slide 7) if a solution of Am(III) in 
an alkali carbonate solution is warmed with OCI-, 
S208-- or 0 3• Under some conditions the precipitate 
phase has the composition KAmO~CO3 • By dissolu
tion of this precipitate in dilute acid, a solution con
taining pentavalent americit11n-AmO2+ is obtained . If 
an acid solution or Am ( \') is warmed or treated with 
ozone Am(VI) is obtainecl. Solutions of Am(V) 
made from the isotope A111~• 1 undergo zero-order 
reduction to Am(III) at a rate of about 2 per cent 
per ho11r frorn alpha radiation effects. It is interesting 

Am (ll) 

Arn ( mi· IN 1< en. ocr; __ o, 
2 "3(aq) S2 Oi • ~Am02C03 l 

KAm0~03 + DILUTE ACID-Am0/
1041 
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that the addition of zirconium slows this self-reduc
tion rate, and the addition of chlorine to the solution 
slows the reduction rate to less than I per cent per 
day. The absorption spectmm of Am(V) in HC104 

is shown in Slide 8 (Fig. 2 of P/838). 
A very prominent peak of very high molecular 

extinction coefficient can be seen and also a sharp 
band around 514 millimicrons which is overlapped 
by the absorption peak of trivalent americium at 503 
m,... One of the more interesting aspects of the chem
istry of Am(V) is the disproportionation in fairly 
concentrated acid solution. The disproportionation 
is not reversible since any arbitrary mixture of 
Am(V), Arn(VI) and Am(III) is apparently stable 
and undergoes no change. The only change is that 
caused by alpha radiation. The disproportionation is 
complicated by the continuous reduction due to alpha 
radiation effects, but one can state that it is definitely 
bimolecular in Am(V). 

Preparation of Am(VI) can be achieved (Slide 9) 
by ozone oxidation of a solution of Am(V) in a non
reducing acid, as mentioned earlier. Quantitative oxi
dation of Am(III) to Am(IV) by peroxydisulph~te 
is achieved by heating in dilute acid, preferably 0.1 M 
or less. Higher acidities are bad since S208-- de
composes by a H+ ion catalyzed path forming peroxy
mono-sulphL1ric acid, a reducing agent for ameri
cium (VI); at acidities much above 0.5 M H • ion, no 
oxidation is observed. 

Americium (VI) in acid solution is reduced to 
Am(V) by chloride and bromide ions. The reduc
tion with bromide is very rapid, but the reduction 
by chloride is measurable at room temperature and 
apparently second order in amerkium. It may involve 
a complex such as Am02Cl•. Iodide ion reduces 
Am(VI) to Am(III) rapidly. 

ln dilute perchloric acid solution, the alpha radia
tion causes reduction of Am (VI) nearly quantita
tively to Arn(V) at a rate of about 4 per cent per 
hour. Some Am (III) is formed, but only a fraction. 

When an acid solution of Am(VI) is made alka
line, fonnation of Am(V) occurs. If a solution of 
Am(VI) is injected rapidly into a solution of car
bonate, a deep color persists. This complex ( or com
plexes) of Am (VI) in alkaline solution can be pre-

CURIUM 

cm+~ Am+s (K2co3 oq) Szot" Am (JZ:)!. +cmH ( 1) 

CmF3 TbF4 HEAT CmF3 
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pared by heating a slurry of Am(OH)a in NaHCO8 
with ozone. 

The absorption spectrum of Am(VI) in HClO4 

is shown in Slide IO (Fig. 4 of P/838). Ameri
cium (VI) complexes with sulphate, nitrate, and 
fluoride, since each of these ions cause a color change: 
deep brown with sulphate, light brown with nitrate, 
and green with fluoride. T he major change in spec
trum occurs at wavelengths shorter than the prom
inent peak which is not appreciably shifted. 

That AM (VI) is "uranyl-like" in aqueous solu
tion is borne out by the infrared absorption spectra 
of all the hexavalent ions from uranium to ameri
cium, Slide 11. 

The main thing that I should like to bring out 
about curium is that many attempts to oxidize curi
um in acid and alkaline solution have failed to pro
duce evidence of Cm(V) or Cm(VI). However, 
Cm (IV) has not been completely ruled out. Recently, 
with the availability of Cm244, good X-ray patterns 
of curium oxides were obtained. The scsquioxide, 
CmzOs is white: and a black oxide having X-ray 
constants approaching those expected for CmO2 was 
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obtained, Slide 12. Heating the black oxide in high 
vacuum yields the white Cm2O3• Magnetic measure
ments showed that more than half the curium in 
the black oxide was in the tetravalent state. 

I should like to sum up and state that failure to 
find Am(II) and the evidence of Cm(IV) must 
mean that the 5/7 configuration is not as energetically 
stable as the corresponding 4f7 structure appears to be 
in the rare earths. 

Mr. V. N. KosYAKOv (USSR) presented paper 
P/676. • 

DISCUSSION OF P/736, P/838 AND P/676 

The CHAIRMAN; V've have one question directed to 
Mr. Kosyakov by Mr. Penneman (USA): "Do you 
have any actual constants for the formation of com
plex ions between americium and various anions?" 

Mr. KoSYAKOV (USSR): We do not yet have a 
reliable constant that we could publish for complex 
combinations of trivalent americium. We have con
fined ourselves to a semi-quantitative interpretation 
of the process itself, which is confirmed by both the 
spectrophotometric and the electromigration methods. 
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Radiation Damage in Reactor Materials 

By D. S. Billington,* USA 

The structural damage observed in metamic min
erals is probably the first good example 0£ radiation 
damage in a solid. This type of damage is introduced 
by alpha particle bombardment in certain minerals 
such as zircon through the presence of natural radio
active impurities. The extent of the alpha particle 
bombardment in many cases has been sufficient to 
render the internal crystal structure of the mineral 
amorphous. This phenomenon was first studied by 
Des Cloizeaux and Damour in 1860. 

Present day interest in radiation damage is not the 
result of continued interest in these early experiments 
hut came as a result of an observation by \:Vigner dur
ing wartime research on nuclear reactor development. 
\\Tigner realized that the energetic neutrons, born in 
the fission process, would have the ability to displace 
atoms from equilibrium positions in the crystal lattices 
of solids that might be far removed from the fuel, and 
as a consequence would have deleterious effects on 
many properties that would be of engineering interest 
in reactor construction. This observation plus the 
obvious realization that considerable damage to the 
fuel from fission fragments would result during fis
sioning prompted an immediate program of theoretical 
and experimental study of the magnitude of the effects 
to be expected. A brief account of some of these early 
studies has been given by Burton1 and Wigner.2 A 
further theoretical analysis of the problem was made 
hy Seitz.3 He discussed the type of defects one might 
expect and their probable effect on the various prop
erties that would influence the ·design o( a reactor. It 
was :it this time also that Seitz conceived the idea of 
a "thermal spike" and the possible consequences of 
such a mechanism in creating radiation damage. An 
early concept of point heating was postulated by Des
sauer'' in 1922 but this did not appear appropriate to 
the present problems. 

The early experimental studies confirmed vVigner's 
prophesy and the studies mentioned above led to suit
able action by the reactor designers to allow for the 
damage expected to result from rea'ctor operation. 
Moreover, it soon became obvious that radiation dam
age was to be expected in all solid materials and that 
the susceptibility of a material to neutron and fission 

* Oak Ridge National Laboratory. A brief review including 
work done at :\rgonne National Laborato ry; Battelle Me
morial Institute; Brookhaven National Laboratory; California 
Research and Development Corporation; Hanford Atomic 
Production-General E lectric; Knolls Atornic Power Labora
tory; Oak Ridge National Laboratory; Westinghouse Atomic 
Power Division. 
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fragment effects would be a function of that particular 
solid. It. was also apparent that the magnitude of the 
effect was a function of the flux, the temperature, the 
environment and other variables such as stress. 

T he above observations led the Atomic Energy 
Commission to establish research programs designed 
to study the basic mechanisms of radiation damage, 
to make a comprehensive study of the effect of neu
tron irradiation on the physical properties of various 
solids and to survey, in so far as possible, radiation 
damage in a wide variety of materials of interest under 
conditions appropriate to possible use. This program 
has been active for many years. While progress has 
been considerable, it cannot be said that the need for 
further research has been satisfied. It is not now pos
s ible to give the reactor designer all the information 
he needs in a quantitative form. However, jt is rec
ognized that it will be possible eventually ·10 derive 
engineering formulas that will enable a designer to 
calculate probable effects as a function :of time, flux, 
temperature. 

Experimental work in the radiation damage field 
is difficult and slow due to the fact that the problem 
of performing suitable in-pile experiments requires 
a great deal of ingenuity in instnunentation, More
over, care must be taken to insure that the instru
mentation transmits valid information about the ma
terial in question and does not reflect changes induced 
by radiation on any component of the measuring sys
tem itself. The other important problem in experi
mentation revolves around the fact that most mate
rials as removed from a reactor are highly radioactive. 
Thus, suitable shielding of the experimenter from the 
lethal radiation is required. Performing even the sim
plest of manipulations of a sample remotely is slow 
a nd laborious. 

Tn addition to experimental difficulties, the pr~sent 
shortage of reactors suitable for radiation damage 
studies and the lack of hot lab facilities also consider- • 
ably hamper the progress of the work in this field of 
research. In spite of the above limitations, a great deal 
of knowledge has been gained in the past several years. 

This paper will deal with the general subject of 
radiation damage to reactor materials but can only 
do so in a limited fashion since neither space nor time 
permits one to make a comprehensive and critical re
view. Consequently, the plan is to discuss representa
tive materials and situations encountered relative to 
solid reactor materials with the hope that some in:;ight 
into the problem can be gained. Later papers in this 
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session and in Sessions 12B and 13B will provide 
many details which, of necessity, must be neglected 
here. 

ORIGIN OF RADIATION DAMAGE 

Let us briefly discuss the origin of radiation dam
age in a solid. This may arise in three ways: first 
through the interaction of the fission fragments with 
atoms of the parent foci lattice. This type of damage 
is usually confined to the fuel-bearing material beca.use 
the range of the fission fragments is only of the order 
of microns even in the most transparent solids (in 
graphite the range is less than twenty microns). The 
second way in which radiation damage is created is 
through the elastic collision of a neutron with atoms 
of a lattice. This type of damage may occur at rela
tively great distances from the source of the neutron 
since the probability of capture of a fast neutron is 
very low at high neutron energies. This means that 
parts of a reactor other than the fuel will be affected, 
and hence the moderator, shield, or structural com
ponents of the reactor can be damaged. The third 
manner of introducing radiation damage is by ioniza
tion effects. These effects arise through ionization 
caused l,y fission fragments traversing the material or 
by ionization caused by the neutron "knocked-on" 
atoms or by beta and gamma rays. Ionization effects 
will be discussed very briefly since they are only of 
consequence in those solids that are of auxiliary value 
to a reactor such as plastics. F urthermore, a detailed 
discussion of the matter properly belongs under radia
tion chemistry. 

The physical consequences of the above interactions 
are that several types of defects are introduced which 
affect the properties of a solid. These defects ai:e: 
vacant lattice sites, interstitial atoms, thermal spikes, 
ionization effects and impurity atoms (fission frag
ments and impurities created by neutron capture). 

Vacancies 
Vacant lattice sites may be created either by col

lisions of fission fragments or energetic neutrons with 
the atoms in a solid lattice. The energy transferred in 
these collisions is usually sufficient to permit the re
coiling atom to create further vacant lattice sites by 
subsequent collisions. Thus for each primary collision, 
a cascade of collisions resulting in vacancies is ini
tiated. 

Interstitial Atoms 
The atoms that are displaced from their equilibrium 

positions in the lattice in general will stop in an inter
stitial or nonequilibrium position provided they do not 
immediately recombine with a nearby vacancy. 

Thermal Spikes 

This concept in its modern form originated with 
Seitz, who took into account the lattice oscillations 
that would be set up in the wake of either a fission· 
fragment or a charged knocked0on atom of the lat
tice. Calculations by Brooks and others indicated that 

•' 
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the possible duration of a high temperature region of 
approximately 1000°K involving some 5000 atoms 
might be 10-10 to 10-11 seconds. 

Impurity Atoms 
The fission process, which introduces foreign fis

sion products, and the capture of the neutron by a 
nucleus which results in a different atomic species are 
the means of introducing impurity atoms. The fission 
fragment effect is most pronounced, though both mech
anisms are often insignificant compared to the other 
effects. 

Ionization Effects 

The passage of charged particles through a lattice 
may cause extensive ionization and electronic ex
citation, which in turn leads to bond rupture, free 
radicals, etc. in many types of solids. These effects 
are most important in plastics, elastomers, etc. It is 
not intended to consider these effects in this paper. 
Rather, reference is made to papers in Session 12B 
that deal with radiation chemistry, where the subject 
will be treated in some detail. 

BRIEF REVIEW OF SOME BASIC EXPERIMENTS 

Metals 
Before discussing some of the experiments on re

actor materials it is appropriate to review briefly some 
of the experiments of a more general nature that hl;lve 
been done in order to provide some insight into the 
interpretation of data on more complex materials. In 
order to avoid any uncertainty in interpretation, only 
that work which has been done using neutron bom
bardment will be considered here. In addition to such 
work, however, bombardment experiments using cy
clotron particles have, in a number of cases, also 
yielded interesting and similar results. 

First it has been shown by a number of investiga
tors5-8 that most metals and alloys become harder 
and stronger as a result of bombardment particularly 
if the temperature o[ bombardment is sufficiently low. 

The most striking effect on mechanical properties 
is the increase in critical shear stress of copper single 
crystals that has been observed by Blewitt and Colt
man.6 The critical shear stress was observed to rise 
from an unirradiated value of 0.2 kg/mmz to 7.5 kg/ 
mm2• However, it ·was also seen that once the sample 
began to flow plastically its behavior began to resemble 
that of an alloy rather than a cold worked material, 
suggesting that alloying with interstitial atoms was 
taking place, even though the values of the critical 
shear stress obtained far exceeded those obtainable 
by alloying. Making a number of assumptions con
cerning the stabil ity of the defects involved. Blewitt 
estimated that one interstitial atom was forty times 
as effective as a Zn atom in raising the critical shear 
stress. Holden and Kunz,7 performed similar studies 
on iron and zinc single crystals and were able to 
obtain similar increases in the critical shear stress. 
1VfcReynolds8 made studies on copper and aluminum 
after bombardment at 80°K and found that the effects 
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in aluminum annealed out before reaching room tem
perature while temperatures of 300°C were required 
to anneal out the increase in the 0ow stress of copper 
in agreement with Blewitt and Coltman's observations. 

Bcsidei; the plastic behavior, the effects of neut'ron 
bombardment on a number of other properties of cop
per have been studied. The elastic constants of copper 
have been measured by Thompson who found rapid 
increases in the apparent elastic constants and a sharp 
reduction in internal damping. This has been at
tributed by Eshelby to the pinning down of disloca
tion loops. These measurements would appear to in
dicate that dislocations are not introduced as a result 
of neutron bombardment. Slight increases in the elec
trical resistivity of irradiated copper have been ob
served at room temperature with substantial increases 
at low temperah1re.6,8 The large resistance increase 
found in copper at 80°K by McReynolds confirmed 
earlier observations by Blewitt and Coltman, who 
have since performed irradiations at approximately 
20°K. They report even larger increases by a factor 
of 2-4- in copper. Only very slight density decreases 
are reported. There seems to be no broadening of 
X-ray diffraction lines. There are no observable di
mensional changes. The thermal conductivity is rela
tively unaffected at room temperature. 

Studies of a variety of metals indicate strongly 
that there is a relationship between activation energy 
for self-diffusion and the temperature stability or ra
diation effects in pure metals, radiatjon effects being 
greater the lower the rates of self-diffusion at a ·given 
temperature. The above experiments tend to show 
that interstitial atoms play an important role in radia
tion effects. Furthermore, the creation of dislocations 
seems unlikely, and the temperature stability of radia
tion effects is a function of the diffusional characteris
tics of the solid. 

Another series o( observations has been made by 
several investigators. These show the influence of the 
excess vacancies introduced by bombardment. The 
ability of reactor radiation to order rapidly a sample 
of disordered Cu3Au0 at temperatures at which in the 
::tbsence of radiation the rate is negligible is attributed 
to enhanced diffusion on a micro-scale resulting from 
excess vacancies. 

Neutron bombardment has been shown to accelerate 
precipitation18 in u nstable supersaturated solid solu
tions. The effect of the irradiation is equivalent to 
raising the temperature 50-150°C. Neutron bombard
ments performed at liquid nitrogen temperatures show 
that the radiation effect in copper beryllium is influ
enced by a thermally activated process.14 The rate of 
disordering of Cu3Au was substantially altered for 
the same reasons. 

Taylor and Murray13 have shown that nucleation 
of a new ph:ise can be inaugurated by neutron bom
bardment. Also the grey tin transformation appear s 
to be nucleated by bombardment according to Dienes 
and Fleeman. 

A phase transformation in black phosphorus has 
been observed by \iVarren et at.10 

The disordering of ordered Cu3Au and NisMn by 
bombardment10,u at room temperature lends some 
credibility to the concept of a thermal spike mechanism 
since displacements by collision would not appear to 
disorder these samples as rapidly as observed. How
ever, a replacement collision mechanism has recently 
been proposed by Kinchin and P easeu which might 
account for the ·observed rates and not require: a 
thermal spike or displacement spike. 

Molybdenum has "been !jhown by Burch, McHugh 
and Hockenbury16 (Knolls Atomic Power Labora
tory) to become cmbrittled after neutron irradiation. 
After irradiation to an estimated exposure of approxi
mately 1()20 n/cm~, the molybdenum exhibited brittle 
behavior in tensile tests. The transitjon temperature 
was also increased from -30°C to ~70°C. This is an 
example of the importance of crystal structure in de
tcm1init1g radiation resistance, the molybdenum oc
curring as a body centered crystal. This embrittle
ment appears to be characteristic of body centered 
cubic structures. 

Stability of the shear transformations of a cadmium
gold alloy under irradiation has been shown by Wechs
ler to be excellent. However, this is in agreement with 
expectation since the proces,s is not diffusion con
trolled. 

Non-Metals 

Considerable attention has been devoted to non
metals in view of their potential interest for high 
temperature applications in nuclear technology. A 
summary of the many basic experiments in this field 
is presented by Crawford and Wittels (see Session 
13B, P/753, this Volume). 

vVe will concern ourselves here with a few repre
sentative examples of those property changes that are 
of direct engineering interest. For example, thermal 
conductivity and dimensional and structural stability. 

Those non-metals that are characterized by covalent 
bonding appear to be most susceptible to dimensional 
changes as a result of neutron irradiation. Primak11 

lirst reported a lattice expansion in diamond a{ter 
bombardment. 

Wittels16•10 and others have studied quartz in some 
detail. They find large decreases in density ( 14.7% 
for an exposure of 2 X 102°). The internal crystal 
structure has become amorphous but interestingly 
enough no macroscopic defects were developed in a 
single crystal and the surface integrity was maintained. 

Berman20 shows that the room temperature thermal 
conductivity of quartz drops by a factor of ten after 
moderate irradiation. 

The ionic structure, though more stable, is not 
capable of adjusting to high internal strain. Experi
ments by Binder and Sturm, Warren and Tucker all 
show that LiF crystals will shatter after moderate 
exposures due to the strain induced by the release of 
helium and tritium from the ( ,1, <t ) reaction in Li0 • 

The specific heat of irradiated quartz approaches 
that of "-itreous silica. Post irradiation annealing above 
850°C results in recrystalljzation and eventually leads 
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in Brazilian quartz to macroscopic development of 
small holes parallel to the c-axis which results from 
the recovery of the pre-irradiated density. 

The mineral beryl (3Be0 · Al20s · 6Si02) behaves 
in a s imilar fashion to quartz though the loss in den
sity is only about ¾ the rate exhibited by quartz. 

A sample of chrysoberyl which is less covalent and, 
in addition, is close-packed shows only 1 % dimen
sional changes and maintains its crystal structure. 
Thus it appears 1ha1 high crystal stability is shown by 
c rystals exhibiting ionic binding and low stability for 
covalent binding. 

URANIUM 

A fud material is subjected to both fast neutron 
and fission fragment damage, thus the damage ob
served is unusually severe. Mo.~t of the damage ap
pears in the form of embrittlement, distort ion and 
growth. A great deal of attention has been directed 
to this problem. :However, an accurate analysis of 
the effects is complicated by Lhe fact thal uranium ex
hibits n high degree of anisotropy in many of its prop
•ertics that are of engineering interest. For example, the 
coefficients of thermal expansion vary from slightly 
negative values to large positive values as a £unction 
of crystal orientalion. A lurther complication is that 
uranium exists i11 three allotropic modifications in the 
temperature range from room temperature to approxi
mately 800° C. Thus it can be seen that appropriate 
combinations o{ heat treatm ent might very well lead 
to growth and distortion even in the absence of irra
diation and this is indeed the case. Growth of uraninn1 
as a function o[ thermal cycling was fir st observed at 
Battellc 1'.femorial Institute. Dahlen and Rankin 
(Hanford Atomic Products Operations) first re
ported distortion in massive uranium as a result of 
neutron irradiation. 

The superficial resembla11ee between thermal cycling 
and irradiation distortion led to a great de:ll of study 
of thermal cycling at a number of laboratories, par
ticularly at Argonne National Laboratory, Battelle, 
and Knolls A tomic Power Laboratory. 

A review by Keirnan (Argonne National Labora
tory) summarized much of this work. He reported 
that preferred orientation, grain size, microstruch1re 
and time temperature relationships all play an im
portant role in determining the an1ount of distortion 
ns a result of thermal cycling. A review of later work 
by Ru,·ke, Howe and Lacy (Knolls Atomic Power 
L aboratory) revealed that the kind of distortion ob
tained under irradiation is related to the size and pre
ferred orientation of the metal grains. Fn brication 
techniques and subsequent heat treatment were also 
found to be important factors in determining resistance 
to irradiation distortion. 

They proposed a "ratchet" mechanism that de
pended npon the ease of grain boundary flow versus 
crystallographic slip as a function o{ temperature, 
coupled with the anisotropy of the lhennal expansion · 
coefficients of ur:mium to explain thermal cycling in 
the absence of neutron irradiation. Effons to apply ,. 

this mechanism to distortion during irradiation have 
not been entirely successful, the principal difference 
being that single crystal urani1tm samples arc un
affected during thermal cycling but are greatly affected 
by irradiation. 

Several other properties of uranium have been 
shown to be affected by irradiation: e.g., density de
creases of the order of I % . Small hardness changes 
after moderate irradiation have been observed by 
Siegel and Billington (Oak Ridge National Labora
tory) at1d Madsen (Harwell) while O'I<eefe (Han
ford Engineering ·works-General E lectric} reports 
large changes after extended irradiation. 

In-pile measurements of thennal conductivity by 
Woods and Jones gave a 10-15% decrease and a post
irradiation 1nc:asuremelll by Siegel and Billington 
showed a similar decrease. 

The electrical resistivity increases approximately 
I ~{, after 2 X 10-4 per cent of the total atoms have 
fi ssioned according to Royal (Argonne N ational Lab
oratory) . X-ray line broadening has been observed 
by Tucker and Senio (Knolls Atomic Power Labora
tory). They attribute this to fission fragments s ince 
they did not observe broadening in a sample of pure 
u~s a[tcr irradiation. 

Reynolds (Knolls Atomic Power Laboratory) has 
shown that severe embrittlement takes place in ura
nimn when only one :itom in 10~ has fissioned in a 
uranium wire. Additional data have hcen obtained jn 
a more quantitative fom1 by Hueschen and Kemper 
(Hanford Atomic Products-General E lectric) who 
conducted several mechanical property measurements 
on irra<lintcd uranium. They find that there is a markeu 
decrease in ductility. The ultimate strength decre:ises 
while tl1e yield strength increases by large amounts. 
Their inability to anneal out these effects at 400°C 
leads them to conclude that fission fragment alloying 
must play the dominaul role. 

Thns we can see that there arc many differences 
between the two methods of produring distortion. 
Accordingly it is not too surprising that the proposed 
ratchet mechanism is not too successful. Alternate 
schemes h,lve been reported that rely on twinning 
instead ot ~ain boundary motion by Cahn and others 
(Harwell). Recent Knolls Atomic Power Lahoratory 
work suggests that diffusional effects may play an im
portant role. 

Simple models of the ratchet mechanism have 
heen reported by Burke and Turkalo,91 and Boas and 
Honeycombe.22 

The inability to resolve completely the radiation 
damage problems encountered in uranium has led to 
studies of uranium alloys which will be considered 
in a later section. 

THORIUM 

The superior isotropic nature of thorium as con· 
trasted with uranium would indicate that one would 
expect less radiation damage in thorium. ln general, 
the effects that have been observed thus far do indi
C.'\tc the excellent radiation ·stability of thorium. 
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Kern oh an ( Oak Ridge National Laboratory) re
ports no growth and only slight hardness increases 
after a neutron e..'Cposure of 1019 n/cm2• Paine and 
Murphy (Argonne National Laboratory) confirm the 
lack of growth and report a hardness increase from 
40.5 unirradiated to 67 after irradiation (Rockwell 
30T scale) after extensive bombardment. An increase 
in the yield strength of a factor of two has been re
ported by Wilson, Berggren and Adams (Oak Ridge 
National Laboratory) . However, they report a de
crease in impact strength, which is surprising in a face 
centered cubic metal. 

URANIUM ALLOYS 

The severe radiation damage observed in metallic 
uranium has led to studies of various alloys such as 
uranium-aluminum, uranium-beryllium, uranium· 
chromium, and uranium-zirconium, it being recognized 
that the crystal structure of many of these alloys would 
be much less susceptible to radiation damage. 

Aluminum-Uranium 

One of the first alloy systems to be studied was that 
of uranium and aluminum containing up to 30% 
uranium by weight. The microstrnctnre of these al
loys is such that, at all uranium concentrations, the 
aluminum furnishes the continuous matrix and there
fore the uranium can be considered as dispersed in 
the aluminum. T here is a eutectic reaction occurring 
at approximately 13% uranium so that for ur.anium 
concentrations near this figure the uranium shows 
the highest degree of uniform dispersion. 

Alloys of aluminum containing 5.7, 15 and 17.2% 
uranium in the form of strips 9 cm X 1 cm X 0.1 cm 
were irradiated and a series of measurements made 
aft.er irradiation by Siegel and Billington. 

No changes as great as 1 % were observed in the 
original dimensions. The changes in electrical re
sistivity, thermal conductivity and hardness are shown 
in Figs. 1, 2, 3. Feldman (Oak Ridge National Lab
oratory) reports similar hardness increases to those 
r eported in Fig. 3. 

The effect on thermal conductivity and hardness 
appears to be a function only of the tC1tal. exposure 
while the electrical resistivity appears to he influenced 
by the microstructnre. That is, the 5.7% uranium 
sample microstructure does not permit 11niform irra
diation of the aluminum matrix by th<> fission frag
ments. The hardness and electrical resisti\'ity increase 
annealed at approximately the same (e111;1eratures arc 
shown in Fig. 4. · 

The retention of fission gases was measured by col
lecting the r~ <l ioactive krypton ( 10-year half-life) 
as a function .-,< annealing temperature. At tempera
tures up to SSl)~C only 0.2% of the krypton present 
was released ~1·,d most of this in the first two hours 
of a 20-hour ;:11·1eal at each temperatnre. Complete 
melting was r"•;i1ired to remove all kr,·r,ton present. 

Later measur,ments on 5, 15 and 3070 uranium
aluminum alloy~ showed a maximum density decrease 
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Figure 1. Effect of lis,ion in Al-U olloys: Wt.% U: circles, 5.7; 
squares, 17.2; triangles, 15 

of 3% at 0.05% total burn-up (Templeton, Bredig 
and Dismuke) . 

Mechanical property measurements by Wilson, on 
the 5.7, and lS'}'o samples previously mentioned show 
interesting changes. Tensile tests made on sam
ples of the 5 and 15 per cent alloys showed sharp in
creases in yield strenglh (0.2% ofiset) and in ulti
mate strength with an attendant loss in ductility. The 
data are presented in F igs. S and 6. 
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figure 2. Effect of fission in aluminum-uranium alloys upon ratio of 
final-10-iniliol thermo! resistivity 

It should be observed that in this alloy no serious 
changes occurred even after 1 atom in 10~ had fi s
sioned. while in uranium metal severe damage is ob
served after 1 atom in 104 has fissioned. This better 
behavior can be attributed to the dispersion of the 
uranium in a metal well suited to absorb the damage 
from the fast neutrons and the fissioning process. 
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Beryllium-Uranium 

Alloys of beryllium containing 0.5, 1.0 and .3 % 
uranium after 0.06% burn-up oE total atoms show 
an electrical resistivity increase of l¾ to 9% depend
ing upon the uranium concentration. The changes in 
dimensions and in density were trivial according to 
Castleman, Jones and Jones (Westinghouse Atomic 
Power Division). 
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Figure 3. Effect of fission in aluminum-uranium alloys upon hardness 
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Figure 4. Annealing of radiation•produced changes of aluminum• 
uranium alloys 

In-pile measurements of the thermal conductivity 
of a beryllium-20% uranium sample showed no sig
nificant change at 100°C as reported by Monaweck, 
Webb and Sutton of Argonne National Laboratory. 

Zirconium-Uranium 

Alloys of zirconium-uranium have been studied ex:: 
tensively. There appears to be little change in hardness 
and in thermal conductivity (see beryllium-uranium) 

• ' 
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and the dimensional stability appears good. There does 
appear to be a density decrease of the order of 1 % 
according to Johnson, Castleman and others (Wes
tinghouse Atomic Power Division) . 

The effect of having the .uranium dispersed as ura
nium nitride particles as contrasted to uniform dis
persion was studied by Castleman, Jones and Jones 
(W APD). Density decreases were identical. 

Chromium-Uranium 

Tucker and Senio studied the effect of fission on a 
2 atomic per cent chromium-uranium alloy and showed 
that the thermal spike mechanism would not trans
form the beta quenched phase to the alpha phase nor 
in the reverse direction for alpha to beta. T he time 
duration of a thermal spike was too short to permit 
nuclei to grow. 

This brief summary should indicate that alloys of 
uranium with inert metals represent a means of avoid
ing some of the undesirable properties of metallic ura
nium. Most of future progress \Yill probably be found 
in the development of uranium alloys. 

However, it is not possible to neglect the possibility 
of utilizing uranium in a non-metallic form. Several 

· studies have been undertaken that indicate the possi
bility of ceramic fuels. 

THORIUM ALLOYS 

Thorium alloys containing 1-5% uranium have 
been studied by Paine, Murphy (Argonne National 
Laboratory) and Carroll (Oak Ridge National Labo
ratory). They both report only slight changes in di
mensions and density with small hardness increases 
being noted. 

CERAMIC FUELS 

Several studies have been undertaken that involve 
mixtures of uranium oxide and a moderator such as 
graphite or BeO. 

Uranium-Graphite 

Hunter (Oak Ridge National Laboratory) studied 
graphite-uranium mixtures that had been prepared 
in two ways: (1) impregnation of the graphite with 
an aqueous solution of uranyl nitrate, followed by 
drying and high temperature firing which converted 
the uranium to U30 8 and (2) molded coke pitch and 
UsOs mixture which was baked and fired at high tem
perature. The latter technique resul ted in large par
ticle sizes of U30s. 

In-pile thermal conductivity measurements of the 
two types of samples made at 6.30-775°C revealed 
that the thermal conductivity of the impregnated sam- · 
pie was reduced by orders of magnitude while the 
molded graphite dropped by only one-third. This 
difference was attributed to a particle size effect. The 
Us08 in the impregnated sample was so finely dis
persed that fission recoils were able to damage all 
portions of the graphite matrix while in the molded 
sample most of the fission fragments were retained 
in the U sOs particles due fo their larger size. Subse-
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<1uently Berggren and Primak report even larger de
<reases in thermal conductivity as the temperature of 
-irradiation is lowered. 

Kernohan investigated this particle size effect in 
1nore detail using samples of molded and baked graph
ite-U O2 samples prepared by Battelle Memorial 
Institute which contained particle sizes ranging from 
586 microns to less than 40 microns. After less. than 
,0.01 o/o total atom burn-up he showed that an abrupt 
decrease in thermal conductivity resulted in the 44 
micron particle size samples. An abrupt increase in 
-elastic modulus and electrical resistivity was also ob
served at this particle size. The results indicated the 
importance of avoiding complete damage to the matrix 
material. A suitable size appears to be of the order 
,of 100 microns. Post-irradiation annealing studies up 
io 750° C showed recovery of most of the neutron 
<iamage to the graphite but no recovery of fission 
-damage. Fission damage in the graphite was found 
to be inversely proportional to the diameter of the 
;mbedded UO2 particle. 

Work by Gilbreath, Wahlberg and Simpson at 
Argonne National Laboratory on the impregnated 
-graphite as a function of total dose showed pronounced 
-changes in dimensions and electrical resistivity. Resis-
iivity changes saturated with continued exposure 
while dimensional changes did not. Post-irradiation 
.annealing at 12S0°C gave recovery of_ length changes 
but no recovery of resistivity. · 

Kierstead and Negy (Argonne National Labora
i ory) studied elastic modulus as a function of uranium 
-concentration and dosage. T hey found a 4.7 per cent 
increase in modulus per milligram of U 23

~ per gram 
-of graphite for low concentrations. For 16 milligrams 
-0f U 235 per gram of graphite the change saturated at 
.approximately 150% of the original value. 

The results on the graphite-uranium mixtures in 
:general reveal serious damage to a number of proper-

ties. This appears to result from the undesirable, aniso
tropic nature of the graphite (see below) , and is to 
be contrasted with the effects observed in a uranium
aluminum alloy where the properties of the aluminum 
are well suited for res isting radiation damage. 

Beryllium Oxide-Uranium Oxide 

An excellent comprehensive study of the U02: BeO 
combination was made by Gilbreath and Simpson 
(Argonne National:Laboratory). They studied sam
ples containing 2% and 10rc, · UO2. The largest 
changes were found in the thermal conductivity which 
did not saturate after a drop by a factor of six. The 
linear dimensions increased by 1 o/o while the com
pressive strength and elastic modulus decreased by 
30%. 

All these changes occurred after only 5 X 10-0 of 
the total atoms had fissioned. The difference in ura
nium content did not result in pronounced differences 
in the two types of samples. This is regarded as being 
due to the higher irradiation temperature of the 10% 
UO2 samples. Consequently, some annealing during 
irradiation may have occurred. 

Stainless Steel-U02 

A strong effect of particle size of the U02 on hard
ness of the stainless steel matrix is reported by Feld
man. A particle size of the UO2 which was less than 
3 microns gave larger hardness increases and retained 
more hardness as a function of temperature than a 
sample containing U O2 with a particle size in the 
range 15-44 m icrons. 

Uranium Oxide 

X-ray diffraction studies of irradiated U 3O 8 and 
U02 by Tucker and Senio (Knolls Atomic Power 
Laboratory) show pronounced line broadening for 
burn-up that are of the order of 3 X 10-0 per cent. 
At a burn-up of 3 X 10-1 the lines in U 3O8 are removed 
completely according to Chalk River investigators. 
Presumably the rate of change in UO2 is less than 
in U308 • Other property measurements have not been 
made on this material. It would appear worthwhile 
considering in some detail. 
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MODERATORS A ND STRUCTURAL METALS 

Moderators 

An essential component o( nuclear reactors is the 
moderator or reflector-moderator system. Although 
there has been an increasing tendency to use liquid 
moderators (D2 O and H~O) because of their great 
effectiveness, solid moderators are by no means out
moded and, in fact, offer many desirable character
istics. In many reactor designs, the moderator-proper 
may also serve a structural function, as is indeed the 
case witl1 many o[ the early reactors. Consequently, 
the effect of radiation on the rriechanical properties of 
such materials may he of critical importance. Perhaps 
the most widely used solid moderator today is graph
ite. Besides fulfilling the moderating function ade
quately and having excellent nuclear properties from 
the standpoint of neutron economy, artificial graphite 
of suitable purity is easily fabricated and available in 
thi- necessary quantities. 

From the standpoint of radiation damnge, graphite 
has considerable historical significance. It was one of 
the first materials in which radiation damage was 
observed and extensively investigated. In fact, the 
extensiveness or radiation effects on its physical prop
erties constitutes the major disadvantage in using 
graphite in both its moderating and structural capaci
ties. It has been observed that in anisotropic, covalent 
materials fast neutron disordering effects tend to make 
the structure more isotropic. This results usually in 
an anisotropic expansion of the crystal lattice which 
is greater the larger the initial anisotropy of the lat
tice. Even though art ificial graphite is composed of 
extremely small crystallites, it possesses a considera
ble amount of preferred orientation. Consequently, 
prolonged exposure to fast neutrons causes an aniso
tropic expansion. In order to use the structural func
tion of graphite, it is, therefore, necessary either to 
take account of this behavior in the reactor design or 
to devise production techniques which will reduce the 
degree of preferred orientation. Besides dimension:il 
effects, irradiated graphite also suffers a reduction in 
thermal conductivity which also has important conse
quences in reactor utilization. O ther properties which 
arc affected arc electrical conductivity, thermoelectric 
power and hardness. M:oreover, considernble energy 
is stored in the matrix as a res11lt of damage to crys
tallites. These problems will be dealt with in detai l in 
other papers presented at this conference. 

Another moderator of interest is metallic beryllium. 
This material, though e..-x:pensive and difficult to fabri 
cate. has e.."ccllcnt radiation stability. M1:asurements 
of dimensions, X-ray structure, density and hardness 
made by experimenters at Oak Ridge National Labo
ratory and Argonne National Laboratory showed neg
ligible changes even after extensive bombardment 

In contrast, beryllium oxide shows serious decreases 
in thermal conductivity and compressive strength at 
room temperature after bombardment at ~ 101o··n/ 
cm~. Dimensional changes were of the order of 1 %. 
Gilbreath and Simpson indicated that the compound ,. 
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was chemically stable as they were unable to observe 
any oxygen evaluation by chemical or magnetic sus
ceptibility measurements. 

The thenna1 conductivity a11d dimensional stability 
of a wide variety of ceramic materials have been 
studied by Bopp and Towns and collaborators. They 
found a substantial decrease in the room temperature 
thermal conductivity of spine!, HfO 2, mica, Z.-0~, 
plate, Pyrex, and lead glass and porcelain after fast 
neutron exposures of 101, n / cm2 • Silica glass and 
single crystal AhOs appeared unaffected. X -ray 
studies of zi rcon, SiC, BeO, BaTiO3, and ZrO2 
showed 0.Z--0.3% lattice expansion. 

Studies o[ materiab such as B4 C have been s tudied 
by Tucker rt o.l. They report behavior very similar to 
that observed in quartz. 

A great deal more work is required in this class of 
materials before an understanding of the effects can 
be gained. 

Structural Meta ls 

The moderator in a reactor often serves a.c; the main 
structural component but in cases where this is not 
possible then one is required to make use of certain 
or the conventional structural metals to make up this 
deficit. Consequently, these metals may be io high fast 
neutron Ru .. x r egions. The thermal neutron absorp
tion cross section of metals such as the carbon steels, 
while not ideally low, may still be sufficiently lo.w to 
warrant consideration in reactor design. 

An increasing amount of a ttention is being paid 
t.hese materials in regard to their resistance to radia
tion damage, particularly in regard to strength and 
ductility characteristics. An early survcy5 revealed 
that most of the conventional alloys become harder 
and stronger. Recently Sutton and Leeser!?3 de
scribed radiation effects on a wide variety of alloys. 
One important observation on carbon steels revealed 
that the impact strength was reduced appreciably. In 
addition, the temperature of transition from brittle 
to ductile fracture was raised 50-100°C after a bom
bardment of approximately 1010 n/cm2. Bombard
ments at 300°C for the same exposure gave only a 
25°C increase in transi tion temperature. These ob
servations become of importance when it is realized 
that the carl.xm steels they examined were pressure 
vessel type. These carbon steels as well as stainless 
steels, nickel and cobalt base alloys showed higher 
yield strengths and a reduction in ductility. Electrical 
resistivity and density changes were slight for all 
alloys C.'<amincd. Several of the stainless steels showed 
an increase in magnetic susceptibility. Low and co
workers (Knolls Atomic Power Laboratory) , and 
Carroll (Oak Ridge N:itional Laboratory) had also 
obsen·ed this phenomenon. The magnetic suscepti
bility increase indicates possible precipitation of fer
rite from the metastable austenite. A careful study by 
Reynolds, Low and Sullivan2" indicates that the 
amount of ferrite precipitated is probably insuJncient 
to cause concern in regard to the s tainless character 
of thest' alloys. However, additional attention to th i5 
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effect is warranted in view of its possible importance. 
Wilson and Berggren20 haYe recently made a 

number of measurements on carbon and alloy steels. 
They were able to confirm the observations of Sutton 
and Leeser. An additional measurement of the maxi
mum contraction below the notch after impact rup
ture of the carbon steel samples showed good agree
ment with the tests made by the more conventional 
type of measurement. It is not clear whether these 
property changes in the carbon. steels are beginning 
to saturate at 1020 n/cm2 at 100°C. 

The yield strength of the stainless steels at 1020 

n/cm2 is very close to the ultimate strength. They 
observed too an indication of a yield point suggesting 
an approach to carbon steel behavior. A small amount 
of cracking was observed during impact tests made 
at liquid nitrogen temperature. 

A metallic property of engineering interest is creep. 
This property has been studied as a function of neu
tron bombardment by a number of laboratories. Wil
son, Zukas and Davis (Oak Ridge National Labora
tory) have seen a decrease in the creep rate of nickel 
and Inconel at low temperature in agreement with 
observations by Coffin (Knolls Atomic Power Labo
ratory) on stainless steel and by W itzig (Westing
house Atomic Power Division) on zirconium and by 
Morgan on aluminum. However, if the temperature 
was raised high enough, a slight increase in the creep 
rate was observed by \i\lilson ct al. The temperature 
a t which the incre;i.se occurs appears to be a function 
of the stress level. · 

Steele and Wallace studied irradiation effects in 
the aluminum alloys 2$, 52S, 61S and A 54S. They 
found a uniform increase in the yield stress with an 
attendant loss in ductility after an exposure of 

· 1021 n/cm2 • Klein and McGinnis (Massachusetts In
stitute of Technology) had earlier shown similar 
results for 2S aluminum. 

Cohen obtained no increase in thermal conductivity 
of Inconel and nickel using in-pile measurements. 

Density and dimensional changes are reported by 
Argonne National Laboratory as being absent in 
titanium and tantalum after exposure to 1019 n/cm2. 

Tungsten showed a 0.2% reduction in density. 
Columbium, titanium and tantalum-7.5% tungsten 

alloy gave hardness increases of + 35 (Brinnell Hard
ness number). 

Tantalum aml tungsten of 99'7'0 purity showed 
no change after 1019 n/cm2. 

Solid solution alloys of copper. with aluminum, 
zinc, gallium, germanium, arsenic and manganese have 
been shown by Kernohan and Billington to yield an 
anomalous decrease in electrical resistivity of l-3%. 
An adequate explanation is not presently available. 
T he hardness and strength in these alloys increases 
upon irradiation. 

Though many of the effects mentioned above can 
be qualitatively understood in terms of the experi
ments mentioned under the review of basic experi
ments, it is highly desirable that more detailed atten-

tion be devoted to these and other important alloys 
of a similar nature. 

AUXILIARY REACiOR COMPONENTS 

Although they are not reactor components in the 
strictest sense of the word, electrical and electronic 
accessories are quite important in reactor-control and 
monitoring systtems. Moreover, in the case of research 
reactors, electronic instrumentation is quite often an 
integral part of experimental equipment for in-pile 
measurements. Consequently. information regarding 
the radiation stability of various electrical materials 
and components is valuable to both reactor engineers 
and scientists. 

In recent • years considerable emphasis in circuit 
development has been given semiconductor devices, 
both diodes and transistors. The chief advantage of 
these units is their very small space and power require
ments. The very marked sensitivity, however, of the 
electrical properties of germanium and silicon as well 
as other diamond-lattice semiconductors to fast neu
tron bombardment2C precludes the use of these minia
ture components inside nuclear reactors. Germanium 
point-contact and junction diodes become ohmic after 
an exposure of 1015 fast neutrons/cm2 and transistor 
action in p-n-p junction transistors is essentially dc
slroye<l by 1012 fast neutrons/cm2 • Consequently, 
when using these units in electronic equipment near a 
reactor, c;ireful account of their radiation sensitivity 
should be taken. Although the rate of deterioration 
is somewhat slower than in the case of germanium 
d iodes, other semiconductor rectifiers (silicon, copper
cuprous oxide and selenium) also tend to become 
ohmic when exposed to fast neutrons. 

In addition to components, considerable attention 
has been given an even more important electrical ma
terial, namely, lead-wire insulation. The commer
cially available wire insulations include both inorganic 
and organic materials. T hese cover a wide range of 
radiation stability. Some deterioration, both chemical 
and electrical in nature, is observed w ith all insulations 
studied. In evaluating the effects on the usefulness of 
a given insulation, it is necessarv to take into account 
the over-all impedance of the ele~trical circuit in which 
it is to be used. Low impedance networks require a 
much lower insulation stability than those with high 
impedances. Besides simple resistance changes, varia
tion of dielectric constant ;ind loss-tangent have been 
observed in the dielectric materials employed in high-' 
frequency transmission cable ( coaxial cable) by Pigg 
and Weeks (ORNL). 

A comprehensive study of elastomcrs and plasto
mers has been carried on by Sisman and Bopp for sev
eral years. They have been able to correlate radiation 
stability with chemical structure. The unclassified re
ports ORNL-928 and ORNL-1373, give the details 
of this excellent study. Other studies of interest have 
been made by Charlesby2 r, Little28 and Ross20 (Har
well) and Ryan and Manna! (Knolls Atomic Power 
Laboratory). 
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Some insulation materials available co1nmercially 
have been studied. It was found that there is a large 
difference in insulation resistance depending on 
whether the reactor is operating ( dynamic conditions) 
or not (static condition). In mnny instances, the dy
namic resistance measurements indicate a value lower 
by two orders of magnitude than pile-off values. The 
breakdown exposure of the insulation materials 
studied is listed in Table I. Herc breakdown e.xposure 
is a rbitrarily defined following Pigg (Oak Ridge Na
tional Laboratory) as that value at which there is an 
accelerated decrease in the dynamic resistance of the 
material in question. 

TECHNIQUES THAT CAN BE EMPLOYED TO 
MINIMIZE RADIATION EFFECTS 

Some rather obvious but useful suggestions are 
presented: 

1. Ad justmont of Bombordment Temporoture 

(a) In cases where excessive hardening due to 
irradiation appears undesi rable, an increase in bom
bardment temperature would certainly reduce the 
magnitude of the effect, This is well illustrated in 
the instance of reduction in impact strength of carbon 
steels. 

( b) Where diffusional effects play an important 
role in radiation damage, for example in metastable 
solid solutions, then a decrease in bombardment tem
perature would prove beneficial by decreasing the 
mobility o( tlte irradiation generated defects. In this 
connection, decrease of the precipitation rate in cop
per-beryllium alloys bas been effected by bombard
ment at 80°K. 

( c) A careful selection of bombardment tempera
ture of order-disorder alloys would presumably lead 
to a balance between ordering and disordering effects 
resulting from bombardment. 

2. Alloying 
(a) It appears reasonable to consider alloying to 

reduce phase instability and anisotropic effects in ura
nium. The superior performance o{ an aluminum
uranium alloy over unalloyed uranium has been dem
onstrated. 

( b) Care should be taken to avoid alloys or other 
solit.ls that transmute to new atomic species, particu
larly under conditions of c;,ctrcmely long bombard
ments. The transmutation of manganese to iron is a 
case in point. Deleterious property changes could 
easily deYelop th rough this mechanism. 

3 . Dispersion 

Adjustment of the particle size of fissionable ma
terial appears to be an effective means of controlling 
the damage rate in a uranium mixture by confining 
most of the fission fragment damage to the volume of 
the particle. 

4. Material Selection 

It would appear wise to choose ~ose materials that 
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Tobie I. Break-Down Exposures of lnsuloting Materials 

Polycthelene 

J,uula.t.-Ott 
mot~rial 

Selastic 80 (dimethyl silicone) 
Sil-X 
Teflon (tetrafluorethylene) 
Silicone rubber 
Neoprene 
Formvar (polyvinyl formal) 
Polyvinyl chloride 
GI::iss cord cove red by glass braid 
Rubber 
Kel-F (monochlortri fluorethylcne) 
Surprenant A-10 (polyvinyl) 
Surprenant D-2 ( polyvinyl) 

s,~ak.dtr..cn ~Kl'OS'tdd 
Cnriltrou/CJtt1 ) 

> 1011 

JO" 
9 X 10" 
5 X 10" 
4 X 10" 

>3 X 10" 
>2 X 10 .. 

1.9 X 1011 

1.9 X 10'' 
1.3 X 10'' 

1()" 
10'' 

5 X 10" 

do not exhibit any high degree of anisot ropy in their 
important properties. 

Metallic bonding appear s best for radiation re
sistance, ionic binding ne.xt for most applications, then 
covalent and fi nally molecular binding. 

It appears desi rable to avoid materi:ils that possess 
unstable phases at or near the bombarding tempcr:i
ture, particularly if the phase transformations are dif
fusion controlled. 

The importance of a close-packed crystal structure 
has been recognized in determining rndiation stauility. 

Studies reveal that close-packed structures have the 
highest radiation stability, and in general, simple struc
tures of high symmetry have better radiation charac
teristics than anisotropic structures. 

COMMENTS ON FUTURE RESEARCH 

Research programs currently active on radiation 
damage in solid reactor materials seem to be com
posed of the following par ts : 

1. A concerted basic effort designed to understand 
in a quantit.-it ive fashion the fundam ental mechanisms 
involved in neutron and fission fragment interactions 
with solid matter is in progress. Such studies are 
aimed at providing accurate information on the k inds 
and numbers of defects introduced into a solid. 

2. Studies are made to de termine the effect of the 
bombardment generated defects on typical reactions 
such as diffusion. precipitation, nucleation, phase 
transfonnations that arc common to many classes of 
solids. The studies include an exan:iination of these 
effects a:; determined by the type of solid such as 
metals, semiconductors, ionic crystals, covalent crystals 
and molecular crystals. A represent:il"ive number of 
physical, chemical, thermal, electrical, magnetic and 
mechanical property mensurements should be made. 

3. Appropriate engineering property measurements 
are made on those materials Lhat appear most suitable 
for immediate reactor application under conditions 
that approximate the proposed operating conditions. 

4. An active program of construction and irradia
tion of appropriate combinations of the various reac
tor components that consti tute the essential features 
or the proposed reactor system is under way. 

In spite of the number of research programs that 
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seem to follow the above outline, there is still a large 
number of unanswered problems facing those con
cerned with radiation damage. 

Accurate knowledge of the number of defects intro-
. <luced by_ bombardment is not yet available. The tem

perature· stability of the defects is imperfectly under
stood. In addition the relative importance o f the sev
eral types of defects introduced by bombardment is 
not known. 

The relative merits of the thermal spike mechanism, 
the displacement spike, the replacement collision the
ory and the direct collision theory are not understood. 
Are they mutually exclusive or are they all operative 
to some degree? Do cyclotron and other charged par
ticle machines provide experimental information that 
has direct validity in terms of nuclear reactor radia
tion damage problems in spite of the difference in the 
mechanism of introducing defects and the low range 
of charged particles in solids? 

Are the present experimental determinations of the 
energy required to displace an atom from its equilib
r ium position as determined by electron bombardment 
correct or are the present values a factor of 2-5 too 
high? 

The neutron flux distribution in radiation dam
age facilities is not sufficiently well known. 

The effect of irradiation on many important proper
ties is not known. For example, an understanding of 
the mechanism responsible for decrease in impact 
str ength, increase in creep rate and related mechanical 
properties is not available. 

Our knowledge of the solid state in the absence 
of irradiation is far from complete. 

Too few experiments have been performed with ap
propriate care and statistics on most materials of in
ti:rest. Insufficient qualitative data have been obtained 
on the many solids of possible interest to reactor de
signers. 

CONCLUSION S 

1. Radiation damage in solid reactor components 
is a problem that seriously affects the operation of a 
reactor. 

2. Radiation damage is imperfectly understood at 
the present and one can not reduce the problem to an 
engineering calculation. 

3. Radiation damage is intimately connected with 
other important variables that influence the perform
ance of solids. Thus one must take account of the tem
perature, the environment, the stress as well as the 
flux level when meaningful experimen~s are to be per
formed. 

4. Our knowledge of basic mechanisms is not at 
present adequate. 

5. More reactors designed specifically for mate
rials testing are needed. 

6. Hot laboratories are at present inadequate in 
both number and function. 

It is my belief, that, once we do understand all the 
facets of radiation damage, the world will gain a bonus 
over and above an improved reactor technology. T his 

will come about because radiation damage studies are 
in themselves a technique for manipulating and study
ing the solid state and will undoubtedly make many 
important contributions to our knowledge of solid 
matter. 
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Effect of Irradiation on Structure and 
Properties of Fissionable Materials 

By S. T. Konobeevsky, N. F. Pravdyuk and V. I. Kutaitsev, USSR 

The study of radiation changes in fissionable mate
rials, first and foremost in uranium, is of great scien
tific and practical importance. 

Uranium as a metal with a high anisotropy of 
mechanical and physical properties provides the possi
bility of enlarging and making more complete the 
knowledge of the behaviour of anisotropic metals and 
alloys afTected by deformation, them1al effects, etc. 

On the other hand, the u se of uranium as a nuclear 
fuel for power reactors necessitates a detailed study 
of how uranium is affected by temperature, stresses 
and irradiation. · 

There is a marked difference between radiation 
damage of uranium and that of usual non-fissionable 
materials in two aspects. First, the higher density 
neutron flux in uranium should be taken into con
sideration, because not only fast but also slow neu
trons, \\'hich as a rule hardly affect non-fissionable 
materials, are absorbed and damage uranium. Sec
ondly, the major effect of irradiation in the metal 
is caused by fission frat'ments. As a result of the 
relatively low velocity of the fission fragments, the 
latter interact strongly with atoms, dissipating en
ergy of the order of 100 lVIev in a limited volume. 
Thus, the themml effect ( thermal impact) must be 
much stronger in a fissionable material than in a 
non-fissionable one. 

HIGH PLASTICITY OF URANIUM UNDER 
IRRADIATIO N 

One should differentiate between the properties of 
uranium during irradiation and after it. There are 
many data at our disposal indicating that uranium 
assumes high plast icity at the moment of irradiation 
in a neutron flux. Specially conducted experiments 
showed that uranium creep increased approximately 
by the order of l.5-2. 

This property is still more pronounced in uranium 
enriched by U235• T his is apparent from the follow
ing experiment. A sheet of cold-rolled and annealed 
uranium (75% enrichment ) 0.28-0.34 mm thick was 
placed on a magnesium core. The core and the sheet 
were pressed into a tube 0£ Cr18Ni9Ti stainless steel. 
The specimen was ex.posed to an integrated neutron 
flux of 1019 nvt. After irradiation it was cut and ex
amined. The uranium sheet between the magnesium 

Original language: Russian. 

core and the stainless-steel tube was found to have 
become strongly wrinkled. The surface of the sheet 
adjacent to the steel remained smooth and that ad
jacent to the magnesium became undulated (see 
Fig. 1). 

Measurements of the sheet thickness showed that 
its avemge value was 0.3 mm in the smooth parts 
while the observed sheet thiclmess varied from 0.07 
to 0.45 mm in the undulated sections. 

INCREASE IN HARDNESS AND BRITTLENESS OF URA
NIUM, CHANGES IN ITS STRUCTURE AND ELEC

TRICAL RESISTIVITY DUE TO IRRADIATION 

Despite the apparent plasticity displayed by ura
nium during irradiation, its hardness is increased 
and plasticity decreased after exposure. The average 
value of the microhardness of the uranium sheet de
scribed above was found to be 492 kg/mm2, thus 
considerably exceeding the hardness of uranium in 
its original condition. 

The increase in hardness of irradiated uranium 
was determined for different initial conditions of 
casting, mechanical treatment and heat treatment. 
The clata of Table I give quantitative values for these 
changes. The samples for investigation were cut from 
cylindrical uranium rods exposed to an integrated 
neutron flux of 1010-1020 nvt. 

Table l shows that all samples, irrespective of 
preparation technology, became very brittle after ir
radiation. This is apparent from the sharp decrease 
in impact strength and from a zero elongation. All 
samples were found to have increased in hardness. 

3 
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Figure 1. Uronium sheet ofter irrodiation: (1) surfoce od jocenl to 
steel; (2) sheet; (3} ,ur-face ocliacent to magnestum 
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Table I. Properties of Irrad iated Uranium (1010 nvt) 

Micro4 

Afttal hard1te.ts 
Nn. condition Hokg/mm,t 

Cast ( with increased 
carbon contents) 327 

la The same 
a ftcr exposure 416 

2 Cast 333 
2a The same 

after exposure 413 
3 Heat-treated 368 
3a The same 

after e.xposure 440 
4 Hot-rolled 351 
4a The same 

after exposure 417 

A decrease in ultimate tensile strength instead of the 
expected increase is explained by the presence of 
many inner cracks developed in the material during 
the exposure. The cracks were detected micro
scopically. t 

The microstructure of irradiated uranium is char
acterized by the presence of a large amount of twin
ning. Contrary to the twinning of ordinary metals 
uranium twinning exhibits a wavy structure (see Figs. 
2 and 3) . 

The peculiar globular structure of a uranium grain 
may be observed at a higher (4000- 15,000 times) 
magnification obtainable in an electron microscope 
( see Figs. 4a and 4b) . 

Uranium carbide grains undergo certain changes 
( see Figs. 5-8). Some photographs illustrate a phe
nomenon similar to destruction or gradual "thawing" 
of carbides. 

The change in electrical resistivity of uranium was 

t The 3-4% decrease in density observed in unirradiat«I 
ur:mium may be due to the cracks. 

Ultimate Impact 
t1nsil# R~lativtf strtmglli 

slrenotlt elongation ... 
o-,.kq/mm' 6% ko!cm• 

55 ~ 2.1 
.!l 

21 ·E 0.6 
45.2 e 2.92 

C: 

13.4 .g 0.76 
"' S5.3 l:l) 2.2 
C: 
0 

28.4 i:l 0.71 
41.1 2 3.7 

"' N 
27 0.94 

determined to study the nature of the uranium 
changes during irradiation. 

Specimens were investigated during and after irra
diation. Strips of uranium foil (60 X 2 X 0.2 mm) 
were taken as specimens. Thin nickel and constantan 
wires, which served as current and potentiometer 
conductors, were soldered to them. A nickel-con
stantan pair also served as a thermocouple. 

The specimens were mounted in a quartz ampoule 
filled with helium, the ampoule in its turn being 
placed in an aluminitun tube in the channel of a re
actor. Measurements showed that the maximum tem
perature during irradiation did not exceed 80°C. 

Electrical resistivity was recorded. The maximum 
increase in the electrical resistivity of a foil under 
these conditions was about 4o/o. 

To judge the nature of the structural changes 
caused by irradiation it is essential to know the tem
perature stability of the changes obtained. To deter
mine this, uranium wires ( 1 mm diameter and 40 mm 
long) were annealed after an exposure in a reactor, 

. ' -~ ,. , ... ,,. . , j 
. ·., . · ...... ~ :•: .... ·,. ; .. 
f -,;;-A_ .. -1,.,~4_,:. · .. 1~ ... 

figure 2. (o) Uranium microsfructure before Irradiation, obtained from a replica (X 240); (b) uranium micro,truclure after irradiotlon, 
obtained from a r•plica (X 2 40) 
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Figure 3a. Uranium micro,truc:ture before irradiolion (X 200) 

the average value of the integrated flux being 3 X 
1019 nvt. 

The annealing curves, plotted in Figs. 9 and 10 
as "additional resistivity vs time," cannot be repre
sented by an exponential or by any other simple re
lationship. The annealing was step-wise, the ex
posure at every temperature being 10 minutes. A 
comparison of annealing curves for several tem_pera
tures made it possible to calculate the activation en
ergy (sec Table II). 

Temperature ·c 
171 
209 
218 

Tobie, II 

Ac-tivt.Uion energy 
kcol/mol 

45.3 
52.5 
62.7 

The increase in activation energy with increase in 
temperature shows that changes caused by irradia
tion are non-homogeneous and exhibit a different 
degree of stability. \,Vhen the temperature is in-

figure -40. Uranium micrastructure before irradiation (X 15,000) 

~ . 
~ •·• ·iifi~'i::illill! 

Figure 3b. Uranium microstructure ofter irradiation (X 200) 

cre2sed, the activation energy approaches the value 
characteristic of the activation energy for the salt
diff nson of a heavy metal. 

ROLE OF CRYSTAL ANISOTROPY OF URANIUM IN 
ALTERATION OF PROPERTIES, DIMENSIONS AND 

SHAPE OF COLD-ROLLED SHEET CAUSED BY 
IRRADIATION OR THERMAL CYCLING 

As is known, crystals of metallic uranium possess 
a high anisotropy. Cold worked (for instance, rolled) 
uranium develops a texture and becomes macro
anisotropic. The anisotropy of the electrical resis
tivity of a cold-rolled uranium sheet (20 X 1.5 X 
2 mm) is apparent from the plot (Fig. 11). 

It cites the values of specific electrical resistivity, 
p, across and along the rolling direction. The elec
trical resistivity was measured nfter annealing at 
the temperatures given in the figure. Both curves 
are parallel up to 650° and drop more abruptly in 
the region of 400--450° (recrystallisation). However, 
the texture obtained in the process of rolling is pre
served up to the a - f3 transition. An average de-

figure 4b. Uranium microstructure alter Irradiation (X 15,000) 
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flgurc 5. Uranium carbide groin before irrodiotion (X 4500) 

Figure 7. Uranium carbide groin after irradiation (X 15,000) 
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figure 9. Plot of change in electrical re1istivity of ,pecimen No. 1 
under onnealing 

<:rease in the specific electrical resistivity amounts to 
.3.5-4% after annealing at 600°C. 

The crystal axes of the cold-rolled strip texture 
and the degree of its scattering were determined by 
X-ray methods. The orientation is represented i.i:i 
Table III. 

The analysis of the texture and the electrical re
sistivity measurements along and across the rolling 
direction made possible the calculatfon of the approxi-

S. T. KONOBEEVSKY et of. 

Fi911ro 6. Uranium corbido groin oft~r irradiation (X .4500) 

Figura 8. Uranium carbide grain after irradiation (X 15,000) 
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O.J8 and unirradiated states. The results of the deter
mination ( column 3) indicate the anisotropy of ther-

l '--

-..__ 2 
........._ 

-
'I. 

I 
I 

1 

/ 
7 

..... +ma! ·expansion ''and• consequently the presence of a. 
texture in samples cold-rolled and annealed at 600°C. 
After irradiation at 60° the specific electrical resis
t ivity ( columns 5, 6, 7) was increased approximately 
3-4%, with the exception of the alioy containing 9%• 
Mo which had received a preliminary anneal for I 00 
hours at 500°. Its specific electrical resistivity was 
increased 142%. The reason for this very appre
ciable change will be explained later. 

10/J 20D JOO 1//JO J(jf] tilJD 700 lJOI) 
Annealing temperature, °C 

Figure 11. Specific electrical resistivity across and along railing 
direction: (l) across rolli ng, (2) along rolling 

It was found that p2 along the b axes = 28.2 p. 
ohm-cm, and p1,3 (average) along the a and c axes= 
40.2 p. ohm-cm. 

The cold-rolled material texture is shown by a 
peculiar phenomenon of ''growth" of uranium prod
ucts, that is, by their elongation in the rolling direc
tion occurring under irradiation. 

The tests were run using a ·cold-rolled foil 60 X 
2 X 0.1 mm and 7 X 7 X 0.1 mm in size. The degree 
of cold deformation of the foil was 50%,. 

The foil specimens were placed between two mag
nesium half cylinders and pressed in an aluminium 
envelope. Thus, a thermal contact was secured. Dur
ing the experiment (irradiation) the temperature of 
the specimen did not rise above 60°C. 

Table IV summarizes the data on the properties 
of rolled uranium foils and uranium alloys containing 
0.61 and 9.Oo/'o of molybdenum before·and after irra
diation. The materials iisted in column 2 were ex
posed to an average neutron flux of 0.25 X 1020 nvt. 
The thermal expansion coefficient was determined 
for uranium and for a 0.61 o/o Mo alloy in irradiated 

Table IV. Properties of Uranium 

No. Material 

1 . .3near e..t'J,ansfou 
coefficient 100-
;uo•c x 10• 

Defor, A fter Defore 

1 l J 4 .s 

Rolled uranium foil 8.05( II ) 7.5( II) 0.303 
16.6(.L) 15.5(.L) 

la The same annealed 6.1 ( II) 0.288 
at 600° C 16.5(.L) 

2 Cold-rolled 0.6% 8.3( II) 8.9( II ) 0.330 
Mo alloy 16.1 (.L) 15.4(..L) 

2a The same annealed 8.9( II) 0.337 
at 600° C 14.5 ( .l ) 

3 Quenched and cold- 12.1 (.1) 0.660 
rolled 9% Mo alloy 11.6(11) 

3a The same annealed 0.523 
for 100 hours at 
soo·c 

NoTE: Symbol ( II ) means that properties were measured 
resistivity was measured along the rolling direction only. 

The change in the outer dimensions of cold-rolled 
and irradiated £oils ( col. 8, 9, 10) is most striking. 
According to the data of the table the change in the 
length amounts to 8-9o/o for a 0.25 X 1020 nvt. The 
dimensions across the rolling direction have not 
changed appreciably. The same foils fi rst annealed 
for an hour at 600° have elongated less ( ~ l % ) 
though according to thermal expansion measure
ments and X -ray data their texture is preserved. The 
foils of a uranium 9% l\fo alloy consisting of a cuuic 
y-phase structure have not changed in length at all. 

Testing of "growth" of the rolled foils· was · re-
peated, increasing the time of exposure (to 0.50 X 
1020 nvt) . Foil specimens of a nranium alloy con
taining 0.61 o/o Mo 50 mm long were subjected to 
irradiation after preliminary annealing at various 
temperatures. T he results are given in Table V. This 

Table V. Elongation of Foils of Uranium Alloys Con
taining 0.61 % Molybdenum after Irradiation 

Tt'mperau,,,·c of 
preliminary (Htriccrling 

20 
120 
215 
300 
412 
500 

Elonqaei.on 6 
a/trY irradiation, % 

12.9' 
18.5 
5.8 

12.6 
15.4 
2.0 

and Its Alloys Afte r Irradiation 

Sp,dfi< tlc<lrica/ 
rtsislivit:, Lcnglh and tcidtl, of 

ohm X mm• X tn• Z specimens in mm 

After Change % B,tor, Afltt' Change % 
6 T IJ 9 IQ 

0.305 +0.7 60.0( II) 64.8( n) +8 
6.78( II) 7.40( II) + 9 
7.15 (.L) 7.lS(.L) 0 . 

0.299 + 3.8 60.0( II) 60.5( II ) +8 

0.340 +3.0 60.0( II) 64.5 ( R·) +7.5 
7.28( II ) 7.90( II) +8.S 
7.21(.L) 7.21 (..L) 0 

0.353 +4.7 60.0( II ) 60.7( II) +1.2 

0.685 +3.7 60.0( II) 60.0( II) 0 

0.603 + H.2 

along the rolling direction, symbol (..L)-across it. Electrical 
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gives the temperatures of preliminary annealing and 
the per cent elongation caused by irradiation. The 
nppearance of the foils before and after irradiation 
is shown in Fig. 12. 

In some cases the elongation was up to 18.5%. 
Jf the annealing at 500°C, at which temperature 

recrystallization should take place, is neglected, the 
variations in elongation can be assigned to the method 
of applying pressure ro the foils (between magnesium 
blocks) which could hinder the development of 
elongation in different ways. The average value of 
M2 = 13.0% may be obtained from the first five 
elongation values of the table. From the comparison 
of the average value of Al1 = 7.5% obtained during 
hall as much exposure, it is evident that the "growth" 
of ::i. foil proceeds almost linearly up to the 0.5 X 
1020 nvt. 

X-ray diffraction patterns were obtained from the 
specimens of a rolled uranium foil before and after 
irradiation (see Table IV) by a method described 
in the report "Metal Research 'Hot' Laboratory" 
(Session SB.2, P /673, this Volume) . Figure 13 repre
sents the record of one of the lines 0£ a.-uranium.u• 
The almost equal intensity of the X-ray line before 
and after irradiation is indicative that the texture 
has not changed after the exposure. 

The width of the line, however, has changed ap
preciably (Bt = 27 mm instead of B¼ = 35 mm for 

l :i 

b C: • ,• . , I CZ Si• .., 

2 a 

b c::"'' C ' -, el • i Ii - Ii II • I ' !J 

b 

4 a 

• ,,., .... ~ 
5 a G- ;:::;:J 

b (!X.Wlbli ICM'• i-i~ 

6 a I , .» EM-Mi 

b ~ I ........ : ! I : ea:a.-a 
figure 12. Th• oppea,once of foil ••rip,•of uronlum ofloy COf\taining 
0.61% molybdenum before (a) and aftu (I,) irradiation: (1) cold, 
rolled; (2) onneoled ol 120"; (3) al 215°J,(-4) a t 300°; (5) -412°; 

(6) soo• 

S. T. KONOSEEVSKY el al. 

600 

600 

l/00 

0 

"'° figure 13. liru,• (11-4) of a uranium X,ray diffraction pattern: (1) 
beforo lrrodlallon; (2) after Irradiation 

the original condition in arbitrary units). This result 
indicates that non-uniform inner distortion, bringing 
about the expansion of the X-ray lines (elastic 
stresses of the second kind), disappears wilh the 
"growth" of the foil. 

Changes in dimensions and shape analogous to 
those pointed out above for rolled uranium specimens 
under irradiation may be reproduced by alternately 
heating and cooling an unirradiated specimen ( ther
mal cycling) . 

Plastic deformation caused by them1al cycling in 
the temperature range of a.-phase (20-500°C) was 
investigated using uranium plates cold roUed. with 
20, 30, 40, 50 and 60% reduction in the area. 

Uranium specimens in sealed quartz ampoules were 
heated to 500°C, exposed for 20 minutes at this tem
perature and cooled rapidly in water. The dimensions 
of the specimens were measured before the test nnd 
after 100, 200 and 500 cycles. Examination (see Fig. 
14) showed a marked residual deformation which is 
displayed in elongation. lt is increased with the de
gree of the area reduction and is accompanied by a 
large change in the shape of the specimens. An almost 
35% elongation as a result of thermal cycling is as
tonishing and is of great importance in the theory of 
anisotropic metals and alloys. · 

Olanges in dimensions of textured uranium were 
studied using flat specimens (the degree of cold roll
ing w::i.s 70%). They were cut out parallel and per
pendicular to the rolling direction. 

The results of the change in the shape and the 
dimension of these specimens in the temperature 
r:?.nge of 20-500°C after 500 cycles are shown in 
Figs. 15 and 16. They indicate that the longitudinal 
specimen has been elongated almost 15%, the trans
verse specimen hns been shortened almo:;t 9%,. 

From the comparison of the deformations caused 
by irradiation and thermal cycling the conclusion 
may be drawn that both the phenomena have the 
same cause, namely uranium anisotropy. Instantane-
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Table VI. Properties end Microstructure of Uranium Alloys Under frrodio tion 

S tuifi< ,leclrical 
TAermol coefficlt11t 

No, :• f lro.t tr~o~ntrd 
of dtdn cel s,~.r-te- . r,risri11ir1 rtsiJtivity 

wain t ol1n1.,n;nt .m•l XIO' i\{1·ero.rtrul'l11,..,, 

Uc/ore A/1tr Dt/tWt 

Quenching (homogen- J7.26 17.13 0.686 
eous state) 

2 Quenching, annealing 17.35 1720 0.531 
at 500°C for I 00 hrs 
(heterogeneous state) 

3 The same (as in 2 £oil) 0.523 

ous local increases in the tcmperatt1re in the sub
microscopic volumes of uranium as a result of the 
nuclear fission of U 23~ arc likely to be equivalent to 
thermal cycling. 

CHANGES IN STRUCTURE OF URANIUM ALLOY 
CONTAINING 9% OF MOLYBDENUM 

EXPOSED TO IRRADIATION 

T he data on the accelerated creep rate, stress re-
1:lxation and spontaneous deformation of exposed 
uranium, pointed out above, testify to the fact that 
in some respects the irradiation of uranium is analo
gous to thermal treatment. This is confirmed by the 
behaviour of a uranium-9% Mo alloy. As is known, 
an alloy containing 9% of molybdenum may be in 
two states. The alloy heated above 600° and not too 
slowly cooled is found to be in a homogeneous state 
of a solid solution of molybdenum in y-uraniuin. 

Annealing at the temperature below 600° (ior 
instance 100 hours at 500°, see Table IV ) brings 

Figuro 14. Specimens of cold-rolled u ranium strip ofter 500 cycles 
of heating a nd cooling 20°C-500°-20°C: (1) original specimen; (2) 
rolled 20941 (3) ol 30%1 (4) o t <IO'lo; (') 01 ,0%; (6) at 60% 

Fig•ro 16. The some speclmon1 os in fig. 15 ofter 50 cyclu of 
heating ond cooling 2o•c.soo•e,.2o•c, natural sin: (oboYe) ocro,s 

tho rolling direction, (below) along tho roll ing direction 

After TJ<fort A/tu Be/au A/t,r 

0.682 O.Dl 0.01 Homo- Homo-
geneous gcncous 

0.682 1..5 0.0l H etcro- H omo-
geneous gcneous 

0,(,()3 1.14 0.39 

about its transition into a heterogeneous state; eu
tectoid in the form of a fine mi.xture o{ «-uranium 
with the inter-metallic compound y I 

T he experiment showed that while the specimens 
of a homogeneous alloy preserve their phase state 
under irradiation, the specimens of a heterogeneous 
alloy are found to hnve become partly or completely 
homogeneous after irradiation. This is apparent from 
the following experiment. Wires 60 mm long and 2 
mm diameter of a uranium (enriched 5% in U2311 ) 

alloy with 9% of Mo were pressed in lead blocks and 
e.-xposcd at the outer temperature of about 50°C to a 
neutron Rux of the order of 1019 nvt. 

The alteration of their properties after irradiation 
is shown in Table VI. It lists changes in density, 
microstructure, electrical resistivity and its tempera
ture coefficient. 

On the basis of the property measurements and 
the examination of microstrueture, the conclusion 
may be drawn that after irradiation the alloy in wire 

Figure 15. Spc-c-imons o f cold~rolled uranium strip (70% aroa reduc• 
tio n) noturol size, b~foro thermal eye.ling: (above) ocron t~o romng 

direttion; (below) along the rolling d irection 

figuro 17. Mluostru<lure o f uranium alloy with 9% Mo: (left) homo. 
geneous stole; (cenh!r) ofter osneoling 01 500°C, 100 hr; {right) 

after lrrodiotion 
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1111/D 

0 

0 

• 

figure 18. Lines (112) of X-ray diffroction pottorn obtained from 
uranium alloy w~h !>'IE> Mo In homogeneous stale: (1) before 

irrodiatlon: (2) after lNodiation 

No. 2 has been transformed from a heterogeneous to 
homogeneous state. For the state of comparison Fig. 
17 illustrates microstructure of an alloy before and 
after irradiation. 

S. T. KONO&EEVSKY et al. 

Table VI lists the data on a foil irradiated under 
conditions completely eliminating any heating above 
50°C. In this ca$C partial transformation to a homo
geneous state is undoubted. The X-ray diffraction 
pattern (Fig. 18) obtained from a homogeneous 
specimen of a cold worked foil shows the result of 
ir radiation. It is seen in a decrease of the width of 
a line (irom 36 mm to 24 mm) and a slight displace
ment (about 4'-5') corresponding to the relaxation 
caused by elastic stresses of the first kind present in 
a rolled foil. 

The tests indicate that irradiation change at a low 
macroscopic temperature of uranium is similar to the 
effect of heat treatment 
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Damage Occurring in Uranium during Burn-up 

By S. F. Pugh,* UK 

The efficient operation of a power reactor requires 
both the highest rate of heat output per unit mass o( 
uranium and the lowest possible consumption of power 
in circulating the coolant. This is besl achieved by 
using rapidly circulating liquid coolants in narrow 
channels: an arrangement that has the least volume 
of coolant in the reactor, which is an advantage if the 
coolant absorbs neutrons. To avoid blocking of the 
coolant channels the dimensions of the fuel must re
main constant during burn-up. Two distinct phenom
ena cause change in dimensions of uranium under ir
radiation. "growth" and "swelling"; these will be 
discussed separately. To obtain a high heat flux from 
the fuel requires a steep temperature gradient which 
causes internal stress due to uneven thermal expan
sion. If the fuel is embrittled by irradiation the in
ternal stress may produce cracking. The mechanical 
properties of fuel elements both before and after ir
radiation must therefore be investigated. 

GROWTH OF URANIUM UNDER IRRADIATION 

The term "growth" is used to describe the change in 
shape that occurs in uranium under irradiation. 
Growth occurs in polycrystalline uranium haYing pre

. £erred orientation and in single crystals, and is not 
n·ecessarily accompanied by an increase in volume. 

Before the results of any single crystal experiments 
were known, a mechanism was developed theoretically 
at A.E.R.E., Harwell, whereby uranium might grow 
under irradiation.1 Growth was ascribed to a combina
tion of the effects of fission spikes which cause local 
expansion o[ the uranium lattice, and the anisotropic 
plastic properties of alpha-uranium deduced by Cahn2 

£rom the observed slip and twin systems. This mech
anism was used to predict that single crystals of alpha
uranium would grow, that the increase in length would 
be in the [OlOJ direction and that growth would not 
occur above about 500°C. These predictions have since 
been confirmed by experiment.3 

The propo:;ed mechanism was as follows: around 
the site of fission in a single crystal of alpha-uranium 
there is a region of uniform compressive stress which 
causes local plastic yielding by twinning, preferentially 
in the longitudinal [OIOj direction. When the site of 
fission cools, the outer region is subjected to a uni
form tensile stress and therefore yields plastically, this 
time in the [ 100] and [001] directions by twinning. 
The net result is a local increase in length in the [010] 

• A.E.R.E., Harwell, E11gland. 

44 1 

direction of the outer region. In a more recent e,xten
sion of the mechanism4 it was suggested that the local 
extension in the (010] direction throws a stress on 
the surrounding matrix, which is relieved by equal 
amounts of slip on both the {110} planes in the appro
priate <11 O> directions to cause extension in the 
(010] direction. Since tension in the (010) direction 
produces no resolved shear stress on the (010) plane, 
slip on this plane does not occur although it is usually 
the major :;lip mode. The macro-deformation of the 
crystal being now by {110} < 110> shears, the result
ing deformation agrees with that found by experiment, 
in that extension occurs in the (010] direction, con
traction in the [ 100] direction and the [001 J direction 
remains unchanged in length. The direction of the 
contraction was not specified in the original model ex
cept to say that it lay somewhere on the zone passing 
through the (100) and (001) poles. Lloyd and Chis
wickG in an investigation of the deformation modes of 
alpha-uranium did not find tl1e { 110} slip mode but 
thdr samples were deformed in compression when 
an alternative twin mode could probably operate. It 
has also been realised~ that the very fine twins lying 
in the region round the site of fission are unstable, so 
that when a hot spot due to fission occurs in a finely 
twinned region the twins anneal back onto the parent 
lattice. Since annealing takes place by individual 
atomic migration, no change in shape occurs although 
the crystal is restored to its original twin-free con
dition. The above model imposes no limit on the ex
tent of growth. 

Slip, being a reversible process in the geometrical 
sense, could not be the basis of a ratchet mechanism. 
It was therefore predicted that growth rates would 
diminish above 350°C and be practically zero at 600°C 
because at the higher temperature slip would occur 
rather than twinning and slip. On the other hand, be
low 200°C growth diminishes with diminishing tem; 
pcraturc due to a corresponding increase in yield 
strength. Observations on variations of growth rate 
with tcmperature3 are in striking agreement with 
these predictions. 

Arguments against the twinning mechanism of 
growth can be, based on the supposition that fission 
spikes arc too small or too short in duration to cause 
plastic deformation. The two recoiling fission frag
ments will dissipate the energy of fission along a line 
J0-4-J0-3 cm long. Calculation indicates that at dis
tances greater than 500 atoms from this line the yield 
stress will not be e..'-'.ceeded, assuming a yield strength 
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of 4 tons per square inch. According to Cottrell, a 
radius of about 1000 atoms is usually necessary to 
cause operation of a Frank Read source. The radius 
of the spike might be increased effectively by two fis
sion spikes sometimes occurring sufficiently close for 
their stress fields to overlap. For the latter effect to 
occur a significant number of t imes, the life-time of 
the fission spike must be about 10'"" seconds. The heat 
pulse associated with the fission spike is probably dis
sipated initially at the speed of soun<l and this part of 
the energy release is unlikely to cause plastic defor
mation. A part of the energy release, however, is 
temporarily stored as intersti t ials and vacancies which 
also cause a local expansion and the rate at which 
these recombine diminishes c.-.:ponentially with dimin
ishing temperature. A rough estimation indicates that 
at 600°C recombination is almost as fast ;)S the rate 
at which the thennal energy is dissipated, but below 
500°C, namely in the temperature range in which 
the g rowth occurs the fission spike remains expanded 
by interstitials and vacancies. In a fission spike about 
IOI a toms in length and 500 a toms in radiu:. there arc 
1010 atoms. Since only 105 interstitinls and vacancies 
are produced per fission, the strain due to the latter 
at a radius 0£ 500 atoms is only 10-;"S and is therefore 
too small to cause plastic flow. If flow occurs, there
fore, it must occur very rapidly unless there is some 
other delaying mech:mism, but these objections are not 
sufficient to allow any definite decision on the validity 
of the twinning mechanism. 

DIFFUSION MECHANISMS OF GROWTH 

Seigle bas suggested that gtO\vth of uranium un<ler 
irradiation may be due to the anisotropic diffusion or 
interstitials or vacancies in the alpha-uranium lattice. 
The grain boundaries act as a sink for the vacancies 
leading to a change in shape o( each grain. In a variant 
of this growth model Seitz has suggested that the 
vacancies diffuse to dislocation lines. 

The simplest way of obtaining the observed change 
in shape is by rearrangement of atoms in the [001] 
planes, which are compo~ed of close-packed rows 
parallel to the [100] din:ction. Assuming that the 
effect of ir radiation is to knock :itoms out of these 
dose-packed rows, the lattice can be maint.lined in 
the correct alpha-structure by forming e.-.:tra inter
stitial close-packed pairs of [100) rows giving an ex
tension of the crystal in the [010] d irection, and by 
the ,•ncantsitcs in the original close-packed [ 100] rows 
diffusing along the ( 100] rows to the grain-boundary 
giving a contraction or the gra in in the [ 100] diTec
tion. 

If the vacancies diffuse to dislocation lines of the 
(010) [100) slip system, thus removing ( 100) planes, 
while the intcrstiti:ils form extra µlanes between the 
(010) corrugated planes, this combination of changes 
produces a change of shape in agreement with that ob
served under irradiation. Both diffusion mechanisms 
giving the observed mode of grow.th are similar to the 
Wigner growth 0£ graphite on ir radiation in that the 
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favoured interstitial sites are assumed to be between 
the slip planes. 

It was next shown• that the correct variation of 
growth rate with temperature can be obtained from a 
diffus ion mechanism. This mechanism is most efficient 
when the lowest proportion of the vacancies and inter
stitials recombine and are mutu:illy annihil:ited. The 
growth rate is therefore highest when the vacancy 
concentration under irradiation is lowest. The rapid 
decrease or: growth rate with temperature from 400° 
to 500°C may therefore be due to the rapid increase 
in the equilibrium concentration 0 £ thermal vacancies 
over this tempemture range, so that interstitials are 
absorbed by vacant s ites before they can form "e.xtra 
planes" which are large enough to be stable. Anneal
ing occurs in uranium at 500°C and it is therefore 
reasonable to suppose that the supply of very mobile 
vacancies is large enough to prevent the build-up of 
extra interstitial planes uncler irradiation at this tem
perature. On the other hand, the decrease in growth 
rate below 200°C is due to an increase in concentration 
oi vacancies with decrease in temperature being caused 
by a decrease in the mol>ility of the vacancies so that 
they do not fall to the equilibrium concentration which 
would be present in the absence of irradiation.1 More
over, at low temperatures, vacancies due to their low 
mobility would contribute less to the growth process. 
Since below 200°C the vacancies ar ise from the fis
sion process, then increase in flux will increase the 
vacancy concentration and so decrease the efficiency 
0£ the growth process: while above 200°C the vac.'.ln
cies ar ise from the thermal vibrations and are at the 
equilil>rium concentration, therefore change in flux 
docs not in this range change the growth for a given 
bum-up. 

In experiments 0 11 the growth of single crystals of 
uranjum under irradiation, undertaken by A.E.R.E., 
Harwell, two batches of uranium samples 1.5 X 0.08 
X O.Ql in. were prepared in the form of single crystals 
by the phase transfonnation method.0 By electropol
ishing and examining under polarised light the position 
of any grain boundaries contd be determined. The 
crystallographic orientation of the crystals was deter
mined from microbeam back-reflection L-iue X-ray 
diffraction patterns0 taken at three positions along 
the specimen. The crystals had a marked mosaic struc
ture in which the spread in oricnfotion of the indi
vidual crystallites was S degrees. 

The first batch was irradiated3 at 200°C and the 
second at S00°C to a burn-up of about 0.03%. The 
increase in length resolved in the (010) direction of 
the first batch was about 15% while no growth was 
detrctable in the samples irr:idiated at 500°C. Cold
rolled uranium sheet having an [010] fibre texture :ilso 
grew about 15% in the [010) direction after the same 
burn-up.3 These and other e.-.:periments indicate that 
0.1 % fission may cause up to 100% growth. On the 
diffusion mechanism 100% growth is obtained when 
SO% of the atoms have taken up interstitial positions 
and an equal number of vacancies have diffused along 
[100) rows, therefore one fission must produce 500 
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permanent interstitials and 500 vacancies which dif
fuse to grain-boundaries or to dislocations. It is esti
mated that about 50,000 vacancies and interstitials 
are produced per fission so that the process only needs 
to have at best a 1 % efficiency. 

An experiment that would clearly indicate whether 
the mechanism of growth is based on plasticity or 
diffusion has not yet been found. It is suggested that 
determination of the effect of rate of burn-up on 
growth per unit burn-up at low temperatures might 
settle this point since on the diffusion mechanism the 
growth per unit burn-up might diminish wilh increase 
in rate of burn-up while on the twinning mechanism 
it might increase. 

There is no evidence of any fundamental difference 
between growth of single crystals under irradiation 
and growth of polycrystalline aggregates. T hus each 
crystal in the aggregate will tend to grow in the [010] 
direction and contract in the [ 100] direction but will 
be more or less constrained by the surrounding grains, 
the effect of such constraint apparently being much 
greater in fine grained material of random grain orien
tation. The growth of the sample can therefore be pre
dicted from a knowledge of the preferred orientation. 

WRINKLING OF URANIUM UNDER IRRADIATION 
Wrinkling is the term used to describe the roughen

ing of the surface of uranium during burn-up. I t is 
most marked in coarse-grained uranium and oc
curs because the individual grains grow in different 
directions in the sample as they have different orienta
tions. Wrinkling is not appreciable in very fine-grained 
material, the size of the wrinkles being related to the 
grain size. Wrinkling does not occur in single crystals 

.or in polycrystalline samples consisting of a single 
texture, h11t such samples will grow under irradiation. 
Cast uranium or uranium slowly cooled from the beta 
range consists of grains about ¾ mm diameter having 
a fine substructure with 5 degree mis-orientation. In 
the wrinkling phenomenon these large clusters behave 
as single crystals so that these materials develop large 
wrinkles on irradiation. 

The grain size of uranium may be refined by any 
of the ·following three methods. If the uranium is 
quenched in water from the beta range, preferably 
above 720°C, a grain size of between 0.05-0.08 mm 
is obtained. This method is not effective if the uranium 
is very pure; about 0 .05 % of impurities such as iron, 
silicon or aluminium appear to be necessary. A more 
elaborate procedure which can produce a finer grain 
size than the above is the isothermal transformation 
of beta to alpha-uranium at an elevated temperature 
in the alpha range. An alloying addition such as ¾ % 
to 1 % chromium or molybdenum which tends to 
stabilise the beta phase8 is necessary for this method. 
The temperature at which such an alloy will transform 
to a fine grained alpha is very dependent on the im
purities present and therefore varies from one batch 
of uranium to the next. The effectiveness of this treat
ment is aJso dependent on the size of the sample. If 
these alloys are quenched to room temperature they 

are liable to crack due to the retention of beta-uranium 
which is brittle. The third method of obtaining a fine 
grained uranium is by use of an alloying addition 
which produces a finely divided second phase in the 
gamma range which may diminish the grain size re
sulting from the phase transformation on cooling. 
This method, to ·be effective, requires a large propor
tion of the second. phase and therefore rather higher 
additions than those used in the second method are 
necessary. Grain sizes as small as 0.002 mm have been 
obtained. The fine grain -obtained by these methods is 
stable for a few months at temperatures up to S00°C. 

Slow thermal cycling in the alpha n:mge also causes 
growth and wrinkling.° For this growth a double fibre 
texture is necessary,10 which is different from the re
quirement for growth on irradiation. For wrinkling 
the severity of the damage depends on the grain size 
as for wrinkling on irradiation. These effects on ther
mal cycling arise from the anisotropic thermal e.--c
pansion oE uranium single crystals so that in aggre
gates an internal stress develops due to change in tem
perature. In aggregates therefore deformation is .by 
twinning at low temperatures on cooling while grain 
boundary relaxation occurs on heating. The mecha
nism is therefore not 1·clatcd to that of irradiation 
growth. 

INCREASE IN VOLUME ON IRRADIATION 
T he change in dimensions of uranium due to in

crease in volume is much smaller than that which can 
be encountered due to growth. The increase in volume 
is due to a different mechanism from that of growth 
and is in the UK referred to as swelling. At 0.1 % 
burn-up an increase in length due to growth of a single 
crystal may be about 40%, while that due.to swelling 
is unlikely to exceed 4% even in the worst case. One 
of the causes for the increase in volume is the forma
tion of small holes which are believed to be blown up 
by the volatile fission products, particularly the inert 
gases. Calculation11 of the swelling expected from 
the pressure in the bubbles and the creep behaviour 
of the uranium gives a value that is much less than that 
observed experimentally at temperatures in the alpha 
range, indicating that another mechanism is also play
ing a part in swelling. The scatter in the amount of 
swelling observed for the same burn-up and at the 
same temperature and the uneven distribution of mi
croporosity observed in individual specimens after ir
radiation indicates that at least one of the swelling 
mechanisms is structure sensitive. The condensation 
of vacancies on existing holes may be such a process. 

Examination of uranium after burn-up by X-ray 
diffraction shows that the lattice parameters are only 
very slightly increased12 and the crystal structure is 
not severely distorted. These observations confirm 

. that the swelling on irradiation is mainly due to in
ternal porosity. 

MECHANICAL PROPERTIES O F URANIUM 
AFTER IRRADIATION 

For some time it has been realised that uranium 
becomes more brittle after only say 0.03% burn-up. 
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Part of the increase in yield strength is presumably 
by the same mechanism as that which raises the yield 
strength of non-fissile metals on irradiation. In addi
tion there are the effects due to growth, fission products 
and formation of internal porosity. Annealing restores 
the mechanical properties but only partially by en
suring a better distribution of fission products and 
by removing internal strains due to growth aud irra
diation hardening. Thermal stress might cause cm
brittled fuel elements to crack in service, a hazard 
which is more severe in reactors operating at low tem
peratures and high rates o! bum-up. 

SUMMARY 

Changes in the dimensions and olltcr properties of 
uranium occurring during bum-up of up to 0.1 % 
have been described and tentative mechanism~ to ex
plain these changes have been discussed. It has not 
yet been decided which mechanism operates in each 
case. The phenomena have to be considered in the 
design and m:111ufacture ol fuel elements fo r power 
reactors. 
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APPENDIX 

I. Classical beat flow calculations on the duration 
of a thermal spike. Neglecting end effects for a 
cylinder 

where t is the time at which the temperature at a 
radius R has reached its maximum value; K is the 
thermal diffusivity = K' / p c where K' is the heat 
conductivity, p the density and , the specific heat. 
For uranium I<' = 0.07 cal /cm/sec °C at 200°C ; 
C = 0.03 calf gm/°C at 200°c: p = 18.9 gm/cm3 ; 

and K = 0.1 cm2/~cc, approximately. 
Vv'hen R = 10-6 cm then l = 2 X 10-10 sec. 
Since the thennal conductivity is mainly electronic, 

this is a reasonable value for the life of the spike. 
The elastic waves involved in the movement of dis
locations will however move more slowly. Disloca
tions will not therefore move far before being over
taken by the heat ftow. 

2. In the following rough calculation of the stress 
due to thermal expansion caused by local absorption 
of 100 Mev of fission energy, it has been assumed that 
the expansion is linear with temperature. The dis
tribution of the heat has therefore heen ignored and 
it has been assumed that a cylinder containing the 
fission spike as axis is raised to a uniform tempera-

UK S. F. PUGH 

ture. Neglecting end effects the stress will be uni
Corm over a cylindrical surface. IC the length of the 
spike is 104 atoms, then at a radius of 1000 atoms 
the stress is obtained as follows: 

100 Mev = 3.8 X 10-l~ cal 

The spike contains 3 X 10 10 atoms, i.e., 12 X 10-u 
gm uranium. Therefore temperature rise is 10°C; 
taking cocf. of exp. 16 X lQ--1\ per °C, thermal ex
pansion is 1.6 X 10"-4. Stress therefore is 

1.6 X 10 ◄ X YM 
2(1 -ii) 

where Y .M is Young's Modulus and 11 Poisson's ratio. 
The stress at 1000 atoms radius is therefore approxi
inatcly 1 ton per square inch. 

Since the stress varies as 1/ R~ nt 300 atoms radius 
it is 10 tons per square inch which is above the yield 
stress. 

The stress is maintained from the moment of fis
sion until some of the energy has escaped from the 
cylinder tmder consideration. A linear expansion co
efficient has been assumed but it is likely that at the 
high temperature in the spike the average expansion 
will be greater than 16 X 10-8 per °C. Since the 
atomic radius of uranium is about 3A the size of the 
cylindrical surface where the stress is 10 tons per 
square inch is: radius 0.1,-. and length 3,... 
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Irradiation Effects in Uranium and Its Alloys 

By S. H. Paine, and J. H. KitJel, * USA 

Stability of the fuel configuration is perhaps the 
most important practical problem in the engineering 
and opei:ation of a heterogeneous reactor. Any gen
eral dimensional changes have an important bearing 
on the nuclear behavior of the reactor and its effi
ciency as a power producer, and any localized changes 
may cause local overheating with attendant serious 
consequences. The fuel materials, therefore, must be 
fabricated and heat removal must be managed in such 
a manner as to conserve the lattice arrangement and, 
in particular, to minimize as much as possible the 
occurrence of nonreversible changes in the spacings 
and dimensions of the fuel elements. 

Uranium is the only fissionable reactor fuel readily 
obtainable and is, quite unfortunately, anisotropic 
in its properties. Its erratic behavior under thermal 
cycling and neutron irradiation has made it the ob
ject of much dose study by engineers and scientists 
in the U SA. This paper presents a summary of avail
able information on the changes which have been 
observed in the base metal and some of its alloys. 
Of primary interest are the dimensional changes, 
following discussion of which some data are given 
on miscellaneous properties changes, such as strength, 
hardness, thermal conductivity, solid diffusion and 
corrosion resistance. 

CHANGES IN LINEAR DIMENSIONS 

A most spectacular effect of irradiation upon ura
nium metal is manifested by radical changes in di
mensions of test specimens. The magnitude of the 
effect is found to have a close relationship to -variables 
in fabric:ition technology. Before discussing these, 
however, it would be well to review briefly what has 
been learned concerning fundamental behavior and 
the theories which appear pertinent to its explanation. 

The Phenomenon of Rodiotion Growth in Uranium 

It has been possible to study the.basic anisotropy 
of deformation by irradiating true single crystals of 
alpha uranium, produced by Fisher (Argonne Na
tional Laboratory) and observing the dimensional 
changes in the three lattice directions. Figure 1 shows 
a series of photographs of such a crystal originally 
nearly a right circular cylinder 0.125 inch (0.32 cm) 
in diameter. It will be seen that considerable length
ening has occurred and that the circular cross sec
tion has become elliptical. Careful measurements 

*Argonne National Laboratory. 

after irradiation give the three lattice growth coeffi
cients shown in Table I. The dimensionless unit, G-1, 
expressed in microunils of growth per unit length 
for one fission per million total atoms, has been found 
convenient to use. Its exact value is based upon the 
well-known exponential relationship between initial 
and final measurements, L0 and L, 
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G _ log. (L/ Lo) 
1 

- ( Ratio of fissions to total atoms) (1) 

For small elongations the following appro,cimation 
may be used: 

G _ Per cent growth 
' - Per cent burnup 

(2) 

lmperfect lineage crystals, made by gradient trans
formation from the beta to the alpha phase, have 
the same relative behavior under irradiation. They 
elongate in the (010], shorten in the [100] , and re
main approximately unchanged in the [001] direc
tions. However, the magnitude of elongation is al
ways greater and the geometric regularity of the dis
torted specimens is distinctly less than observed in 
true single crystals. 

Cylindrical polycrystalline specimens in which the 
grains arc not randomly oriented also deform under 
irradiation. They retain their circular cross section, 
however, if the longitudinal axis coincides with the 
rolling direction. As will be seen from evidence 
presented later, the magnitude and character of de
formation, including surface distortions, depend upon 
structural factors. Longitudinal growth rates more 

t__,. •• . ...... """' - t ., 
~ 

(100] 

...., • r .-l 

~ :--
C , .... --:-•··• -1 ~1 ... 

t t ' . 
L. [010) 

After irradiation 

Before 
lrrodiofion 

Figure 1. Aspcch of a cylindrical ,1ln9fc c.rystal of a lpha vr,onium 
before and after irradiation in a reactor (O. l % a tom burn-up) 
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Tobie I. Comparison between the Irradiation Growth Coefficients of a True Crystal of 
Uranium and the Thermal Expansion Coefficient along the Maior Crysrollographic 

Axes in the Uranium Lattice 

Dircc-t-ioa Irradiation grou.•tl1 
Th:rm•I rzf,onJiOff eoeffednt 

(10 .. t,,r• C)t 
i,d, c•elficicnr (G,J • zs· - 1n•c 25• - JZ5°C 25°-65o•c 

( 100) -420 ± 20 21.7 26.5 36.7 
(010) +420 z 20 -1.5 -2.4 -9.3 
(001) 0 ± 20 23.2 23.9 34.2 

• A,gonnc National Laboratory. Specimen irradiated lo 0.1% bumue al approximately 100°C. 
t Dattclle Memorial ln"stitute. Compound from X-ray lattice e.xpans1on data. 

than double those measured in single crystals have 
been observed in highly oriented polycrystalline speci
ments irradiated at the same temperature. Appreci
able shrinkages have also been observed. 

Comparison with Thermal Cycling Growth 

Uranium also exhibits marked deformation as the 
result of thermal cycling. The visual appearance re
sulting from cycling has a strong resemblance to 
that of irradiated material, suggesting that the two 
effects may depend, at least i1t a measure, on the 
same basic mechanisms. 

Thennal cycling growth has been studied exten
sively in the USA. A comprehensive paper devoted 
to this topic is being presented at this Conference 
by 01iswick and Kelman (ANL).1 Therefore, it will 
suffice to present only a brief labulation outlining the 
r espects in which growth by irradiation and by ther
mal cycling seem to be similar to each other, and 
also the important respects in which they are known 
to differ. 

Similarities 

1. Irradi:Hion :md thertllnl cycling both induce 
progressive alterat ions in the dimensions of polycrys
talline uranium specimens. Elongation is the mo!:t 
common manifestation of these phenomena but 
shrinkage has also been observed. 

2. The characteristic surface dis tortions- roughen
ing, bumping, etc.- arc qualitatively the snme for 
both phenomena. 

Differences 

1. Although the direction and magnitudes of the 
growtli phenoint::na often have a loose correlation, 
,it is by no means consistent. Specimens which 
elongate in therm~! cycling sometimes shrink in irra
diation. 

2. I rradiation deforms single crystals and lineage 
crystals as well as polycrystalline uranium, whereas 
thermal cycling deforms the latter only. 

Many ideas have been advanced to e,.,_plain the 
basic mechanism of thermal cycling grO\ ... t h, and be
cause of the similarities mentioned above an effort 
has been made to link this type of deformation to 
that which occurs during irradiation. It seems ad
visable to include in this paper,. comparative data 
emphasizing some of tl1e similarities observed. The 

differences in behavior arc definitive enough, how
ever, to show that there must be a basic difference 
in the causative mechanisms. In the following dis
cussion only those ideas directly related to the irra
diation gTOwth phenomenon will be considered; the 
01iswik and Kelman paper should be consulted for 
a detailed account of thermal cycling growth theory. 

Fundomentol Considerations 

In any bas.ic thinking concerning irradiation 
growth, some primary or predisposing anisotropy of 
properties must be called upon to permit differential 
strains, some driving force must be postulated to 
activate such properties, and there must be cooper
ating mechanisms which make the strains in some 
measure irreversible. 

The Role of Therma l Expansion 

In line with this analysis, an obvious choice for 
consideration as a predisposing anisotropy is the 
known difference between coefficients of thermal ex
pansion in the three lattice directions (see Table I). 
Most of the gro,\·th theories a re based on this prop
erty in some way and postulate as the driving force 
the high temperature spikes resulting from fission 
events. 

The main differences in thinking relate to the 
matter of cooperating mechanisms. Thus, Burke, 
Howe and Lacy (GE-KAPL) proposed, before the 
radiation growth of single crystals had been demon
strated, that the fission thermal spikes at grain boun
daries activate the sam e "ratchet' ' mechanisms which 
give rise to thermal cycling gro,,rt~1. This modd is 
not disproved by the single crystal results, although 
inadequate to explain them. It is possible that the 
accentuat~d growth of polycrystalline material is due 
in part to a real effect of this type. 

Bettman ( CRD ) proposed a model which makes 
elongation of single crystals the result o( residual 
compression stresses in the (010] direction and ten
sion stresses in the (010) plane after the thermal 
spike cools down. His development does not explain 
the elliptical defonnation noted in the (010) plane 
of single crystals, although it does account fairly 
well for their elongation. 

A somewhat similar but more extended model 
has been proposed by Burke and Turkalo (GE
KAPL) based on a localized slip mechanism previ-
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ously discussed by Last and McLachlan (GE
HAPO). They suggest that the thermal spike vol
ume change buckles the structure perpendicular to 
the (010) [100] major slip direction,2 in a manner 
analogous to distortions resulting from b/\ll indenta
tions normal to the basal slip planes of zinc crystals.3 

It is assumed that the [010) expansion would be bal
anced by [100] and [110] slip and that the deforma
tion would be nonreversing in some measure. 

Thjs model makes provision for elliptical deforma
tion of single crystals in the (010) plane, and Bett
man's model provides a satisfactory argument for 
nonreversibility in deformation. Putting these com
plementary ideas t0gerher we have a reasonable 
growth mechanism based on anisotropy of thermal 
e.xpansion. It does not depend upon the presence of 
grain boundaries, and is independent of grain size. 
However, experimental verification will be exceed
ingly difficult, and the elementary concepts need fur
ther quantitative elaboration. 

The Role of Diffusion 

Seigle and Opinsky (SEP, Tnc.) have proposed 
a mechanism of dimensional instability which is based 
upon anisotropic diffusion of displaced atoms and 
vacancies created in the crystal lattice by fission re
coils. The idea that a crystal can suffer alteration of 
shape due to preferenti;il diffusion was first discussed 
by Nabarro4 and later used by Herring6•8 to C.."--plain 
experimental sintering results obtained by -Alex
ander.7 Buttner, Baluffi and others8 have produced 
additional experimental confirmation on brass and 
copper invc:sligations. 

The theoretical treatment of the alpha uranium 
lattice by Seigle and Opinsky arrives at the conclu
sion that interstitial uranium atoms would migrate 
with some preference for the (010] direction, while 
vacancies would migrate entirely in the (100] and 
[001 J directions in the computed ratio S: 4. In fitting 
this result to the observed behavior of single crystals, 
the assumption is made that diffusion of interstitials 
and of vacancies in the [001] direction is almost 
exactly balanced; this leaves a net shrinkage in the 
[ 100] direction. The theory predicts that the rate of 
growth in the [010] direction will vary directly with 
the 3/4th power of the neutron flux and the square 
root of the rufJusion coefficient for interstitial atoms. 
A temperature dependence, ol course, should be 
found. A grain size effect is also expected because 
of the role of grain boundaries as · vacancy sinks; 
however, it is pointed out that random dislocations 
and other lattice imperfections are also available as 
internal sinks. 

The anisotropic ruffusion model is partly sup
ported by the work of Kunz and Holden (GE
KAPL) who showed that the deformation rate of 
cold-rolled uranium foil is greatly reduced when 
irradiation is done in a liquid air cryostat. Other 
predictions are capable of experimental check, and 
will doubtless be subjected to careful test. 

The Role of Grain Boundaries 

Grain boundaries are classically considered as re
straints upon deformation mechanisms, hindering the 
free propagation of strains in polycrystalline struc
tures. In irradiation growth, however, it is apparent 
that they provide a medium whereby the distortions 
produced in single crystals may be sharply accen
tuated. It may be pointed out that this effect is to be 
expected if the diff\ision mechanjsm discussed above 
is operative, and it is doubtless true that grain 
boundary restraints multiply the population of sinks 
for vacancies and interstitials both at the grain boun
daries and within the bodies of the grains. However, 
in thermal cycling growth the presence of grain 
boundaries is required in order that the deformation 
may proceed; moreover, it is evident that the mech
anism does not depend upon the anisotropic disposal 
of large numbers of interstitials and vacancies by 
diffusion. 

Therefore, the inference may be valid that irra
diation growth is not entirely a diffusion phcno1nenon, 
but may be induced by more than one combination 
of stress activations with mechanisms of anisotropic 
strain relief. Thus, the cooperative role of grain 
boW1daries in both irradiation and thermal cycling 
growth may be identical although the respective driv
ing stresses are dissimilar. 

VARIABLES WHICH AFFECT DIMENSIONAt STABILITY 

We will now consider in greater detail the vari
ables which are found to have an influence upon 
irradiation growth in uranium. A practical under
standing of these is needed in order to predict the 
over-all behavior of foci configurations irt reactors. 
It has been found that structure of the metal, its 
fabrication history and its composition are sel_'lsitive 
variables, as well as the environmental conditions 
under which irradiation proceeds. 

Structural Variables 

Early in the investiga6on of the thermal cycling 
behavior of urarutun, it was found that the rolling 
texture of the material and its grain size had an im
portant bearing upon the character and magnitude 
of the dlccts observed. Investigators at ANL have 
spelled out the l."elationship between growth and these 
variables in the case of cold-worked (300°C) alpha 
recrystallized (575°C) material, and the results :ire. 
shown as smoothed curves in Fig. 2. 

The greatest growth for each degree of cold work 
occurs at the smallest grain size, and the greatest 
growth for each grain size occurs in the material with 
greatest preferred orientation. Decrease of growth 
rate with increase in grain size is qttite pronounced, 
coarse-grained 70o/o cold-worked material being about 
equivalent in growth to fine-grained lOo/o cold-worked 
material. 

Some of the specimen materials from this study 
were available for a comparative irradiation growth 
test. The results are shown in Fig. 3. Scatter of data 
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makes the comparison somcwhal uncertain for the 
coarser grain sizes, but the curve has been drawn 
to favor the minimum growth numbers. The deduc
Lion, therefore, appears valid that as the grain size 
of 70% cold-worked metal is increased, the irradia
tion growth rate does not decline as rapidly as is the 
case in thermal cycling. A further comparison is 
given in Fig. 4, where irradiation growth and ther
mal cycling growth of fine-grain material :1re shown 
as functions of cold work. The ordinates have been 
arbitrarily normalized so that the two effects coin
cide at 70% red11ction in area. Here again it is seen 
that the phenomena do not exactly correspond. The 
difference might be described as an inequality in 
saturation tendencies. It is also obsenred that changes 
in degree of cold work are more sharply effective 
in altering irradiation growth than are changes in 
grain size. 

It should be pointed out that in the figures the 
ordinates for thermal cycling and irrndiatiou ~'Towth 
are given in C, and G, units. These are empirical scales 
which have no more than an arbitrary correspondence. 
G1 has already been defined in terms of bumup (Equa-
250r-----...-----.-------~ 

200 

TO 

150 s;~ 
G1 '--.. --

100 
io'-..... --

10 --50 
1.5 

0 «, .10 .15 
AVERAGE GRAIN DIAMETER, MM. 

figure J. Combined effect of g roin size and cold work upon 9row1h 
rate (G,) of uranium u"der irradiotion: (0.1rv• numbers denot«t per 
tenl reduction In area by rotr.ng ofler whith th• specimens w,re 

recrystallized at 575°C, G, = micro-in./ln./ppm burn,up} 
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tion 1), whereas G, is given in microunits of elonga
tion per unit length resulting from an arbitrary heat
ing and cooling cycle. 

At one time it had been hoped that a direct ratio 
between the magnitudes of the thermal cycling and 
irradiation effects might be found so that the effect 
of burnup, for example, could be expressed in terms 
of equivalent thermal cycles. Apparently no simple 
rclatiousbip between the two different units exists, 
either for variable grain size at constanl texture, or 
for variable texture at constant grain size. T he grain 
size result is not une:-.."J)Ccted when it is rccalleci that 
them1al cycling growth is entirely dependent upon 
the presence of grain boundaries, whereas irradiation 
growth can proceed without them. The texture resulr 
is doubtless nlso a reflection of 1.,asic <liITercnccs in 
the over-all mechanisms of growth. 

fabrication Variables 

The magnitude of linear distortion in irradiated 
uranium is quite sensitive to previous mechankal 
fabrication procedure and thermal treatment. Tn gen
eral, the effect of these metall11rgic:al factors may 
be understood in terms of resultant grain size and 
type and degree of preferred orientation, s tructural 
\'ariablcs which haYe been discussed previously. 

Alpha rolling of uranium is successfully accom
plished in the range from 300°C ( cold work) to 
640°C (bot work). Tite irradiation growth reaction 
in cold-worked and recrystallized material has already 
been seen in Fig. 4. The starting stock in this e.'Cperi-

G; 
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'-----l'---.1.--1.._...1..._.J.__..._---.1c.....J0 
0 . . 20 40 60 

PERCENT REDUCTION IN AREA 
Figur• .A. Effect of cold work vpon the irrodlaticn growth rate (Gt) 
and thormol cycling growth rota (G,) of uranium: t,pocim~n, "'oro 
rocrystolliied ot 575C before teiting; G, = micro-ln./in/ppm0 

b•m•up, G, = nlcro,in./in./ cyde) 

ment has been heated into the beta region and water 
quenched to produce a moderately fine-grained, 
random structure so thal textures produced by previ
ous fabrication would ~e erased. This h an impor
tant consideration for work at ANL has shown that 
the efTects of rolling the same material successively at 
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Figure 5. Effect of additional cold work (al 300°C) on the irradiation 
growth ,ate of uronium (previously rolled at 600° C) 

different temperatures are roughly additive. Figure 5 
illustrates the point by comparing the growth re
sulting from superposing cold work upon previous 
hot work with that resulting from cold-working iden
tical material randomized by beta quenching. Figure 
6 shows the beta quenched and cold-worked specimens 
from this test as they appeared after 0.1 o/o burnup 
of total atoms. 

Before proceeding with a description of th!! effect 
of rolling temperature upon growth rate, a comment 
should be made concerning the rolling technique 
itself as affected by the behavior just described. It is 
impossible to conduct a rolling operation strictly at 
.constant temperature. The thermal fluctuations nor
mally are dependent on degree of reduction per 
pass, speed of rolling, surface oxidation rate and 
radiative losses, and may be quite large. As far as 
irradiation growth is concerned, therefore, each bar 
may be considered as having been partially rolled 
at a number of different temperatures, all of these 
contributing to its final texture and irradiation be
havior. Thus, the rolling procedure itself is a variable 
which has a definite effect upon the reaction of ura
nium to irradiation. 

Col<l rolling produces essentially a (010) texture 
in uranium bar. As the roJling temperature is raised 

'.'W"'"'" 

2 3 4 

Figure 6. Effect of O.lo/o atom burnup on 600°C rolled and beta 
quenched uranium ofter further cold work at 300°C: (1) no cold 
work; (2) 5% red. at 300°C; (3) 10% red. a t 300°C; (4) 25% red. 

at 300°C 

above the recrystallization threshold ( ~400°C), how
ever, a strong ( J 10) component becomes activated 
and at higher temperatures even the (100) fiber is 
brought into play. The original (010) component 
meanwhile becomes progressively weaker. This 
means that irradiation growth is greatly attenuated 
in material rolle_d at the higher temperatures, and 
may even become negative. Figure 7 shows this be
havior graphically__ Irradiation growth coefficients 
are listed in Table II, together with thermal cycling 
results for comparison. T he bars used in this experi
ment were carefully soaked at the indicated tempera
tures before each pass through the rolls, in order 
to standardize the results as much as possible. 

When the roll-pass design is changed there is a 
further variation 0£ irradiation behavior, illnstrated 
by comparing F igs. 7 and 8. The rolling technique 
was held constant in rolling two identical lots of test 
bars, but one went through round passes and the 
other through oval passes. The latter apparently work 
the material more drastically at higher temperatures 
than do the former. 

The effect of heat treatment has already been men
tioned briefly. Beta or gamma recrystallization of 
alpha rolled material almost completely removes the 
preferred orientation and reduces the growth rate to 
G, = 15-20. Recrystallization in the high alpha range 
does uot radically modify the texture. The growth 
rates, however, are appreciably reduced, as shown 
in Figs. 7 and 8 and Table II. The small shift in 
texture, coupled with grain coarsening, is probably 
responsible. 

Variations in Composition 

It is common metallurgical knowledge that the 
properties of base metals may be altered and im
proved by the addition of alloying elements. Uranium 

Tobie 11. Growth Coefficients of Polycrystalline Ura
nium Round Rolled to 75% Reduction in Areo 

at the Indicated Temperatures* 

C,-otetl, ~cffitic-tttl 

Rolliug Thermal 
temperature Subsequent I rrodiatio,~ cycling 

·c ltcot trcotmcn.t (GcJ (G,J 

As 1·ollctl 540 
300 

2 hours al 630°C 294 .158 
As rolled 47S 577 

. 400 
2 hours al 600°C 204 467 
As rolled 321 519 

500 
2 hours at 600°C 163 446 
As rolled 4 278 

000 
2 l1ours at 575°C 6 296 
As rolled -22 22-1 

6-10 
2 hours at 575 °C -55 183 

* Compiled from data by Mayfield, Kittel and Mueller 
(ANL) . 
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is no exception to this principle, and a study of the 
binary constitution diagrams reveals several ways of 
inducing such changes. 

1. A composition may be selected which is so low 
in uranium that the irradiation characteristics of the 
diluent control the behavior of the alloy. For example, 
aluminum, beryllium and zfrconium are dimensionally 
stalJle under irradiation, and continue to be relatively 
stnblc in alloys conlaining uranium as a minor con
stituent. 

2. In the high-uranium alloys, combinations of 
additives may be sought which by proper heat treat
ment will refine and stabilize the grain and thereby 
lJring about desirable improvements in the properties 
of the base metal. For example, one- or two-tenths 
of a per cent of chromium in uranium pcnnits refine
ment of the grain so that randomly oriented material 
has excellent stability under irradiation. Other ele
ments, such as molybdenum, niobium and zirconium, 
and combinations of two, are equally effective, but 
the quantities requit'ed are somewhat higher. The 
homogenized compound, U8 Si, is also stable. 

3. In the uranium alloy systems which h::i.ve lnrgc 
ranges of solid solubility in the gamma phase. com
positions may be sought which retain the body-cen
tered cubic lattice at room temperatures. The most 
nomblc systems of this lype are the binaries of molyb
denum, niobium and zirconium. Titanium and vana
dium in combination with urnnium also have Jorge 
gamma regions. The gamma phase in these systems 
is not in stable equilibrium at room temperature; 
U1erefore, the alloy content must be great enough 
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to inhibit transformation after initial solution heat 
treatment. For e.'Cample, approximately 10% of 
molybdenum in uranium gives e."cellent dimensional 
stability when the alloy is irradiated in the gamma 
condition. 

The presence of variable quantities of carbop in 
uranium has a small and somewhat anomalous effect 
upon the observed rates of irradiation grnwth. In 
low chromium or zirconium alloys in lhe rolled and 
alpha recrystallized condition the growth is somewhat 
enhanced, whereas it is retarded in the same mate
rial after it has been quenched from the beta phase. 
Unalloyed uranium does uot seem to react to vada
tions in carbon content. 

Irradia tion Variables 

In general, the growth of uranium specimens under 
irradiation is found to be an exponential function of 
the burnup, which depends upon 'total integrated 
flux (see Equation I) . However, total flux is the 
product of time and instantaneous flux, which chiefly 
determines the temperature at which the irradiation 
proceeds. The higher is the instantaneous flux, the 
higher also is the burnup rate and temperature, if 
other conditions remain constant. 

Some of the growth rate data obtained from iden
tical specimens irradiated under different flux con
ditions when plotted against burnup have enough 
scatter to strongly suggest a secondary dependence 
upon irradiation temperature. The degree of scatter 
is considerably reduced wpen a semilogarithmic plot 
of growth rate against inverse temperature is made 
(see Fig. 9), although a straight-line relationship docs 
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Figure 9. Effect of irradiation temperature on growth rate (G,) of 
3oo•c-rolled and beta. quenched uranium 

not result from this treatment. It is not unlikely that 
the activation energy required for the growth phe
nomenon should vary with temperature, as the 
mechanisms resulting in growth are doubtless in 
competition with other temperatures sensitive healing 
mechanisms such as r ecombination of vacancies and 
interstitials. 

There is a gre.it scarcity of accurate data whereby 
the complete relationship between the irradiation 
variables and property damage in fuel metals may 
be deduced, but the effect of temperature wi_ll prob
ably prove to be a fruitful field of investigation. Fur
ther definitive work needs to be done in this area. 

MISCELLANEOUS PROPERTY CHANGES 

Thus far our discussion has been devoted to the 
striking changes in dimensions which certain variable 
conditions are able to induce in uranium under irra
diation. It is understandable that this phenomenon 
is of prim::iry interest from the engineering viewpoint. 
We shall now consider briefly other interesting irra
diation effects which have been observed, most of 
them dealing with properties of the metal which have 
an important bearing on its performance as fuel in a 

As ca,t Rolled at 300°C Rol led at 600°C 

~ 
;j> 1 

Rolled at 600°C, Rolled at 300°C Rolled at 600°C, 
beta cnneoled beto quenched beta quenchod 

Figure 10. Re1ative oppearonco of various uranium spcc:imcnc aftar 
irradiation to 0.1 % atom burn-up 

reactor. In general, available information is quite 
limited and much work needs yet to be done to com
plete our understanding of the effect of irradiation 
upon these properties. 

Surface and Volume Effects 

A second order, but none the less characteristic, 
result of the dimensional instability of uranium is 
th7 distortion of the surface which occurs. The rough
enmg becomes progressively worse as burnup in
creases, but its distinctive appearance is a function 
of the grain size and degree of preferred orientation. 
F igure 10 shows the extremes of this behavior. 

In large-grain random material, such as gamma 
recrystallized or as-cast uranium, the surface is dis
torted by an "orange-peel" effect which is so gross 
that the contours of the specimen are rapidly de
stroyed. Fine-grain random material, such as ura
nium which has had a fast beta cycle and quenching 
after alpha rolling, roughens with a fine surface ir
regularity which does not radically change the speci
men shape. The effect is intermediate in coarseness 
for intermediate grain sizes which result from beta 
a~nealing or from beta quenching hot rolled ura
nmm. 

In •'.lpha worked or alpha worked a nd recrystallized 
material the effect is quite different. Although the 
same depe'.1dence upon grain size is shown, the sur
face remains much smoother than for comparable 
random-grained specimens. Roughening is not equi
axed, but develops as longitudinal striations and 
ridges into a characteristic woody appearance. 

I? sp!te of_ r~dical changes in dimensions and shape 
dunn~ 1rrad1atton, the volume of uranium specimens 
~xpenences onl7 a very nominal shift. This change 
1s remarkably mdependent of differences in metal
lurgical history a_nd composition, and is equal in per 
cent to about twice the burnup which has occurred. 
Only ha~f of this _change can be accounted for by 
the creation of fiss10n products. Figure 11 shows the 
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figure 11. Decrease Jn density in uranium and uronium-rich alloys 
a:s a function of atom burn-up 

chan~e i_n immersion density as a function of burnup, 
and md1cates the degree of scatter which has been 
observed in testing many different specimens. 
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figure 12. Effect of itrodiotion on the meto llogrophic structure of uronivm, (100 diomcten, poloriz:ed light): (loft) bcto 

quenched uranium before irrodiation; (right) beta quenched . uranium after irrodlotio11 

Tobie Ill. X-ray Diffraction Line Broadening in 
Uranium at 0.1 % Total Atom Burnup" 

Cr)1Jtallograpltic 
lottict plaw~ 

(110) 
(021) 
(111) 
(131) 

Per cent iucreosc in, 
X-,·oy line width 

ol /10/f height 

36 
26 
20 
48 

• Cun,mings and Hurst (GE· HAPO). 

Ratio o f liuc intc,11itits 
iu. irradiaud and 
rontr(>/ .sprn·mens 

1.4 
0.9 
1.0 
0.9 

Metallographic and X-ray Behavior 

The mctallographic appe.arance of polycrystalline 
uranium is altered by irradiation. Photomicrographs 
in Fig. 12 illustrate the change which occurs in beta 
quenched material. ,iVhereas the pn.-irradiation 
structure is folly recrystallized and the grains sharply 
outlined hy polarized light, the structure after irra
diation appears to be badly distorted as if by cold 
work and almost unable to give any distinctive rota
tion to polarized light. The "cold work" is the result 
of internal adjustment of the structure by the inter-

ference of randomly oriented grains which have been 
restrained from growing about SOo/o longer in the 
[010) direction. 

As should be expected, the X-ray structure of 
equia."ed polycrystalline uranium is also affected ·by 
irradiation. Tucker and Senio (G£-KAPL) were 
the first to identify line-broadening in the X-ray 
diffraction spectrum, using very lightly irradiated 
material as the subject of their study. Cummings and 
H urst (GE-HAPO) later used a special shielded 
double crystal spectrometer to examine more heavily 
irradialed material which had suffered a 1.mrnup of 
O. l '70 of total atoms. Working on cross sections of 
rolled and alpha recrystallized bar they obtained pre
and post-irradiation comparisons from four lines. 
The degree of broadening, shown in Table III, is 
similar to what might be expected from moderate 
cold working of the structure. 

Tensile Properties and Hardness 

The tensile properties of uranium are strongly af
fected by moderate irradiation. Hueschen and Cad
well (GE-HAPO) report that 0.035% atorn burnup 

Table IV. Effect of Irradiation on the Strength Properties of Standard 0.250" 
Diameter Uranium Tensile Bqrs• 

U/tim,1tc strc,igtli Yfrld strtngtlt % 1:./ouptllr'tm 
Ytuwo's 

Dcscrittio,, of '» % % ,Hod1rl1ts 
~pr.cimeu (IMO J><i) Cl,anoe (!000 J,si) Cltonoc ( 1 in, Gcu(lc) Cltcrnoc ( 10• t,i) 

Control specimen 104 33 17 25 
Irradiated 

at 120·c to 0.035% atom 
28 burnup 76 -27 71.5 117 0.36 -97.9 

Ir.radiated, an11caled 
15 hours at 4oo·c in vacuJ 65 -38 52 S8 0.54 -96.8 

I rradiatcd, hot t ensile' 
at 285°C 71 -32 70 112 0.7 _:95_9 12 

•Tabulated from data by Hueschcn and Cadwell (GE-HA PO). 
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figure 13. Change in Vickers hardness of uranium as a function of 
bvrnup (recryitollized before irradiation) 

at 120°C is sufficient to decrease the ultimate strength 
by one-fourth, to double the yield strength, an~ to 
practically destroy the ductility of the metal. Data 
reported by these investigators are presented in Table 
IV. The ductility is not significantly restored by long
term annealing at the alpha recrystallization threshold 
( ~400°C). although ultimate strength is attenuated 
still further by this treatment. These results are be
lieved to indicate that damage to the strength and 
ductility of uranium by irradiation is in the main due 
to the presence of fission product atoms as impurities 
rather than to the disordering of the uranium lattice 
by thermal spikes. 

Appreciable hardness changes occur during the 
irradiation of uranium. The behavior of rolled and 
alpha recrystallized metal, shown graphically in Fig. 
13, is a good illustration of this effect. J n a large 
groups of tests the average pre-irradiation hardness 
Vickers Hardness Number 214 ± 12 increases to 
averages of 275 ± 10 at 0.01 % burnup and 315 ± 20 
at O.lOo/o burnup. The individual tests in this group 
were made on the Rockwell A hardness scale and 
converted to Vickers l>v use of a series of 1u-anium. 
t est blocks. Hardness ~hanges in as-rolled material 
are of the same order of magnitude, but with a trend 
to much greater scatter. 

Thermal Conductivity 

Of special importance to reactor engineering is a 
knowledge of the thermal conductivities ot fuel mate
rials. This is a difficult property to measure directly 
with accuracy, and the normal difficulties are greatly 
aggravated by irradiation of t~e _subject material. For 
this reason, electrical conductivity measurements are 
usually taken and considered as an analog from 
which may be gained a rough idea concerning thermal 
conductivity changes. 

A recent thermal measurement has been made on 
irradiated material by two teams of investigators: 
Deem, Calkins et al. (BMI), and Paine and Rothman 
(ANL), using a heat-wave method and an equi
librium method, respectively. The results are in good 

agreement and indicate that a low zirconium alloy 
of uranium suffers a loss of approximately So/o in 
thermal conductivity at a burnup of 0.1 % of total 
atoms. This preliminary result may be taken to in
dicate the order of magnitude of irradiation-induced 
change which may be expected in uranium and high
uranium alloys. 

_Diffusion Couples 

Contact of fuel ·~ranium and its allovs with struc
tural metals in the fuel configuration' of a reactor 
is essential. If no barriers exist, such as oxide films, 
interdiffusion may occur at the proper temperature 
levels. The possibility that the presence of energetic 
neutrons and fission product atoms will enhance solid
solid diffusion has been investigated. 

Results obtained thus far indicate that the dy
namics of uranium-structural metal systems are prob
ably not appreciably affected by irradiation. For ex
ample, interdiffnsion of uranium-235 \\'ith stainless 
steel at temperatures approaching the eutectic has 
been shown by Weil (ANL) to be indifferent to the 
presence of fllL--<es in the order of 1012 n/cm2-sec. 
There are indications that the uranium-aluminum 
system i:; equally insensitive. Interdiffusion at ele
vated temperatures may itself be a serious problem 
in engineering of the reactor core, but the present 
data permit the reasonable conclusion that the prob
lem is not aggravated by a radical irradiation effect. 

Aqueous Corrosion Resistance 

The incompatil,ili ty of uranium with water is well 
known. Therefore, much interest has been attached 
to a search for uranium alloy systems which will 
resist aqueous corrosion at the reactor temperatures 
necessary for efficient power production. 

T he addition of at least 3% niobium or 5% zir
conium and proper heat treating is necessary iu order 
to achieve a significant lowering of the corrosion 
rate. T he fully homogenized epsilon U 3Si compoun<l 
is also known to haYe good properties when tested 
outside of a reactor. However, ·when Sltch materials 
are tested after irradiation or while irradiation is 
proceeding, the corrosion resistant properties are 
found to be adversely affected at temperatures below 
3O0°C. Gamma-quenched U-5 wt o/o Zr-1.S Nb alloy 

Tobie V. Examples of Pre- end Post-Irradiation Co,r-
. rosion Resistance in Uranium Alloys, Compiled 

from ANL Data 

% atom 
Compo.st'.tio.n. bu·rnttp 

3% Nb, gamma None 
quenched 

0.1 

5% Zr-1.5% None 

Nb, gamma 0.04 
quenched 

Corro.sion rcsislu11ce 
( crackiug and «·tiglal loss) 

No failure after 2000 hours at 260°C. 
Avg. weight loss rate, 4.3 mg/cm'-day. 
D isintegrated after 1 hour at 260°C. 

No failure after 360 days at 265°C. 
Avg. weight loss rate, 2.7 mg/cm'-day. 
Cracking after 63 hours at 260°C. 
Avg. weight loss rate, 23 mg/cm'-day. 
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specimens have somewhat better properties in unirra
diated tests, but they also are da111aged by irradiation 
so that the corrosion rates are considerably increased. 
Some comparative data are given in Table V. 

Alloys of uranium containing 9% molybdenum or 
more have greatly improved temporary corrosion 
resistant properties. The resistance during test, how
ever, finally ends nnd sudden failure occurs. After 
irradiation the behavior is qualitatively quite similar, 
but the period of time during which the corrosion 
rates arc low is appreciably shortened and the final 
failure occurs sooner. 

It may be concluded that the ability of uranium 
alloys to resist corrosion is impaired by irradiation. 
Martensitic zirconium, niobium and :zirconium-niobi
um alloys and the homogenized U3Si compound are 
more adversely affected than molybdenum alloys in 
which the gamma phase has been stabilized. 

CONCLUSION 

Objectively, it is recognized that in the foregoing 
account only the framework of knowledge concerning 
irradiation effects in uranium and its alloys has been 
reviewed, condensed in some areas and showing large 
gaps in others. Because of the difficulties peculiar to 
irradiation experimentation, filling and integrating 
these gaps will take much more time than ordinary 
physical metallurgy research. 

From the subjective viewpoint, it is impossible 
to have worked with such a material as uranium for 
several years without forming some distinct reactions 
concerning its unconventional behavior. Candidly, 
it is not a very satisfactory engineering material for 
use in a nuclear reactor. It re.fuses to retain its dimcn-

S. H. PAI NE ond J . H. KITTEL 

sions and shape during irradiation unless treated 
with the utmost consideration, and assumes a defiant 
attitude toward the best efforts to surmount its 
idiosyncrasies and make it behave like a proper metal. 
Its only vi r tue is thnt it fissions. Some success has 
been achieved in bending it to the will of the reactor 
engineers, and we are confident that the problems 
of doing so are not all insurmountable. The head
aches which may be involved in their solution arc 
offset by the fascination of studyi11g a truly unusual 
metal. 
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Irradiation Damage to Artificial Graphite 

By W. K. Woods, L. P. Bupp and J. F. Fletcher,* USA 

The properties of artificially manufactured graph
ite make it a very suitable material for use in a 
nuclear reactor, both as a moderator and as a struc
tural component. Of particular advantage are its 
mechanical strength, moderating properties, low neu
tron absorption cross section, refractory and heat 
conducting properties, and availability in large quan
tities at low cost. However, irradiation in a reactor 
produces basic changes in the crystalline structure 
of graphite which result in large changes in its 
physical properties. 

There exists a vast quantity of experimental data, 
largely empirical, on irradiation damage effects in 
graphite. The results obtained from irradiation of a 
given sample are in many instances dependent upon 
the fabrication history of the graphite and are very 
sensitive to the temperature at which the sample is 
irradiated; repro<lucible results are obtained only if 
these factors are kept under close control. 

The bulk of the data has been obtained from irra
diation of graphite samples in the production reactors 
at Hanford. In addition to limited amounts of data 
from other reactors with lower neutron flux inten
sities, the data have recently been augmented by 
irradiations in the high flux of the Materials Test
ing Reactor at the National Reactor Testing Station. 

This report consists of a compilation of representa
tive data on the effects of irradiation on graphite. 
Particular attention is given to those effects most 
pertinent to the evaluation of graphite as a reactor 
material. The source material for this report con
sists of a large body of hitherto classified reports 
which have not yet been made available for public re
lease. 

THE MANUFACTURE OF GRAPHITE 

Artificial graphite is produced by the partial re
crystalli:zation, at high temperature, of suitable car
bonaceous materials. The raw materials for graphite 
manufacture consist of various grades of petroleum 
cokes, used as fillers, and coal tar pitch binders. The 
coke is calcined, ground and/or milled, mixed to pro
duce the desired particle size distribution, and mixed 
with the pitch until a fairly uniform plastic mass is ob-

• General Electric Company, Richland, Washington. In
cluding work l.iy Argonne National Laboratory; Battelle 
Memorial Institute; Brookhaven National Laboratory; Gen
eral Electric 'Co., Hanford Atomic Products Operation; 
General Electr ic Co.. Knolls Atomic Power Laboratory; 
North American Aviation, Inc., Nuclear Engineering and 
Manufacturing Department. 
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tained. This mixture may then be formed into the 
desired shapes by extrusion or pressure molding; 
most of the reactor grade graphite has been made 
to date by the extrusion method. 

The formed shapes are given a preliminary bake at 
about 900°C to remove volatile components. Follow
ing the preliminary bake the shapes may be impreg
nated with additional pitch, if desired, to increase 
the bulk density of the graphite. 

The shapes are then given a final graphitizing bake 
in an Acheson electric resistance furnace in which 
the graphite is heated, normally, to 2800°C. Alter
natively, the shapes may be graphitized in the so
called GBF furnace, a controlled-atmosphere electric 
resistance furnace in which a graphitizing tempera
ture of about 2500°C is usually employed. 

Additional information on the subject of graphite 
manufacture is given in the paper by Currie, Hamis
ter, and MacPhcrson.1 

The various grades of extruded graphites con
sidered in the United States as reactor grade are 
designated in this report according to the nomen
clature of Table I. Special or non-standard types 
are described in the text. 

The physical properties of artificial graphite may 
be varied over a wide range by selection of raw 
materials and by variations in the manufacturing 
process; the tenn "graphite" is analogous to the term 
"steel" in t his r espect. 

Table I. Nomenclature of Graphites 

D,~ign«tiO-H Fill,, Bind" 
lrf anufacturing 

t,,oce.r.r 

CSF Cleves* Standard1T Acheson Process 
CS-GBF Cleves Standard GBF Process 
KC Kendallt Chicago 0 Acheson Process 
KS Kendall Standard Acheson Process 
WSF Whiting:t Standard Acheson Process 
WS-GBF Whiting Standard GBF Process 
TS-GBF Texas§ Standard GBF Process 

• Petroleum coke (mid-continent crudes) from the Gulf 
Oil Company refinery at Cleves, Ohio. 

t Petroleum coke (Pennsylvania crudes) from the Ken
dall Oil Company refinery at Bradford, Pennsylvania. 

:j: Petroleum coke (mid-continent crudes) from the Stand
ard Oil Company (Indiana) refinery at Whiting, Indiana. 

§ Petroleum coke (mid-continent crudes) from the Texas 
Company refinery at Lockport, Illinois. 

1[ No. 2 medium-hard coal tar pitch manufactured by the 
Barrett Company. 

,_., Barrett-Chicago No. 7HO coal tar pitch manufactured 
by the Barrett Company. 
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Graphite exhibits anisotropy in varying degrees 
owing to the varying orientation of crystallites. Jn 
extruded graphite, the planes of the crystals tend to be 
oriented parallel to the direction of extrusion, where
as in molded graphite the orientation of the crystal 
planes is at right angles to the direction of applied 
pressure. Orientation of the graphite crystallites oc
curs during the forming process and the degree of 
orientation is dependent upon the geometry of the 
coke filler partides and the amount of forming pres
sure used. 

In addition to the varying anisotropic behavior, 
wide variations in the physical properties of graph
ite may be obtained, dependent mainly on the crystal
lite properties. These physical properties may be 
controlled by selection of raw materials and by varia
tions in the manufacturing process, particularly the 
temperature and time of graphitization. 

IRRADIATION OF GRAPHITE 

The size of graphite samples irradiated in a reactor 
fa dictated by the requirements of the facili ty in 
which they arc placed. A lthough sample dimensions 
vary somewhat for various faci lities, the "standard" 
sample used in most cases is a cylinder a1Joi1 t one
half inch in diameter and four inches long. Physical 
properties are normally measured \vith respect to 
the long axis of the sample; it is important to know 
the orientation of the sample with respect to the bar 
from which it was cut. This orientation is designated 
as the "cut" of the sample, and is specified as trans
verse or parallel ckpending on whether the sample 
a..-..;:is is oriented perpendicular or parallel to the long 
axis of t:he extruded bar. 

Unless otherwise specified, all irradiations d is
cussed in this report were conducted in cooled test 
hole facilities at H::mford. A cooled test hole facility 
consists of a tubular aluminum shell containing a 
bundle of smaller tubes which contain the samples. 
Water circulates between the shell and the tube 
bundle to cool the facility. Temperatures vary from 
20°C to 40°C, averaging 30°C. The facility is in
stalled between and perpendicular to the uranium
filled process tubes ; small differences in neutron flux 
are encountered depending on the proximity of the 
sample to the process tube. 

Some samples have been irradiated in a process 
tube facility at Hanford. In this facility an inner tube 
which contains the samples is fitted into a process 
tube, replacing the usual uranium charge. This 
inner tube also contains an electric resistance heater 
for regulating the temperature of the graphite sam
ples. Cooling water flows in the annulus between the 
inner tube and the process tube. 

For "capsule" exposures at Hanford, the samples 
are encased in water-tight alt1minum cans and loaded 
into process t11bes between pieces of uranium. These 
samples are subjected to a more energetic neutron 
flux and the temperature of the sample is less well 
established. '· 

W. K. WOODS et al. 

For irradiation in the Materials Testing Reactor, 
graphite samples are encased in aluminum cans, the 
cans are inserted into the reactor immediately ad
jacent to the active lattice, and cooling water is 
circnlated around the cans. Heat generation rates 
in these facilities are high enough that sample tem
peratures are strongly dependent on the design of 
the sample cans. 

Conventionally, exposures in the H:mford reactors 
.have been reported in terms of "megawatt-da)'S per 
ton of uranium," abbreviated M wd/t. This unit is 
defined as the irradiation exposure received by the 
sample during the period required for the (2000-lb) 
ton of uranium metal in the immediate vicinity of 
the sample to generate one megawatt-day of fission 
heat. For Hanford cooled test hole irradiations one 
Mwd/t of exposure is equivalent to an integrated 
neutron flux (total nvt) of 6.46 X 1017 neutrons/ 
cm2• Other conversion factors apply for other facili
ties. 

The exposure received by graphite samples irra
diated in the Materials Testing Reactor are reported 
in units of reactor megawatt-days. Conversion of these 
units to neutrons/cm~ is difficult not only because of 
uncertainties in the neutron energy spectrum but also 
because · of the extreme variations in neutron flux 
intensity which exist within a facility. In practice, 
one reactor megawatt-day is considered equivalent 
to 1.15 X 1018 thermal neutrons/cm2 or about 1.25 X 
1018 total neutrons/cm2. Materials Testing Reactor 
exposures as presented in this report actually are in 
terms of thermal nvt. 

EFFECTS OF IRRADIATION ON PHYSICAL PROPEi.HiES 

Damage to the crystallite structure of graphite is 
incurred during irradiation in a reactor, causing sig
nificant and often severe changes in the over-all 
physical properties of the g raphite. The mechanical 
properties are improved; the hardness and strength 
of the graphite are increased. Other physical proper
ties are detrimentally affected. Thermal and electrical 
conductivities decrease: graphite shapes exhibit 
changes in t!teir gross dimensions; and seYeral other 
effects, such as the storing of potential energy, arc 
encountered. All effects are decreased in magnitude 
when the temperature of t11e graphite during irradia
tion is increased. 

None of the data obtained to date from irradia
tions in the Hanford reactors indicates any depend
ence on the neutron flux intensity, or the rate at 
which exposure is accumulated . . Such a dependence 
on flux intensity, i[ present, is masked by the effects 
of small temperature variations in the samples dur ing 
irradiation and by small differences in the initial 
properties or presumably duplicate samples. However, 
recent irradiations in the Materials Testing Reactor 
have produced some results which are in quite poor 
agreement with the results obtained from Hanford 
irradiations. W J1ether the·se differences are caused by 
the higher neutron flux intensity in the Materials 
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f igure 1. Changes in mechanical strength as function of exposure for 

parallel ~ut KC grophite 

Testing Reactor, by differences in the neutron energy 
spectra in the different reactors, or by other factors 
has not been ascertained as yet. 

In general, observations of the physical properties 
of irradiated graphite arc made at room temperature 
(about 25°C). 

Mechanical Properties 

The effects of irradiation upon the mechanical 
properties of graphite are to produce n stronger, 
harder, and more brittle material. Consequently, ir
radiation effects on the mech:1nical properties of 
graphite have been of little immediate concern" in the 
operation of graphite moderated reactors, and the 
amount of reliable data obtained under controlled 
conditions is limited. 

The variation in compression strength and cross
·breoking strength of parallel cut KC graphite as ;if
fetted l>y irradiation is shown in Fig. 1, and variation 
in Young's modulus for the same samples is shown 
in F ig. 2. The property changes are shown as ratios 
of the values after irradiation to the average values 
for pre-irradiated KC graphi te. P re-irradiation values 
are: Compression strength, 4050 lb/in2 ; cross break
ing strength, 1420 lb/in2 ; Young's modulus, 1.71 X 
10° lb/in2• 

Irradiation of graphite produces a tougher, harder 
graphite which is more difficult to machine. This is 
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Figure 2, Change in Young's modulus with exposure for parolfcl cut 
KC graphite 
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Figure 3, Machinability of CSF graphite as a function of exposure 

illustrated in Fig. 3, in which the machinability index 
is the depth of penetration of a carbide-tipped drill 
in a standardized drilling test. 

Thermal Conductivity 

Brief irradiations produce large decreases in the 
thermal conductivity of graphite, or large increases 
in the thermal resistivity. The conductivity continues 
to decrease, though less rapidly, with prolonged ir-
radiat ion. . 

Figure 4 shows the exposure dependence of thermal 
resistivity for parallel cuts of several grades of 
graphite, while Fig. 5 shows the corresponding vari
ation for transverse samples. Initial values of thermal 
conductivity for these graphites are shown in Table II. 
The values for conductivity sh01n1 in Table II have 
in some instances been reduced by factors greater 
than 50 by irradiation. 

Tobie II. Thermal Conduc1iviiy of Unirradiated 
Graphite 

KC 
'CSF 
TS-GBF 

Parallel c-onductiuity 
cal/ Nn/ ~uc/ ° C 

0.43 
0.40 
0.20 

Transverse condwctivit.y 
<ol/c,n/u c/°C 

0.27 
0.26 
0.18 

Changes in the thermal conductivity of transverse 
cut CSF graphite as affected by the temperature of 
irradiation are shown in Fig. 6. The data at low 
exposure temperature arc the same data plotted in 
different form on Fig. 5. The remainder of the data 
were obtained by the irradiation of graphite samples 
at controlled temperatures in a Hanford process tube' 
facility. T he effects induced by irradiation are mark
eclly reduced at higher temperatures of irradiation. 

Irradiation at 30°C results in a change of the 
temperature coefficient of thermal conductivity from 
a negative to a positive value. This is illustrated in 
Fig. 7, which shows the change in thermal con<lLtc
tivity with temperature for unirradiated parallel cut 
KC graphite and for samples of the same material 
irradiated to 6.35 X 1020 neutrons/cm~. If plotted 
to the same ordinate scale, the two lines in Fig. 7 :ire 
convergent and would presumably meet at some high 
temperature. 
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Figure 4. Radiation damage to thermal condudivity of parallel cut 
graphites 

Electrical Resistivity 

The electrical resistivity of graphite is not of im
portance in the evaluation of graphite as a reactor 
component. The measurement of electrical resistivity, 
however, is useful as an index of radiation damage 
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and is important in theoretical studies of damage. In 
addition, the simplicity and high accuracy of elec
trical resistance measurements makes them attrac
tive for theoretical irradiat ion damage studies. 

The electrical resistivity of graphite changes rapidly 
during the early stages of irradiation. Figures 8 and 
9 show, respectively, the electrical resistivities of 
parallel and transverse cuts of two grades of graphite 
after irradiation. Initial values of electrical rcsisti vity 
for these graphites are shown in Table HI. The re
sistivity rises quickly to a ma.-...:imum at about 2 X 
1020 neutrons/crn2, decreases slightly, and begins a 
slow increase at exposures above about 10 X 10~0 

neutrons/cm•. 
The dependence of electrical resistivity changes 

upon the temperature of e..xposurc is shown in Fig. 
10. These data were obtained from the same samples 
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graphite 

from which data for Fig. 6 were taken. Comparison 
of Fig. 6 and Fig. 10 leads to the conclusion that 
electrical resistivity effects are less sensitive to 
changes in temperature of irradiation than are ther
mal conductivity effects. 

Crystallite Properties 

· The major effects of radiation upon the crystallite 
structure of graphite are distortion of the crystal lat
tice and eventual breakup and disorder of the crystal 
structure with a trend toward amorphous form. The 
distortion of the lattice takes the form of an expan
sion in the Co, or interplanar, dimension and a 
shrinkage or warping of the a0 dimension along crys
tal planes. Refer to Fig. 11. 

These distortions are caused primarily by colli
sions between atoms Qf carbon in the graphite lattice 
and impinging energetic particles, particularly fast 
neutrons. These collisions result in the displacement 
of carbon atoms from normal positions within the 
lattice and the production of lattice vacancies. In ad
dition the displaced atoms, in losing kinetic energy, 
may produce further lattice distortidns. 

The crystallite changes induced in graphite by ir
radiation have been studied extensively by X-ray 
diffraction techniques. Figure 12 shows typical 002 

Table Ill. Electrical Resistivity of Unirradiated 
Graphite 

Grad, 

CSF 
TS-GBF 

Poro.llel resisti'vity 
ohm-cm X JO• 

7.1 
13.7 

Tra11svtrse f"t-.sistivit:,i 
o~m-c-m X JO• 

11.8 
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reflection peaks obtained for graphite irradiated at 
low temperature. (Note: the C0 spacing is inversely 
proportional to the sine of half the angle of diffrac
tion plotted as an abscissa in Fig. 12.) Low expo-
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figure 11. The crystalline ,tructurc of graphite: unit cell accented. 
Normal cell dimensions; Co = 6.70 A, a, = 2.46 A 

st,res cause a decrease in the peak intensity and a shiit 
in the angle of diffraction but the peak shape remains 
essentially constant. At exposures above 4 X 10~0 to 
6 X 10•0 neutrons/cm" the peak is broadened pro
gressively at its base until at high exposures the peak 
becomes very diffuse. 

The Co spacing of graphite samples is the most 
readily obtained of the crystallite parameters and is 
useful as an index o f radiation damage. Figure 13 
shows t he variation of C0 spacing with exposure for 
two typical grades of graphite. The Co values as 
reported arc uncorrected for small angle scattering 
and other minor effects. The highest uncorrected Co 
spacing observed to date as a result of irradiation 
damage is around 8.0 ( refer to Fig. 23). This was 
obtained after irradiation to 20 X 10~0 ncntrons/crn2 

in the Materials Testing Reactor. 
The effect of exposure on the Co spacing of graph

ite crystallites is decreased markedly at higher ex
posure temperatures. F igure 14 shows the effect of 
exposure temperature on the change in C0 spacing. 
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figure 12. X•ray diffra.c1ion IIne ,hopes; graphite 002 renection: 

effect from irrodio1ion in cooled te5t holes 
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Figure 13. Co displacem•nt in irradiated graphite 

These data were obtained from the same samples 
from which data for Fig. 6 and 10 were taken. Fig
ure 15 shows additional data on the var iation of Co 
spacing with exposure for various exposure tem
peratures. The data shown in f-'ig. 15 came from 
capsule samples; the temperatures shown arc esti
mate<! and are probably accurate to within ± l0°C. 

The a0 spacing of irradiated graphite samples has 
not been studied extensively, both because the ex
perimental data are more difficult to obtain and be
cause the irradiation-induced changes in the ao spac
ing are an order of magnitude smaller than those in 
the Co spacing. The meager data which are avail
able indicate that the a0 spacing decreases as a result 
of irradiation. 

The increase in CO spacing is believed to ue caused 
by the r eten tion of displaced carbon atoms in inter-
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figure 17. Physical distortion of parallel cut graphites with irradiation 

stitial positions within the lattice, as well as by the 
corresponding lattice vacancies created by the dis
placement of these atoms. The broadening of the 
X-ray diffraction line peak shapes after extended 
irradiation (above 6 X 1020 neutrons/cm2) is at
tributed to bending and slippage of the crystal planes 
as the crystallites begin to break up. At high expos
ures (above 13 X 1020 neutrons/cm2 ) the crystal 
structures appear to have reached a state similar 
to that found in carbon blacks and decomposed or
ganic solids. 

Dimensional Stability 

The dimensional stability of graphite under irradi
ation is a property of major interest in the design 
and operation of a graphite-containing reactor. In 
general, graphite tends to expand along planes trans
verse to the preferred axis of crystal orientation and 
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Figure 16. Physical expansion of transverse cvt graphites with 
irrodiotion 
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to contract along planes parallel to this axis. The 
behavior varies widely, however, with the degree 0£ 
orientation attained in the graphite. The over-all di
mensional changes are only qualitatively related to 
the crystallite changes. Some of the variation in per
formance can 1,e accounted for but ocher factors re
main unknown. 

Figures 16 and Ii show the changes in dimensions 
of several grades of graphite after irradiation. In 
Fig. 16 note tJ1e rather abrupt change in the rate of 
linear distortion at about 6 X 1020 neutrons/cm2

; 

it is believed that this may be associated with the 
broadening of the X-ray diffraction line pe~k shapes 
above this exposure. Several parallel cut samples 
show an expansion at low exposures (refer Fig. 17), 
followed by a contraction after continued irradiation. 
T h.is behavior has not yet been explained. The values 
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shown in Figs. 16 and 17 arc the averages of~ lar~e 
number of samples; considerable scatter exists m 
the data. 

In striking contrast to the data shown in Fig. 16, 
a transverse cut sample of graphite m:ide from large 
natural flake graphite instead of petroleum coke ex
panded 24 per cent during an irradiation to 25 X 1020 

neutrons/cm2• This rate is an order of magnitude 
greater than that observed in artificial graphites . 

F igure 18 shows data on the physical expansion of 
graphite after irradiation at low temperature in the 
Materials Testing Reactor. The temperatures of the 
samples we.re not monitored but are estimated to be 
in two ranges of, respectively, 30 to S0°C and 90 to 
100°C. Study of the data shown in Figs. 16 and 18 
reveals important differences whic.h have not yet 
been explained. 

The relationship between the low-exposure and 
the high-exposure expansion rates of several grades 
of graphite is shown in Fig. 19, which was derived 
from data used in preparing F igs. 16 and 17. The 
major variable as shown here appears to be the 
temperature of graphitization during manufacture of 
the graphite. Figure 19 suggests the feasibility of 
using brief irradiations of graphite samples as a 
measure of the behavior of the material upon ex
tended irradiation. It o.lso indicates that gro.phite 
intended to be relatively free of expansion effects 
upon prolonged irradiation should be characterized 
by small positive expansion rates during initial pe
riods of irradiation. 

The physical distortion of irradiated graphite is 
dependent on the temperature 0£ exposure. Repre
sentative data are shown in Fig. 20. These data were 
obtained from the same samples used in preparing 
Figs. 6, 10, and 14. 

The volumetric expansion characteristics of sev
eral grades 0£ graphite o.re shown in Fig. 21. These 
curves were derived from the data shown in Figs. 
16 and 17. Every reactor grade graphite investigated 
to date has shown positive volumetric expansion 
after irradiation at temperatures of about 30°C. 

An interesting direct correlation has been obtained 
between the physical distortion characteristics of 
graphite under irradiation in a cooled test hole and 
the thermal expansion coefficient o! unirradiated 
graphite. Figure 22 shows this relationship, which 
bolds for- a number of reactor grade graphites. Rep
resentative values for the thermal expansion coeffi
cient of var.ious graphites are given in Table IV. 

Table IV. Therma l Expansion Coefficient of Unirrad i
ated Graphite 

Th.-m ol upa•.non cot(lk itnt, {1/"C X 111') 
Crad, Po~41Jel TT",ns,nt,r,• 

KC 0.9 5.S 
CSF 1.1 4.8 
TS-GBF 22 4.2 
WSF 1.4 4.3 
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Figure 23 shows the relationship between macro
scopic expansion and Co crystal lattice expansion for 
CSF graphite samples irradiated in the Materials 
Testing Reactor. These samples were irradiated un
der varying conditions of neutron flux intensity, and 
the exposure received by individual samples is usu
ally not known. 

Thermal Expansion 

Although conflicting information exists in the lit
erature, most recent data indicate that irradiation has 
a negligible effect on the temperature coefficient of 
thermal expansion of reactor grade graphite. In this 
connection it is sometimes necessary to distinguish 
the irreversible effects caused by annealing of the 
radiation-induced distortion from the reversible ef
fects normally considered as thermal expansion. 

Specific Heat 

Irradiation induces a small increase in the specific 
heat of graphite when measured at temperatures 
below the temperature of irradiation. Specific heat 
determinations were made on one sample of graphite 
before and after irradiation. Although the exposure 
history of the sample is not known, its total stored 
energy value (475 cal/gm) indicates an exposure 
equivalent to about 15 X 1020 neutrons/cm2 in a 
cooled test hole. The specific heat at room tempera
ture was increased about 0.006 cal/gm/°C (about 3 
per cent) as a result of irradiation. 
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Figure 25. Variotions in Hall coefficient of parallel cut KC graphite 

Thermoelectric and Magnetic Properties 

Considerable work has been done on the determi
nation of the thermoelectric and magnetic properties 
of irradiated graphite. Typical values of several of 
these properties are given for KC graphite in Figs. 
24 through 27. Although these properties are not 
important in the engineering consideration of the 
merits of graphite for nuclear reactor use, they are 
extremely useful in the theoretical studies directed 
toward determining a mechanism of irradiation dam
age. Discussion of these effects is given in a paper 
by Hennig and Hove.2 

STORED ENERGY 

I rradiation of graphite in a reactor increases the 
energy content of the crystal lattice. This increase 
in energy is referred to as "stored energy." The total 
stored energy in a graphite sample represents an 
increase in enthalpy, and is observed as an increase 
in the heat of combustion of the material. Numerous 
such rneasurements have been made by the National 
Bureau of Standards. 

Of greater interest than the total stored eneq,,y, 
however, is the nature of the release of stored energy 
during annealing. Figure 28 shows the total stored 
energy in irradiated graphite and the stored energy 
which remains n£ter prolonged annealing at 1000°C. 
By difference one obtains the amount of stored energy 
which was released during the annealing, shown as 
a dotted line on Fig. 28. The first thing to notice is .. 
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Figure 27. Magnetic su1ceptibili!y of KC graphite 

that these stored energy effects are large; 500 calories 
per gram of stored energy represents the energy re
quired to raise the temperature of a gram of graph
ite more than 1200°C. The second observation is that 
all of the stol'ed energy accumulated during brief 
irradiations can be released by annealing at a tem
perature of 1000°C, but essentially none of the incre
mental amounts of stored energy accumulated after 
exposures greater than 13 X 1020 neutrons/cm2 can 
be released by annealing at a temperature of l000°C. 

An illustration of the effect of annealing highly 
irradiated graphite at other temperatures is shown 
in Fig. 29. Twenty-one graphite samples were irradi
ated under presumably identical conditions, and heat 
of combustion measurements were made on each 
sample after annealing at various temperatures. It 
is noted that the results of Fig. 29 are not in quanti
tative agreement with those shown in Fig. 28, for 
annealing at 1000°C did not decrease the residual 
stored energy as shown in Fig. 29 as much as wo.uld 
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Figure "29. Annealing of total stared energy 

be predicted from the curves shown in Fig. 28. 
Whether this difference is caused by difference in 
samples, by incomplete annealing, or by experimen
tal error is not known. 

Superimposed on F ig. 29 is a plot o[ the Co spac
ing as measured for the annealed samples. The 
release of stored energy is associated with a decrease 
in C0 spacing back toward normal values observed 
for unirradiated graphite. However, the sample must 
be heated close to graphitization temperatures in order 
to effect complete recovery of either stored energy or
lattice distortion for these highly irradiated samples. 
Other information from the X-ray diffraction studies 
indicates that accompanying the release of stored en
ergy and the decrease of C0 interplanar spacing is an 
increase in the crystallite thickness in the C dimen
sion. 

The slope of the curve for stored energy as shown 
. in Fig. 29 is the stored energy release per unit change 
in annealing temperature. For these samples the aver
age stored energy release is about 0.22 cal/gm/°C 
over the range from 100° to ll00°C. The release 
then increases to about 0.6 caljgm/°C, and subsides 
to a value of about 0.1 cal/gm/°C at annealing tem
peratures above 1500°C. 

Particular attention has been paid to this stored 
energy release at low annealing temperature. Experi
mentally it is more satisfactory to conduct calori
metric measurement of the appaTent decrease in spe
cific heat of one sample than to attempt to measure 
small changes in the heat of combustion of a large 
number of samples. Rather than attempt to get com
plete annealing after each small rise in temperature, 
current techniques are based upop measuring the 
stored energy r-elease as the sample temperature is 
increased at a standard rate, usually established em
pirically at l0°C/min. 

The results of experimental measurement of the 
release of stored energy by calorimetric technique is 
shown in F ig. 30. The ordinate of Fig. 30 is equiva
lent to the (negative) slope of a curve such as that 
shown in Fig. 29, but exact agreement would not be 
expected because of the more rapid change in an
nealing temperature in the calorimetric experiment. 
If the calorimetric experiments were continued to 

sufficiently ·high temperature, the area under the 
curve would represent the total stored energy of the 
sample. 

In some cases values of stored energy release are 
sufficiently high to give an apparent negative specific 
heat for the graphite- the sample spontaneously in
creases in temperature. This occurs whenever the 
stored energy release exceeds the true specific heat 
of the sample. Values of specific heat for unirradiated 
graphite are superimposed as a dotted line on Fig. 
30 . 

The data shown in F ig. 30 were obtained from 
graphite irradiated at about 30°C. Of special interest 
is the large peak in the stored energy release at about 
200°C, which increases in intensity with exposures 
up to about 4.2 X 1020 neutrons/cm2 • At higher ex
posures this release peak is diminished, and increas
ing proportions of the stored energy are released only 
at higher temperatures. The similarity of this phe
nomenon to the crystallite expansion characteristics 
is noted by comparing Figs. 12 and 30. The exposure 
at which the shape of the Co X -ray diffraction peak 
begins to broaden corresponds to the exposure ·at 
which the 200°C stored energy release decreases 
in magnitude. 

The accumulation of stored energy which can be 
released by annealing at low temperature decreases 
rapidly as the temperature of irradiation is increased. 
Figure 31 shows data on calorimetric measurement 
of three samples which had been given the same low 
exposure at three different temperatures. It is ob
served consistently in both calorimetric and combus-
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tion experiments that irradiated graphite must be 
annealed at temperatures substantially above the ir
radiation temperature ( exceeding the latter tem
perature by the order of 100°C) before any release 
of stored energy is encountered. Hence, as shown in 
Fig. 31, irradiation at 111 to 164°C instead of 30°C 
effectively eliminates the 200°C peak observed in 
Fig. 30. (Negative ordinate values shown at low tem
peratures in Fig. 31 arc due to experimental error. 

With regard to annealing oi stored energy at low 
temperature ( <300°C), results comparable to rais
ing the temperature of irradiation can be obtnined 
by irradiating at low temperature and then annealing 
thermally at a higher temperature. For example, one 
sample irradiated in a cold test hole to an exposure 
of 1.0 X 1020 neutrons/cm2 was annealed at 155°C 
for 50 hours. The sample at the end of that time 
showed no measurable release of stored energy below 
a temperature of 300°C. These results are in rea
sonably good agreement with the data shown in 
Fig. 31 for the sample which had been irradiated 
for substantially the same exposure at an irradiation 
temperature of 164°C. 

The accumulation of stored energy is a function of 
crystallite size. Figure 32 shows stored energy re
lease rates for CSF graphite and for two fonns of 
microcrystalline carbon. The large crystallites in the 
fairly well-ordered CSF graphite accumulate stored 
energy during irradiation more rapidly than do the 
microcrystallites in the amorphous carbon. 

Results of experimental measurements of stored 
energy release by calorimetric methods are sensitive 
to experimental techniques, and substantial improve
ments have been made in recent years in the resolu
tion of this type of experiment. In consequence, care 
must be exercised in comparing the results obtained 
by different workers with different equipment at 
different times. The much higher stored energy re
lease rate for artificial graphite shown in Fig. 32 than 
in Fig. 30 is attributed to the improved techniques 
developed for the more recent data shown in Fig. 32. 

ANNEALING OF PHYSICAL PROPERTY DAMAGE 

Physical property damage tq graphite is removed 
to a greater or lesser degree upon heating the graph-

UO•C"lol llO f (lli-'O• f\.-( u, 0(011((1 •c 
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Figure 31. Effect of exposure temperoture'.oi:- stored energy 
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iLe. The rate of annealing and the ultimate degree 
to which the damage may be removed depend on tl)e 
annealing temperature and the amount of damage; 
quantitative recovery of changes in physical proper
ties may be attained as graphitization temperatures 
arc approached. 

The thermal annealing characteris tics of irradiated 
graphites have been studied by four methods : 

1. Isothennal annealing, or annealing for varying 
lengths of time at a fixed temperature. 

2. Asymptotic annealing, or annealing for ex
tended periods of t.ime at a fixed temperature. 

3. Tempering, or the heating of samples at pre
scribed rates, with measurement of physical properties 
being made periodically at annealing temperature . 
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4. Pulse annealing, or heating for short lengths of 
time to successively higher temperatures, with the 
samples being cooled and measured between pulses. 

In addition, some of the irradiation damage pre
viously incurred by irradiation at low temperature 
will be annealed if the temperature of irradiation 
is increased during the course of the irradiation. This 
is called nuclear, or radiation, annealing. Nuclear an
nealing can effect recovery of damage to many physi
cal properties at temperatures substantially lower 
than those required to obtain equivalent recovery by 
thermal annealing. 

Isothermal Annealing 

Figures 33 to 35 illustrate the type of data obtained 
from isothermal annealing experiments. Figure 33 
shows isothermal annealing curves for Young's 
modulus for parallel cut KS graphite which had been 
i_rradiated to an exposure of 4.3 X 1018 neutrons/cm2 

in .the Clinton (X-10) reactor at a temperature of 
35°C. Figure 34 shows isothermal annealing curves 
for the electrical resistivities of the same samples 
shown in Fig. 33. Figure 35 shows additional iso
thermal annealing curves for electrical resistivity of 
graphite irradiated to higher exposure in a Hanford 
reactor and annealed for comparatively short periods 
of time. 

Asymptotic Annealing 

Asymptotic annealing studies are normally pre
ceded by at least cursory isothermal annealing stud
ies to establish the approximate time-temperature 
relations needed to assure approach to terminal 
values. 

The results of annealing on some inechanical prop
erties of parallel cut CSF graphite after irradiation 
to an exposure of 1.1 X 1020 neutrons/cm2 are 
shown in F ig. 36. The data of Fig. 36 can be ex
pressed in terms of change in ultimate compressive 
strength, changes in (effective) Young's modulus, 
etc. 

Results of asymptotic annealing studies on the 
thermal conductivity of transverse cut CSF graphite 
after various exposures are shown in Fig. 37 and are 
replotted in different form in Fig. 38. F igure 39 is 

analogous to Fig. 38 except that it shows data ob
tained during study of electrical conductivity instead 
of thermal conductivity. 

An unusual effect has been observed during an
nealing of electrical resistivity effects at high tem
peratures, as shown in Fig. 40. These data were 
obtained on several samples of parallel cut WSF 
graphite irradiated to the very low exposure of only 
8.4 X 1018 neutronycm2 in the Clinton reactor. The 
behavior at high annealing temperatures is unex
pected; lower electrical resistivity was obtained after 
annealing at 1000°C than was obtained by annealing 
at 1300°C. The data of Fig. 40 also suggests that the 
curves drawn on Fig. 39 are inaccurate for very 
small abscissa values. 

Figures 41 and 42 present representative data 
on the results of s tudies of annealing of changes in 
Co spacing and annealing of physical expansion. 

Tempering 

The major use of the tempering technique has 
been in determining the nature of the release of 
stored energy. The technique has not been used ex
tensively for determining the annealing d1aracteris
tics of other physical properties because of the 
difficulties in maintaining predetermined rates of 
temperature increase, in making physical property 
measurements at elevated temperatures, and in elim
inating purely thermal effects from the data. 

The results of one application of tempering tech
niques in the study of annealing of physical property 
damage is shown in Figure 43. Interferometric meas-
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urements were made ou changes in length of trans
verse cut CSF graphite samples during the course of 
the annealing, and the data presented in Pig. 43 have 
been corrected for the purely thermal expansion of 
the g raphite. The slight expansion shown at low an-
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figure 37. Effect of onnealing temperature on thermal conductivity: 
all exposures 3o•c 

nealing temperature is a real effect which has also 
been observed in other studies. 

Pulse Annealing 

P ulse annealing provides a comparatively simple 
means of <letcnnining rates and activation energies 
during annealing and of obtaining very high anneal
ing temperatures. Pulse annealing is essentially a 
discontinuous tempering with thermal effects being 
eliminated by measuring the physical properties at 
a fixed base temperature. The temperature pulses 
are usually of short duration (about one minute) 
and of such characteristic that in each pulse the an
nealing is essentially isothermal after a rapid rise 
to temperature. 

Typical results for the pulse annealing of damage 
to thermal conductivity are shown in Fig. -l-4. The 
material under study is a molded petroleum-coke 
graphite. T he initial increase in thermal resistivity 
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for low-temperature pulses is believed to be r~Iated 
to -the similar effect shown in Fig. 43. The data in 
Fig. 44 are expressed in terms of the ultimate con
ductivity observed after annealing to 2100°C and it 
is reported that the conductivity after annealing to 
~100°C was in reasonably good agreement with the 
co11ductivity of the unirradiated graphite. 

Kinetic Relations in Thermal Annealing 

Several models -have been proposed for the thermal 
annealing of radiation damage to graphite, no one of 
which is completely successful in explaining the ex
perimental data. T hese models usually propose 
rather complex mechanisms involving high-order re
action rates, continuous spectra of activation ener
gies, or diffusion limiting or chain inhibiting effects. 

Activation energies derived from analysjs of iso
thermal annealing data and apparent reaction orders 
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derived from analysis of pulse annealing data for 
irradiation-induced changes in electrical resistivity 
of graphite a re shown in T able V. 

Reaction rates associated with the annealing of 
crystallite expansion in damaged graphite are shown 
in Table VI. Samples were annealed isothermally 
while held in an X-ray diffractometer and rates of 
annealing of the Co displacement were observed. The 
annealing rate approximated first order kinetics. 

Tobie V. Activation Energies for Annealing of Damage 
to Electrical Resistivity (kcal/ gm-atom) 

A•ncaliug temp. (•CJ 1$0-260 1100- 1200 1400-1$00 

8.1 X 10,.. 
1.5 X 10'" 
5.4 X 10"' 

Apparent reaction order 

23.S 
29.2 
39.6 
6 

69.5 
58.2 

123.2 
100.5 
120.3 

4 

Tobie VI. Reaction Rates for C0 Annealing of TS-GBF 
Graphite, Previous Irradiation 3.59 X 1020 nvt (30°C) 

Tcmf>eTaturc Tcmpcrat:4re of First order r"cli,m 
of t}N,tJe!Jl, •c fn'e-vious tuu1eal, • C rate, min·1 

124 99 0.03 
150 100 0.17 
225 150 0.1 1 
329 225 0.13 
449 329 0.12 
650 524 0.08 
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Nuclear Annealing 

The phenomenon of nuclear annealing, with its en
hancement of annealing effects through the influence. 
of concurrent neutron irradiation, is presumably the 
result of the formation of smaU regions of extremely 
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high temperature within the crystallites of the 
graphite. The energy absorbed by carbon atoms in 
the moderation of neutrons is largely dissipated as 
heat; only a very small fraction appears as potential 
energy of dislocated crystal structure. An atom after 
collision with a: neutron of more than thermal energy 
may have a kinetic energy equivalent to a tempera
ture of thousands of degrees Centigrade. As this 
energy is dissipated to the surrounding atoms a very 
small region of the crystallite is momentarily heated 
to high temperature, annealing any distortion present 
in tl1at region. 

The most suitable illustrative example of nuclear 
annealing is taken from data developed in Britain,8 

and shown in Fig. 45. Measurements of changes in 
physical length were made on a graphite sample ir
radiated first at a temperature of 30"C and then at 
150°C. Irradiation at 150°C effected a 40 per cent 
recovery of the expansion incurred at the low tem
perature irradiation. A second sample having the 
same exposure at 30°C was annealed thermally at 
150°C and was found to expand slightly; this is con
sistent with the data shown in Fig. 43. Figure 43 
also indicates that to obtain a recovery of 40 per cent 
of this amount of physical expansion by thermal an
nealing it would have been necessary to heat the 
sample to a temperature of several hundred degrees 
Centigrade. 

The expansion curve for graphite irradiated only 
at 150°C is also shown on Fig. 45. The curves for 

o.o3 ,-----.- ----,-------,r----:__, 

Fig1,re 45. N uclear annealing of physicol distortion of grophifo 
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the two irradiations at 150°C appear to approach 
each other arid may meet at higher exposures. 

CONCLUSION 

Artifi~ial graphite is subject to major changes in 
its physical properties by irradiation in a nuclear 
reactor at low temperature. Of particular engineering 
interest are the doubling of mechanical strength, the 
fifty-fold reduction in thermal conductivity, ·the linear 
physical expansion in excess of .3 per cent, and the 
accumulation of more than 500 calories of stored 
energy per gram-all of which have been observed 
to result Crom irradiation of Acheson type graphites 
at temperatures of about 30°C to exposu·res on the 
order of 2 X 1021 neutrons/cm2• 

These effects which result from low-temperature 
irradiation are difficult to remove by thermal anneal
ing and in most cases annealing temperatures above 
2000°C are required to effect substantially complete 
recovery. The magnitude of the effects can be re
duced, however, both by changes in the method of 
manufacture of the graphite and especially by an in
crease in the temperature of irradiation. Irradiation 

at l50°C effects an order-of-magnitude reduction in 
the changes of most physical properties compared 
with those incurred by irradiating at 30°C. 

The physics of the solid state is not sufficiently ad
vanced as a science to enable us to understand all 
the mechanisms involved in irradiation damage to 
graphite. Study .of changes in electrical resistivity, 
investigation by X-ray diffraction techniques, analy
sis of annealing rates, and observation of changes in 
electromagnetic properties are contributing to an un
derstanding of the phenomenon. lt is possible that 
the contributions to knowledge resulting from study 
of irradiation effects in materials such as graphite 
may eventually become one of the most important 
products of the development of atomic energy. 
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The Effects of Irradiation on Graphite 

By G. H. Kinchin, * UK 

Because of variations in the size and orientation 
of the crystals, the physical properties of polycrystal
line graphite depend to a great extent on the method 
of manufacture. Consideration of the effects of fast 
neutron irradiation will be restricted to one particu
lar extruded graphite, the properties of which are 
given in Table I. Single crystals of graphite, which 
consist of widely spaced planes of carbon atoms, are 
extremely anisotropic and the anisotropy of extruded 
polycrystalline graphite is due to the fact that the 
crystals tend to be aligned with the planes of atoms 
parallel to the extrusion direction. The figures for 
the elastic moduli are arbitrarily determined from 
stress-strain ratios at about half the breaking strain, 
since stress-strain curves are non-linear and exhibit 
hysteresis phenomena. Because of the anisotropy, there 
are three ·values of Poisson's ratio, all of them low. 

T,he effects to be discussed are due to lattice de
fects (interstitial atoms and vacancies) produced 
through the displacement of atoms by fast neutrons; 
a recent review of this subject has been given by 
Kinchin nnd Pcase.1 The doses in this paper are ex
pressed in terms o[ integrated thermal neutron flux, 
and are referred to a position in BEPO for which 
the fast neutron flux up to about S Mev is given by 

,J,(E)dE = 0.06 ¢, dE/E (1) 

where E is the neutron energy and c/>1 is U1e thermal 
neutron fllL"<. 

ELECTRICAL PROPERTIES 

Irradiation 

Changes in the resistivity and Hall coefficient of 
graphite irradiated at 30°C have been previously re
ported ;2 the dose scale differed from the one used in 
the present paper in that the constant in Equatfon l 
was 0.03. Graphite is a semi-metal in which charge 
is carried both by electrons and positive holes, and 
the resistivity is g°'·erned by the concentrations of 
charge carriers and their mean free path. The elec
trons and positive holes arc scattered by the defects 
introduced by irradiation, and the mean free path de
c.reases, while at the same time Hall coefficient meas
urements show that electrons arc trapped at the 
defects. The net result is that at low doses, when the 
increase of positive hole concentration is almost bal
anced by the decrease of free electron concentration, 
the increase of resistivity is almost proportional to 

• Atomic Energy Research Establi~ment, Hanvcll 

the concentration of defects, while at high doses, 
when there are few free electrons, the increasing 
positive hole concentration counteracts the decreas
ing mean free path and leads to a saturation of the 
resistivily change. 

Figure 1 shows the resistivity changes caused by 
irradiation at different temperatures; specimens cut 
perpendicular to the extrusion direction show slight
ly smaller changes of pf po because of their smaller 
effective crystal size. 2 

The rate of change of Hall coefficient varies with 
irradiation temperature in much the same way as 
the rate of increase of resistivity but, as may be seen 
from Table JI, when the resistivity changes of speci
mens irradiated at 30 and l 50°C are the same, the 
Hall coefficients are not identical. This suggests 
either some difference in the distribution of defects 
or ihe presence of different type; of defects in Lhe 
two cases. 

Recovery 

The main features of recovery are demonstrated in 
Fig. 2, which shows the resistivity of irradiated spec
imens a[ter annealing for one hour at successively 
higher temperatures. 

For short irradiations there is rapid recovery at 
temperatures up to 400°C, and little further change 
between 400 and 1000°C. The activation energy of the 
recovery process, derived from isothermal eicperi-

Table I. Physical Properties of a Polycrystalline 
Graphite 

Density (gm-crn-4) 1.60 
Electrical } para.• 1.05 X 10-• resistivity 

(ohm-cm) pcrp. 125 X 104 

Thennal } 0.33 conductivity para. 
( cal-•c-•-cm·'-sec·•) pcrp. 028 

Thermal 

} expansion p:1ra. 1.18 X 10-• 
coefficient -190 to + 20°c pcrp. 225 X 10-• 
c·c·•> 

Crystal SH (cm) 10◄ 

Young's modulus } p:,.r~. 8.9 X 10'0 

(dyne-cm·•) pcrp. 62X 10'° 
Torsional modulus } pan. 3.2 X 10"' 

( dyne-em·•) perp. 3.6 X 10•• 
Poisson's ratio 0.1 

• Relative to the extrusion direction. 
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DOiie (,, .,..-") 

Figvro 1. Chongcs of electrical resbtivity at different irradtotion 
temperatures 

ments by comparing the rates of recovery at different 
temperatures, has a constant value of 1.2 ev at tem
peratures up to 200°C and thereafter rises rapidly. 
Figure 3 is a composite curve obtained from iso
thermal measurements in the range of constant acti
vation energy, showing the variation of resistivity 
with time at a constant temperature; the extremely 
wide range of time over which recovery takes place 
should be noted. 

At higher doses recovery is continuous up to 
1000°C ; the activation energy starts at about 1.2 ev 
in the early stages of recovery, but rises gradually to 
3 ev at 900°C as annealing proceeds. Above l000°C 
there is a rapid decrease of resistivity which over
whelms the remarkable increase observed in speci
mens with low doses. 

There is a marked difference in the temperature 
variation of Hall coefficient between graphite irradi
ated at 30°C and graphite which has subsequently 
been annealed at a higher temperature. 

Relation between Recovery and Accumulation of Damage 

It is clear from Fig. 1 that there is simultaneous 
recovery and production of damage at temperatures 
above - 75°C, while the form o(th~ curves suggests 
that the regions of damage produced by individual 
fast neutron collisions are annealing independently; 
if the rate of recovery were dependent on the average 
concentration of defects, as might be expected if the 
defects were randomly distributed, it may easily be 
shown that the curves of Fig. 1 should all start with 
the same slope and saturate at different levels. 

If it is assumed that the regions of damage pro
duced by fast neutron collisions anneal independently, 
and that an instantaneously produced change of re
sistivity dp decays to dp F(T, t) after a time t at 

Table II. Hall Coefficient of Irradiated Graphite 

Holl coeflitirnl 

...£. ( c,.•.c01<lomb•l J 

Po 3qo•x 19S"K 77°K 

Unirradiated 1.00 - 0.060 -0.083 -0.155 
0.9 X 10'1 neutron-

cm·• at 30°C 1.44 -O.Ql8 +0.021 +0.202 
6.3 X 10" neutron-

cm·• at 150°C 1.44 -0.005 -0.012 +0.116 

temperature T, the function F(7~ t) may be deter
mined experimentally by annealing after irradiation 
at low temperatures. If damage is produced at a con
stant rate which would give rise to a rate of change 
of resistivity dp/dt in the absence of recovery, then 
the resistivity change produced by irradiating for a 
time t 1 at temperature T would be 

Ar= ..f. F(T, t 1 - t)dt 
d ftt 
dt 

0 

(2) 

There is a good. agreement between the curves of 
Fig. 1 and curves calculated from annealing data · at 
low doses using Equation 2. Without any considera
tion of the detailed mechanisms of recovery, Equa
tion 2 throws light on the dependence on neutron 
flux, time and temperature of the irradiation changes 
in graphite at low doses. The change of resistivity is 
not quite proportional to the time of irradiation, and 
it is evident that an irradiation is completely defined 
only when both flux and time are specified. Never
theless, the changes after a given product of flux and 
time (integrated flux ) are not very different if the 
irradiation is carried out in a high flux for a short 
time instead of in a low flux for a long time, and for 
practical purposes the integrated flux is an adequate 
measure of an irradiation. 

.1--~~==::;:~~~ o ~o ~~ 

Tl!MPERATURE ~) 

Figure 2. Recove ry of resistivity chonges: one hour a nneals 
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Model 

An energetic carbon atom moving through the 
lattice as a result of a fast neutron collision at first 
loses practicaJJy all its energy by clectronic excita
tion and ionization. Below some ill-defined energy L0 , 

energy is lost mainly by elastic collisions, and the 
cross section for these collisions increase.s as the 
energy faJJs. The result is a pear-shaped region of 
damage with vacancies in the centre and a high con
centration of interstitial atoms and interstitial-va
cancy pairs at the surface. Assuming that L0 is 1.2 X 
104 ev, and that the minimum energy needed to dis
place a carbon atom is 25 ev, the fraction of dis
placed atoms produced by unit integrated thermal 
flux in a neutron flux with an energy spectrum given 
by Equation 1 is 2.4 X 10-22 cm2-neutron·1 • With 
the assumption that each interstitial + vacancy may 
trap one electron, the maximum value o[ this frac
tion, determined from Hall coefficient measurements 
after irradiation at 3O°C, is 7 X 1()-28 cm2-ncutron·1 • 

Bearing in mind the recovery at 3O°C implicit in the 
data presented in Fig. 1 and the inherent difficulties 
in estimating L,, agreement is satisfactory. 

1•6 

l ·O'-- ~ --...._-_,IO:,:r---'----:!:,ocr-----'---,-,!IO• 

TIM( AT "79'c: ~IIS) 

~sure- 3 . Recovery af r•,bti-vity cho.ng•J: cofflpos,lte curve from doto 
al lemperolwres up lo 200'C; C'Onslont octlvatio• energy of 1 .2 ev 

The interstitial atoms occupy sites between in 
planes of carbon atoms3 and their diffusion is limited 
to motion in two dimensions. The annihilntion of 
separate interstitial-vacancy pairs by the two-dimen
sional diffusion of interstitials adequately explains 
the greater part of the recovery curve shown in Fig. 
3. Detailed fitting may not be significant, since group
ing may cause some departures from the assumed 
Iii. ear- relationship between concentration of defects 
and change of resistivity. but these departures can
not be very great and many of the,:;impler processes, 
such as the recombination of ra11do111ly distributed 
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interstitials and vacancies can be ruled out. As the 
interstitials diffuse over greater distances, interaction 
between adjacent pairs would be expected to affect 
the kinetics of recovery, although this effect is miti
g:ited by the restrictions on the motion o[ intersti
tials. After all the interstitials have been removed by 
recombination with vacancies or by migration to 
crystal bounda.ries, only vacancies, some of which are 
in planes inaccessible to interstitial atoms, remain ; 
it is postulated that the recovery process which is 
operative at about l 1C)0°C is due to the migration of 
vacancies. The increase of resistivity may be tenta
tively explained by changes in the trapping levels as 
the groups of vacancies spread out in the early stages 
of diffusion. The decreasing interaction between va
cancies may raise the enc:rgy of the trapping levels 
and release electrons; the number of electrons 
trapped by a given number of defects may also be 
altered by changing the temperature, and experi
ments of this kind show that a decrease in the num
ber of t rapped electrons gives rise to an increase in 
the scauering cross section of the defects., 

At higher doses, interaction between different 
groups of displaced atoms becomes possible during 
annealing, and the recovery which takes place be
tween 400 and 1000°C may reasonably be attributed 
to the £onnation and breaking up of groups of inter
stitial atoms. The diffusion of vacancies still gives 
marked recovery at 11O0°C and only a few of the 
most stable groups remain at higher temperatures. 

By anaJogy with the saturation observed in irradi
ation effects in boron nitride/ which has a structure 
similar to that of graphite, the fraction of single in
terstitial atoms would be expected to saturate at 
about l ?'o, although the clcctric:."'ll properties are not 
suitable for observing this phenomenon because of 
the non-linear relation between resistitivity and defect 
concentration at high doses. The relation between 
recovery and accumulation of damage, which as
sumed no interaction between groups of displaced 
atoms, breaks down at the onset of satumtion which 
is essentially caused by such interactions. 

Changes in other properties of graphite will be 
discussed in relation to the model descr ibed above. 

THERMAL CONDUCTIVIJY 

Irradiation 

The th~rmal property normally measured is the 
conductivity K, but the thermal resistivity 1/K has 
more significance in this context. K 0/ K which is equal 
to the ratio of the thermal resistivities after and be
fore irradiation, is shown in Fig. 4 as a function of 
dose:: al diJierenL irradiation temperatures. The 
marked knee which appears in the curve for irradia
tion at 30°C is taken to correspond to the saturation 
of the concentration of single interstitial atoms, re
ferred to in the previous section, whiJe the subse
quent steady increase is due to the accumulation of 
vacancies and groups of interstitials. 
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Recovery 

The recovery of thermal resistivity changes is 
shown in Fig. 5. Activation energies determined from . 
thermal and electrical measurements on the same 
specimen agree within the limits of experimental 
error. The relation between thermal and electrical 
resistivity which holds for specimens irradiated at 
30°C is not greatly altered by annealing at tempera
tures up to 800°C; at higher temperatures the anom
alous increase in the electrical resistivity is not 
observed in the thermal resistivity, and the relation 
is changed. The thermal conductivity of electrical 
conductors is composed of two parts- lattice con
ductivity and electronic conductivity. In graphite the 
electronic conductivity is negligible so that any purely 
electronic changes, such as have been suggested to 
explain the increase of electrical resistivity at 
1000°C, have little effect on the thermal resistivity. 
The migration of vacancies therefore leads to a de
crease in the thermal resistivity at temperatures 
above 1000°C. 

LATTICE PARAMETER AND DIMENSIONS 

Irradiation 

The interstitial atoms produced by irradiation 
cause an increase in the spacing between the planes 
of carbon atoms (c-spacing). Owing to the porous 
structure, the fractional increase of volume observed 
by dimensional measurements on polycrystalline 
graphite is appreciably smaller than that of the crys
tals. The c-spacing may be determined by X-ray meas
urements and is found to increase almost linearly 
with dose at the rate of l.3o/o per 1020 net1trons-cm-2 

. at 30°C; at high doses the X-ray lines are broad 
and asymmetrical, so that the average and most prob-

00-----~-----..... -----a-..... ,-o~~ 

DOSE ( .. u.-A) 

Figure 4 . Changes of thermal resistivity at different Irradiation t,m .. 
peratures 

O ~o-------=s:!:::00::--------,oL,oo _ ___ __J 
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Figure 5. Recovery of thermal resistivity changes: two hour anneals 

able values of the c-spacing are no longer identical. 
Changes in length (bulk growths) of polycrystalline 
graphite perpendicular to the extrusion direction are 
shown in Fig. 6; parallel to the extrusion direction 
the growths are smaller and there may be an initial 
slight contraction. 

In order to explain the remarkable linearity of the 
greater part of the growth curves, it must be as
sumed that·a group of interstitial atoms h~ a greater 

3 

Figure 6. Growth porpondicufar to o>ctru11cn direction at difforont 
irradiation temperatures 
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Figure 7. Recovery of c-spadng chong~,: eight hour onneols 

effect on the c-spacing than the same number of 
separate interstitials. The initial non-linearity of the 
bulk growth may be e..'Cplained in terms of the hys
teresis observed in the stress-strain curves of un
irradiated graphite; a change o[ internal stresses 
caused by crystal growth will not become evident as 
a dimensional change until lite internal stresses are 
overcome. 

Recovery 

The recovery of c-spacing changes is shown in 
Fig. 7. These curves give a measure of the number 
of interstitial atoms present after annealing a t differ
ent temperatures since it is probable that, unlike the 
electrical and thermal resistivities, c-spacing is not 
affected by the presence of vacancies. The recovery 
of c-spacing changes at temperatures up to 200°C 
is relatively Jess than that ouserved in other physical 
properties, in agreement with the contention that 
single interstitials are not very effective io increasing 
the ,-spacing; the bulk growth may show no change 
at all, or even a slight increase at 200°C. Here again, 
this behaviour may be accounted for by the internal 
friction. 

STORED ENERGY 

Irradiation 

In Fig. 8 both the total stored energy ( determined 
from heats of combustion) and the energy released 
up to about 400°C are shown as a function of dose 
for irradiation nt 30°C. The low-tanperaturc stored 
energy, which is due largely to the recombination o( 
single interstitials and vacancies, ·saturates in a man
ner consistent with the proposed model, and the 
change in slope of the total stored energy curve oc-
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curs at the same <lose as that observed in the thermal 
resistivity curve. 

With the assumption that the energy released 
when an interstitial atom returns to a vacancy is 10 
ev, the fraction of displaced atoms produced by unit 
integrated llux is 4 X 10 23 cm2-neutron-i, in reason; 
able agreement with the figures given in a preYious 
section. 

Recovery 

Figure 9 shows the rate of energy release from ir
radiated graphite when the temperature was raised 
at a constant rate 0£ 20°C per minute. Increasing the 
temperature in steps approximates to raising the 
temperature at a steady rate and the rates of change 
of them1al and electrical resistivity derived from 
such step anneals closely resemble the curve shown 
in Fig. 9. 

MECHANICAL PROPERTIES AND THERMAL EXPANSION 

Irradiation 

Changes of Young's modulus are shown in Fig. 10 
and similar results are obtained for the torsional 
modulus. Stress-strain curves become more linear 
after irradiation, and the magnitude of the residual 
strain which remains niter the application and re
moval of stress diminishes. The thermal expansion 
coefficient does not increase by more than 5o/o for nn 
irradiation of 1020 neutrons-cm-2 at 30°C. 

Recovery 

The recovery of Young's modulus changes is 
shown in Fig. 11. The general similarity between 
this recovery curve and those for the other properties 
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suggests that we are concerned with changes in the 
crystalline properties rather than changes in the 
bonds between crystals. The strains produced in the 
individual crystals by the application of tensile or 
compr-essivc stresses to polycrystalline graphite are 
difficult to visualize. It is improbable that the effects in 
polycrystalline graphite are due to changes in the 

3----- - - --------- - - --, 

!500 l000 

TEMPERATURE ("C) 

Figure 11. Retovory of Young's modulus changes: one hour anneals; 
irradiolion 1.1 X 1 o» a t 30°C 

Young's moduli of the single crystals either parallel 
or perpendicular to the c-axis, since the concentra
tions of -defects are very small, and it would be 
difficult to reconcile the small increase of thermal ex
pansion with such changes. It may plausibly be 
argued that the increased difficulty of shearing the 
planes of carbon atoms is responsible, but the 
changes are not well understood. 

CONCLUSIONS 

lrradiation effects in graphite have been ascribed 
to the presence of three types of defect-vacancies, 
single interstitial atoms and groups of interstitials. 
The difficulties of ascribing changes of physical prop
erties to specific defects are well known and no spe
cial immunity to the onslaughts of fresh experimental 
evidence is claimed for the proposed model. The 
model accounts qualitatively, and in some cases quan
titatively, for the observed changes, but there are 
many unanswered questions. What sizes are the 
groups of interstitials? Are the smaller groups mobile 
or do they disintegrate? These questions underline 
the complexity of the conglomeration of defects which 
has been referred to as a group of interstitials, and 
serve to emphasise the gaps in our knowledge con
cerning the irradiation behaviour of graphite. 
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The Effect of Irradiation on the Structure and 
Properties of Structural Materials 

By S. T. Konobeevsky, N. F. Pravdyuk and V. I. Kutaitsev, USSR 

The effect of radiation on materials is one of the 
most interesting new problems. It is as important for 
the design and operation of nuclear reactors as for 
the general science of matter. 

Structural materials used in nuclear reactors are 
subjected to a high flux of fast neutrons, slow neu
trons and intense radiation of gamma rays. Peculiar 
changes take place in the structure and properties of 
a material as a result of these radiations, combined 
with the effects of au elevated temperature and me
chanical stresses. These changes of structure and 
properties are chiefly due to collisions of fast neu
trons with nuclei which knock out ionized atoms 
from their normal positions. 

Radiation effects in matter must be taken into con
sideration in designing and operating reactors. Tests 
dealing with the behaviour of materials exp_osed to 
radiations as well as the study of irradiated materials 
will lead to the development of new materials less 
sensitive to radiation and also to the development of 
a new branch in the science of metals. 

Among new metallurgical problems the following 
· should be noted in this field: (a) the specific nature 

of hardening and other changes in properties and 
structure of metals and alloys caused by irradiation; 
( b) age-hardening at low temperatures ; ( c) phase 
transformations; (d) ordering in solid solutions at 
low temperatures; and ( e) formation of supersatu
rated solid solutions caused by radiation. 

This paper gives an account of the results of a 
research on item (a). 

RADIATION DAMAGE OF PURE METALS 

Results of Irradiation of Cubic Metals 

The metals studied were annealed copper, nickel. 
iron-armco and aluminium. Copper and iron were 
annealed at 700°C, nickel at 800° -and aluminium at 
400°C. In all cases the annealing exposure was one 
hour. These metals were irradiated at temperatures 
from 250 to 300°C. The integrated neutron flux was 
1.1 to 1.4 X 1020 nvt. 

Changes in the mechanical properties of irradiated 
materials are given in Table I. 

An analysis of the data in Table I shows that, in 
spite of the high temperature at which irradiation 
took place, all the materials studied were hardened 

Original language: Russian. 

(with the exception of aluminium). This is shown 
by: (a) an increase in ultimate strength; ( b) a de
crease in relative elongation and in a reduction in 
area; ( c) a decrease in impact strength; and (d) an 
increase in microhardness. 

The most pronounced change was observed in iron 
( its elongation was decreased three-fold and the im
pact strength ten-fold) ; the least change of the three 
hardened metals was shown by copper. This may be 
explained by the fact that copper has a lower tem
perature of recovery and recrystallization than iron 
or nickel. This also accounts for slight changes ob
served in the properties of aluminium, for which the 
irradiation temperature of 250 to 300°C is above its 
recrystallization temperature. 

Specific Nature of Radiation Hardening 

The changes in mechanical properties of copper, 
nickel and iron are somewhat similar to those in the 
hardening of metals effected by plastic defoi:mation. 
The cause in both instances can be considered to be 
due to the appearance of defects, that is," to disturb
ances in the arrangement within a crystal lattice. It 
can be shown, however, that radiation hardening 
differs essentially from mechanical hardening. This 
is apparent, for example, from a plot of the micro
hardness of irradiated metals vs the degree of pre
liminary deformation. 

Data on copper and iron are represented in Fig. 1. 
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Table I. Mechanical Properties of Copper, Nickel, Iron and Aluminium Before and After Irradiation 

Ultim1Jtt ttnsilt 

No. J.1ottriol 
.slrr,rgth 

a fJ kq/mm~ 
Relative tlonoation 

6iH %' 

Trnc tc,uile RRdurtion of 
stre,'/,.th artu lmpe<;t stren9th 

S" kg mm' 1/1% aakotcm•· 

Btfore After 
Change 
in% Defore After 

Cl!auge 
iH % Defore After Cf~a-ic Before Aft,r ct;,!c TJcfo,e Aftrr 

c,~m,gc 
in% 

2 3 4 5 6 7 8 9 10 ll 12 13 14 15 16 17 

l Copper annealed 22.2 24.7 + II 58.7 34.8 - 40 69.5 63.7 -9 81.4 78.5 - 4 14 S.95 - S9 
2 Nickel annealed 40.0 62.4 +56 63.5 28.7 - ss 187 178 -s 86.0 8!.0 - 6 4.3 3.3 - 23 
3 Iron (Armco) annealed 35.5 S7.7 +61 40.0 13.1 -67 89.9 97.5 +8 76 63 -15 3.4 0.35 - 90 
4 Aluminium annealed 7.1 7.3 + 3 33.7 32.0 - 5 70.0 53 - 24 96.3 93.4 - 3 3.65 5.9 +62 

•--.Impact strength a, was determined using round nonstandard specimens. Hence values should be considered relative. 

Table II. Mechanical Properties of Steel Specimens Before and After Irradiation 

Ullim«te strtn{itfi Yield Jlrtnglli 
4p-4o-• 

R~la!ivc elm1gotio11 /mpac-t .u,~u~th 
l ut,gratcd 

trp kg/m,u! 00,2 kg/nnn• "f! 6,% a* kom/cm9 

Matt1ia/ .,.d ne,dron f.1u CJia""" ClrantJ, Cha.nn~ ct':1!£1 No. its condition nvt D,for, Aft,r in% Bef•re After in% D•fore After Dcf•rt After i-11 o/o Defo., 11/ttr 
l 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

Xl8H9T stainless 
steel quenched 
from 11oo·c 2.43 X 10'° 62.5 80.0 + 29 22.3 65.5 + 192 0.6S 0.19 71.3 37 -48 24.1 8.2 -65 

2 The same stabilised 
(850°C) 3.2 X 10'~ 64.0 iO.S + 10 27.0 58.5 + 116 0.58 0.17 66.5 36.5 -45 

3 311-588 quenched 
from 1100°c 2.43 X 10"' 65.8 66.5 + 1.5 20.7 5!.3 + 148 0.69 0.23 76,0 56.0 -26 18.6 3.35 - ss 

4 311-211 quenched 
. from 1100°c 3.2 X 10"' 60.0 72.2 +21.0 28.2 55.2 + 96 0.53 0.23 60.5 38.4 - 36.5 

5 Steel SOX <I> nor-
malised at 8S0°C 2.43 X 1020 109.5 138.0 +27.0 82 130 + 58 0.30 0.17 17.2 9.2 -46.5 3.26 1.84 -43.3 

6 Stainless Steel Xl3 
with Mo and Nb 2.43 X 1020 48.0 69.0 +44 317 69 + 116 0.34 0.0 36.5 1.2 -97.0 

{1,2) XISH9T- l8o/o Cr; 9% }l'i; 0.6% Ti; O.lo/o C. (5) 50 X<I•-1.0% Cr; 0.25% V; 0.5% C. 
(3) 311-588-18% Cr; 9% Ni ; 0.06% C. (6) X 13-13% Cr; 0.5% Mo; 0.12% ·C; 7.5% N6. 
(4) 311-2ll-20% Cr; 14% Ni; 2.5%, Si. 

Microhardness 
H o kg/mm• 

Before After 
Cha"fl" 
in% 

18 19 20 

82 105 +28 
114 207 + 82 
126 237 +88 
33 29 - 12 

Microliardtitss 
ll0 kg/mm2 

Defore Aft" 
Chanpe 
in~ 

18 19 20 

163 250 + 53 

184 306 + 66 

161 268 + 66 

183 330 + 80 

380 384 

258 Jl.7 + 26 

< 
0 
; 

~ 

~ 
00 
0 

C: 
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Figure 2. Mlcro,1rucrure of copper: (leh) before lrradialion; (rlghr) ofrer lrradi:lion 

Although the rate of change in rnicrohardness with 
the degree of deformation is somewhat different for 
irradiated and unirradiatcd materials, there is no evi
dent convergence of both curves before 40% defor
mation. Such a convergence would be observed if 
the nature of irradiation hardening were similar to 
that caused by deformation. 

A second difference can be seen from the micro
structure of irradiated materials. Micrographs of ir
radiated copper, nickel and iron show slight d iffer-

cnces from those of metals in the original annealed 
condition. No changes inherent to cold-worked metals 
(such as slip lines, twins, etc.) arc evident in this 
case. The grain size is increased in copper and nickel. 
Thus, prior to irradiation copper grains were 32 µ 
average diameter and after irradiation 43 p., the aver
age ruameter of nickel being 68. p. and 103 p,, respec
tively. The average grain size of iron did not change. 

The microstmcturcs of copper and nickel before 
:ind after irr:idiation ;ire shown in Figs. 2 and 3. 
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Figure A. Chango in the microhordneu of iron.ormc:o ,pedmen.a o, o 
functlcn of annealing temperature 

Thus, gtain growth ( recrystallization in sitii) is 
observed in copper and nickel when subjected to 
radiation at temperatures of 250 to 3O0°C. 

This recrystallization leads to increasing grain size 
without appreciable fonnation of new crystals. Such 
g rain growth is not encountered in the metals under 
consideration in an annealed state under ordinary 
conditions. It shows that their ability to recrystall ize 
is greatly increased due to irradiation. 

Of interest is the fact that, contrary to the ordi
nary behaviour of a metal which softens when 
recrystallized, recrystallization in this case is accom
panied by an increase in hardness. 

An increase in tensile properties of iron, where 
recrystallization of this sort is uot observed, is still 
larger. 

Curves for the annealing of irradiated materials 
.( see Fig. 4) are different from those for cold-worked 
and hardened metals. Stress relaxation occurs at a 

lower temperature and extends over a greater tem
perature range. This may be due to a lower value of 

S. T. KONOBEEVSKY el al. 

the activation energy and the lower stability of the 
changes resulting from irradiation, compared with 
those produced by plastic deformation. 

Cha nges in Zirconium under Irradiation 

Zirconium was exposed to an integrated flux of 
2 X 1020 nvt at a temperature ranging from 180° to 
240°C. Its properties and structure changes are some
what similar to the metals considered above. Micro
hardness of zirconium, first annealed for one hour at 
900°C, is raised from 120 to 146 kg/mm2 • Specific 
electrical resistivity changes from 0.446 to 0.456 
ohm-mm2/m, and the temperature coefficient of elec
trical resistivity is decreased from 3.88 to 3.78 X 10-3 • 

Its density remains practically unchanged from its 
original value. 

The changes in microstructure ( see Fig. 5) are of 
interest. Simultaneous processes of inner distortions, 
accompanied by the appearance of deformation twin
ning, as "'.ell as processes of recrystallization take 
place in zirconium under the influence of radiation. 
Recrystallization of zirconium during irradiation at 
a temperature not exceeding 25O°C apparently is 
possible because of crystal lattice distortions caused 
l>y neutron effect. 

RADIATION HARDENING OF CARBON AND 
ALLOY STEELS 

Austenitic, martensitic, pearlitic and ferritic steels 
were selected to study the effect of radiation on iron 
alloys. Iron-armco was also investigated for the sake 
of comparison. This study of tensile properties of · 
steels exposed to radiation shows that various types 
of steel behave more or less similarly to iron and 
nickel. 

Figure 5. Mlcrostructure of zirconium: (left) beforo irradiatloo, {right) alter irradiation 
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Results of Irradiation IN #Ill 
I I I I --· 

The steels under the study were normalised or 
quenched to austenite according to their composition. 
They were exposed to an integrated flux of 1 to 3 X 
1020 nvt at 80°. 

The composition of steels and the results of 
mechanical tests before and after radiation are given 
in Table II. An increase in strength and a decrease 
in ductility are particularly apparent from the change 
in impact strength as well as from an increase in 
conventional yield strength ao.2• The values of ( u~ -
uo.2)/ufJ, listed in columns 10 and 11 of Table II, best 
characterize the decrease in plasticity. This value is 
reduced from 2.5 to 3-fold for certain types of steel. 
As a rule the hardness of steel is increased after ir
radiation. 

The measurement of the hardness of steels before 
and after radiation is shown in Table III. The Table 
shows that significant radiation hardening is a prop
erty common to various types of steels. 

lrrodiotion Effects on Properties of Steel Subjected 
to Preliminary Cold Working 

In many cases after mechanical working steel is 
not subjected to heat treatment, and therefore steel 
is in a strain-hardened condition. It was of interest 
to study the hardness of steel after preliminary cold
working and additional "radiation treating" in a neu
tron flux. Curves showing the hardness of specimens 
of austenite stainless steel X18H9T, deformed in 
compression are given in Fig. 6 as a function of the 
degree of deformation (in o/o) for unirradiated and 
irradiated samples. The curve for the irradiated speci-

· mens lies above that for the unirradiated ones and 
shows no tendency to saturation. 

This shows the peculiarity o{ the hardening proc
ess under the influence of irradiation, and corre-

Table Ill. Microhardness of Steel 

ftficrohardn.ess 

T:,1>e of H• in kg/fflm• 
No. sleel 8,fore After 

1 15/ 15 151 289 
2 25/10 237 367 
3 31-1-595 211 319 
4 311-626 237 360 
s 3M-627 269 340 
6 311-401 122 300 
7 311-402 150 300 
8 311-403 160 320 
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Figure 6. Change in hordnoss of type X18H9T stoinless steel speci
mens as a function of degree of preliminary deformotion: 0, before 

irrodiation; X, after irrodiotion 

sponds to the data given above for copper and iron 
(Fig. 1). This hardening is quite different from the 
ordinary mechanical hardening process. 

Magnetic measurements were made on several 
samples of type X18H9T stainless steel. The object 
of these measurements was to ascertain whether 
austenite decomposes to form a ferritic constituent 
during irradiation, the latter phenomenon accom
panying plastic deformation of this type stainless 
steels. The specimens were placed in a non-uniform 
magnetic field and measured on a microbalance by 
estimation of specific force of separation. If certain 
measures were taken to preserve specimens from 
plastic deformation, ferromagnetism was not ob
served to appear. 

Thus, the present study showed that due to ir
radiation steels, including industrial austenitic types, 
display an increase in their strength and an essential 
decrease in their plasticity. 

This work is compiled from the communications of 
Amaev, A. D., Ivanov, A. N., Pokrovski, U. I., Go
lanov, V. M. and others available at the Academy of 
Sciences of the USSR. 

Specimens Irradiated at 80°C 

l{icrol,a.,dK~,s.J 

Type of H
0 

iti kg/nun2 

No. seed Before After 

9 3)1(-27 177 300 
10 Iron- 148 272 

Armco 
11 3>K-18 159 277 
12 1Xl8H9T 223 280 
13 Steel-10 151 266 
14 3>K-2 293 411 

Composition of Steels 

(I ) 15/15-15% Cr; 14% Ni; 2% Nb. (8) 911-403-18% Cr; 12% Ni; 2%Co; 
(2) 25/10-25% Cr; 11% Ni; 2% Nb. U% Nb. 
(3) 31-1-595-25% Cr; 6% Al with addition (9) 3JK-27-28% Cr. 

of small amounts of other clements. (11) 3H-18-18% 'Cr; 0.6o/o Ti; 0.06% C. 
(4) 3vl-626 }40%Cr;l0%Alwithadditiono£ ( 12) 3vl-18-18% Cr; 9% Ni; 0.6% Ti. 
(5) 311-627 small amounts of other elements. (13) Steel-lo--0.l% C. 
(6) 911-40-18% Cr; 10% Ni; 2% Mo. · (14) 3JK-2- 12% Cr. 
(7) 31-1-402-18% Cr; 12% Ni; 1.5% Nb. 



The Effects of Irradiation on Structural Materials 

By F. E. Faris,* USA 

The purpose of this paper is to provide a survey 
of United States investigations in the field of radia
tion effects on structural materials. In order to main
tain a reasonable length an attempt has been made 
to give results which are typical rather than to pro
vide a very detailed summary of the work. Although 
there is some discussion of the nature of defects in 
metals, the paper consists primarily of a presenta
tion of experimental results. Theoretical work in the 
field is presented in at least two other Conference 
papers.1•2 

The proper specification of irradiation conditions 
is of importance in the study of irradiation effects. 
In the case of a beam of charged particles, the energy 
of the particles leaving the accelerator, the beam 
current and the thickness of the sample being bom
barded are sufficient for the specification of the radia
tion exposure. In the case of neutrons in a reactor 
the neutron flux and the neutron-energy spectrum are 
required. Because of the difficulties associated with 
fast-neutron monitoring and the variable conditions 
often encountered in a reactor, the neutron expo$ures 
quoted are often incomplete ?n~_in geperal are less re
liable than the charged-particle exposures. A flux of 
neutrons ·having an energy greater than a certain value 
is to be taken as meaning an exposure in a region of a 
reactor having this flux plus a flux of lower-energy 
neutrons which is not specified._ The temperature of 

• North American Aviation, Inc., Nuclear E11ginccring 
and Manufacturing, Los Angeles, California. ~ncluding work 
by A. H. Barnes, W. F. Murphy, S, H. Pame, .Jr., F. A. 
Smith, R \Veil, G. K. \Vhitham, Argonne National Lab
oratory; W. Augustyniak, D. H. Gurinsky, A. W, McReyn
olds, M . McKeown, M. Montag, D. B. Rosenblatt, E. E. 
Walsh Brookhaven National Laboratory; W. S. Kelley, R. 
S. Kffl1per, Hanford Works ; C. A. Bruch, L. F. Coffin, Jr., 
R. VI. Hockenbury, J. R. Low, Jr., W. E. McHugh, M. B. 
Reynolds, L. 0. Sullivan, Knolls Atomic Power Laboratory; 
J. L. Klein, W . B. Nowak, Massachusetts Institute of Tech
nology; J. A. Brinkman, J. M. Denney (now at the General 
Electric Research Laboratory), Pol Duwez (Consultant), R. 
R. Eggleston, F. L. Fillmore, F. E. Faris, W . S. Gilbert 
(now at the University of California Radiation Laboratory), 
R. D. Johnson (now at the Battclle Memorial Institute), 
H. M. Kenworthy, A. B. Martin, M. M. Mills (now at the 
University of California Radiation Laboratory), North 
American Aviation, Nuclear Engineering and l\fanufactur
ing; R. G. Berggren, D. S. Billington, W. W. Davis, R. 
H. Kernohan, S. Siegel (now at the North American Avi
ation, Inc., Nudear Engineering and Manufacturing), J . C. 
Wilson,]. C. Zukas, Oak Ridge National Laboratory; M. ·· 
H. Bartz, Phillips Petroleum Company, Atomic Energy Di
vision M. L. B!eiberg, L. S. Castlemari. L. A. Cook. R. H. 
Fillnow, W. E. Johnson, Westinghouse Atomic Power Di
vislon. 
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the samples during exposure is also a parameter of 
significance. In this paper the radiation exposure 
~nd the temperature are quoted without qualification 
if actual measurements were made during the irra
diation. The number is preceded by the symbol "~" 
to indicate an approximate value if the exposure or 
the temperature is merely an estimate. 

All results reported are for measurements in the 
vicinity of room temperature unless otherwise stated. 

DEFECTS IN METALS 

Defects in metals have been produced by fast elec
trons, cyclotron pa.rticles, and fast neutrons. The use 
of several different kinds of particles is desirable for 
two reasons, namely : 

1. Each type of radiation source has certain uniqi1e 
advantages from an experimental standpoint. 

2. More information is gained regarding the ef
fects of specific defects on the physical properties. 

The latter circumstance arises because of the dif~ 
ferences in the kinds of defects produced by particles 
having different masses and different types of •foter
action with the atoms of the material being exposed. 
That one might expect a considerable difference in 
tl1e nature of the defects produced may be seen by 
considering the average energy which is transferred 
to the atoms of a metal by various particles. In the 
case of zirconium, for example, the average energy 
of the atoms knocked from their normal sites by 
1-Mev electrons, protons, and neutrons is approxi
mately 32 cv, 180 ev, and 21,000 ev, respectively, if 
the energy required to displace an atom from its 
normal lattice position is assumed to be 25 ev. Be
cause of the small amount of energy given to the 
atoms, bombardment with electrons produces pri
marily single vacancies and interstitials, in other 
words, Frenkel defects. As the amount of energy 
transferred increases, it appears that other, more 
complicated defects besides th~ Frenkel defects may 
be produced in metals having a sufficiently large 
atomic number.3 In addition, when relatively large 
amounts of energy are transferred, atomic rearrange
ments, as in the disordering of ordered alloys and 
the annealing of defects previously produced, may be 
important. The passage of heavy, high-energy par
ticles such as fission fragments produces results simi
lar to those a long the paths· of fast knock-on atoms. 

An example of a physical-property change under 
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conditions in which little energy is transferred to the 
atoms of a metal is given in Fig. 1. This figure, pre
pared from data gathered by Kenworthy, shows the 
change iq the electrical resistance of nickel as a func
tion of exposure for various energies. It is to be 
noted that a threshold exists, below which insufficient 
energy is transferred to produce any defects. From 
this threshold, as first suggested by Mills, the energy 
required to displace an atom from its normal position 
in the lattice may be calculated. Values obtained to 
date for various metals are given in Table I. 

Figure 2, obtained by Brinkman and Gilbert, 
shows that annealing can be produced by irradiation 
when sufficient energy is available. The curve was 
obtained by first bombarding thorium with 9-Mev 
protons, which do not produce fission, until the elec
trical-resistivity change had saturated and then bom
barding with 18-Mev deuterons, which do produce 
fission. It is seen that the fission fragments, which 
have a much higher energy than the atoms removed 
from the lattice by either the protons or the deu
terons, produce a decrease in the saturation value of 
the electrical resistivity. 

7 
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figure 1. The change In the electrical resistance of o 0.0001 cm thick 
nickel foil as a function of exposure for various electron energies 

Appreciable recovery occurs in irradiated metals 
below room temperature, a result which shows that 
migration of certain of the defects is possible even 
when the amount of thermal energy available is small. 
In the case of zirconium, for example, Eggleston and 
Fillmore find that 60 per cent of the electrical resis
tivity change produced by bombarding at an average 
temperature of - 147°C with l&-Mev deuterons is 
removed by annealing for 5-minute intervals at suc
cessively higher temperatures up to 0°C. McReyn
olds, Augustyniak, McKeown and Rosenblatt report 
complete recovery to the pre-irradiation values of the 
electrical resistivity and the critical shear stress of 
reactor-irradiated aluminum as a result of annealing 
near -60°C (activation energy = 0.55 ev). The 
samples were exposed at 80°K to an integrated fast
neutron flux (energy >0.5 Mev) of ~3 X 1018 

Table I. The Energy Required to Displace an Atom 
from Its Normal lattice Position in Various Metals 

Metal 

Copper 
Iron (fee) 
Nickel 

25 ± 1 
27 :!:: I 
35 :!: 2 

Investigators 

Eggen and Laubenstein' 
Denney 
Kenworthy 

n/cm2 • Most reactor exposures have been at room 
temperature or higher. The physical-property changes 
under such conditions are the result of some sec
ondary state produced by irradiation plus a significant 
amount of annealing. 

GENERAL CHANGES IN THE PHYSICAL PROPERTIES 

In general a reactor exposure or an exposure to 
fast charged part icles produces an increase in the 
hardness and the strength and a decrease in the duc
tility of metals. The changes are similar to those 
produced by cold work; but detailed annealing studies 
on copper have demonstrated the existence of signif
icant .differences, which may be interpreted in terms 
of the types of defects produced by each treatment. 
In the case of zirconium Kemper and Kelley find 
that 75 per cent of the change produced in the 
tensile properties by exposure in a reactor at ~ 50°C 
is removed by annealing for 100 hours at 250°C, 
although some of the radiation-induced change still 
remains after 100 hours at 300°C. Higher annealing 
temperatures are required for comparable recovery 
in the case of cold-worked zirconium samples. 

The percentage change in the properties of metals 
as a result of irradiation is appreciably smaller for 
cold-worked samples than for annealed· samples. 
Klein's results on aluminum, given in Table II, illus
trate this point. Saturation of the radiation-induced 
changes, a result which is also typical, is apparent in 
the data. 

Klein and Nowak, using X-ray measurements, find 
evidence that irradiation ( ~2 X 1020 neutrons per 
cm2 having an energy greater than 0.5 Mev) at 
~30°C produces lattice distortion in addition to that 
already present from cold working 2S ( commercially 
pure) aluminum to a partially hardened condition. 
Klein also finds for the same samples a 1 S per cent 
increase in the hardness, a 26 per cent increase in the 
ultimate tensile strength, and a 22 per cent increase 
in the yield strength (0.2 per cent offset). 

In addition to their dependence on cold work the 
changes in the physical properties as a result of a 
given exposure vary with a number of factors, among 
which are the atomic number, the melting point, and 
the crystallographic structure of the sample being 
exposed. The atomic number influences the changes 
because of its effect on the number and the types of 
the defects produced. The melting point is related to 
the ease with which the defects migrate and hence 
influences the amount of recovery occurring at a 
given temperature of exposure. In so far as the effect 
of crystallographic structure is concerned, Bruch, 
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Table II . The Effect of Fast Neutrons (Temperature of Exposure ~30°C) on the Tensile 
Properties of High-Purity Aluminum in Various Conditions of Cold Work 

E:rJnnurq, nc-Nh'c>,rs lnit iol Property change, ter cent 

pt1 cm' having sample Offs,t Ultimate 
ne·r{IU's > b.S Mtti cond1.ti.o1' ~i#ll .,,,,,.,gtlt df"Ct1qth 

Per cent 
clottgotit111 

~7.5 X 1010 Annealed 
Half-hard 
Extra-hard 

~ IS X 10" Annealed 
Half-hard 
Extra-hard 

McHugh and Hockenbury find larger changes in the 
tensile properties of body-centered-cubic metals than 
in the corresponding properties of face-centered-cubic 
and heJ1agonal-close-packed metals. 

Figure 3 from the work of Bruch, McHugh, and 
Hockenbury illust rates the significant changes often 
observed in the stress strain curves of metals. Some 
other typical changes are as follows: 

Beryllium (Initial Rockwell "B" Hardness = 69) 

No significant changes in the length, the density, 
the hardness, the modulus, the decrement, the elec
trical resistivity, or the thermal conductivity of beryl
lium arc found as the result of an exposure at ~30°C 
to an integrated fast-neutron flux ( energy >0.5 Mev) 
of ~S X 1018 n/cm2 (Siegel). 

A 27 per cent increase in the hardness of beryl
lium results from an exposure at ~30°C to an inte
grated fast-neutron flux ( energy > 1.0 Mcv) of 
~3 X 10~0 n/cm2 (Bartz). 

Molybdenum (Initial Rockwell "B" Hardness = 99; 
5000 Grains/mm2) 

An increase of approximately 50 per cent in the 
tensile strength and the yield point, a decrease from 
approximately 40 per cent before irradiation to. zero 
after irradiation in the elongation to rupture, and a 
decrease from approximately 65 per cent before ir
radiation to zero after irradiation in the reduction in 
area are found in molybdenum for an exposure to 
an integrated fast-neutron flux ( energy > 1.0 Mev) 
of ~1020 n/cm2 at a temperature of ~80°C (Bruch, 
McHugh and Hockenbury). 

Nickel (Initial Rockwell "8" Hordness = 43) 

An increase of 120 per cent in the hardness, an 
increase of 50 per cent in the ultimate tensile strength, 
and a decrease of 45 per cent in the elongation at 
rupture are reported in the case of nickel for an ex
posure at ~ 180°C to an integrated fast-neutron flux 
(energy >0.5 Mev) of ~2 X 1020 n/cm2 • Annealing 
data are given in Table III (Murphy and Paine). 

Cold-Worked Type 347 Stainless Steel (Initial Rockwell 
"C" Hardness = 34.7) 

A 10 per cent increase in the hardness and a 2 per 
cent increase in the electrical resistivity result from 
an =posure at ~80°C to an integrated fast-neutron 

+ 100 + 60 -67 
+ 10 + 6 0 

Very small 

+ 100 + 70 -67 
+ 10 + 6 0 

Very small 

flux ( >1.0 Mev) of ~1020 n/cm2 (Bruch, McHugh 
and Hockenbury) . 

CREEP 

The sensitivity of creep to temperature and the 
rather large variations which are often observed in 
the creep rate of samples of the same metal make 
even laboratory creep tests somewhat difficult. The 
performance of such tests in a reactor is a difficult 
task, and it is not surprising that the results are 
sometimes non-reproducible. The data from in-pile 
creep experiments on various structural metals are 
summarized at the end of this paragraph. It is inter
esting to note that with the exception of the data on 
zirconium and some of the data on Type 347 stainless 
steel, irradiation appears to have little effect on the 
creep rate. 

Aluminum 

One preliminary test indicated a reduction in the 
creep rate of aluminum at 350°C and 62.6 kg/cm2 

by approximately a factor of two as the result of an 
exposure to a fast-neutron flux ( energy >0.6 Mev) 
of ~ 8 X 10u n/cm2/sec. It is now believed by the 
investigators that the observed change can be ex
plained as a temperature effect rather than a radiation 
effect. Additional experiments arc being performed 
in order to check this point (Gurinshy, Walsh, and 
Montag) . It is interesting to note that cyclotron 
irradiation is reported to have no effect on the creep 
rate of aluminum.5 

Nickel 

Exposure to a fast-neutron flux: -·(energy >0.5 
Mev) of ~3 X 1011 n/cm2/sec produces little change 

Table Ill.- · The Annealing of Hardness Changes in 
Irradiated Nickel 

A tt'lfealing~tf:mf>trat11r'e Annealing Rockw,ll"B" 
tim,:,,dayJ, lwrdne.ts 

As irradiated 96 
200 I 96 

8 97 
400 l 94 

8 78 
600 t 48 

8 46 
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in the creep rate at 700°C of nickel loaded as a beam 
with a maximum fiber stress of 141 kg/cm2 (Wilson, 
Davis and Zukas) . Exposure to a fast-neutron flux 

· (energy .>0.5 Mev) of ~6 X 1012 n/cm2/sec pro
duces no change in the creep rate of nickel at 500°C 
(Coffin). 

Zirconium 

The exposure of zirconium to a fast-neutron flux 
(energy >0.5 Mev) of ~3 X 1012 n/cm2/sec ap
pears to produce a marked decrease in the creep 
rate of zirconium as indicated in Table IV (Fillnow, 
Cook and Johnson) . 

Constantan 

Irradiation with a fast-neutron flux of ~3 X 1013 

n/cm2/sec has no effect on the creep rate of con
stantan at 300°C and 1270 kg/cm2 (Barnes, Smith, 
and Whitham). 

lnconel 

Preliminary results indicate little change in the 
creep rate of Inconel at 705°C with beam loading to 
a maximum fiber stress of 420 kg/cm2

• The exposure 
was to a fast-neutron flux (energy >0.1 Mev) of 
~ 5 X 1012 n/cm2 / sec (Wilson, Davis, and Zukas) . 

Type 347 Stainless Steel 

It appears that the effect of fast-neutron irradia
tion on the creep rate of stainless steel may· be to 
produce a slight increase in the rate above 760°C 
and a decrease in the rate below this temperature. 
It is interesting to note that the hardness of Type 
347 steel samples irradiated at 760°C does not in
<irease, whereas that of samples irradiated at lower 
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Pigure 3. The effect of reactor exposure o n the stress.-strain curve 

of nickel 

temperatures does. The temperature dependence of 
the creep rate of irradiated and unirradiated samples 
loaded as beams with a ma,ximum fiber stress of 562 
kg/cm2 is compared in Fig. 4. The fast-neutron flux 
(energy >0.5 Mev) was ~3 X 10u n/cm2/sec 
( \V ilson, Davis, and. Zukas). The exposttre of small, 
Type 347 stainless steel tubes at 600°C under a hoop 
stress of 2000 kg/cm2 to a fast-neutron fl ux ( >0.5 
Mev) of ~6 X 1012 n/cm2/sec has no significant 
effect on the creep rate (Coffin). The reason for the 
discrepancy between the results of Coffin and those 
of Wilson et al. is not clear at the present time. The 
C.".use may l ie either with experimental difficulties 
or with differences in the creep mechanisms at the 
two different stress levels used. 

IMPACT STRENGTH 

Iii the case of those metals which exhibit a brittle 
behavior below a certain temperature and a ductile 
behavior above the same temperature, the effect of 
irradiation is to increase the brittle-ductile .transition 
temperature. In addition it is often found that irradi-
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figure 2. The change in the eledrical resbtivity of 0.0005 cm thick thorium foll as a function of exposure to protons and deuteron, 
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ation decreases the energy required to fracture the 
material in the ductile rebion. Evidence to date indi
cates that irradiation will not induce brittle behavior 
in metals which exhibit no such behavior in the un
irradiated state. 

SA-70 pressure-vessel steel and molybdenum are 
examples of body-centered-cubic systems which suffer 
significant changes in thei r impact properties as a 
result of irradiation. The curves of Berggren and 
Kernohan in Fig. S illustrate the changes produced 
in the impact properties of SA-70 steel by exposure. 
Similar effects are ol>served to result from the deu
teron bombardment of mild steel.6 In the case of 
molybdenum Bruch, McHugh, and Hockenbury find 
that e.xposure of molybdenum at ~80°C to an inte-

100 

•• 

T. -
. ; ./-q ..... , .. . . . l .. 

i- - I I I 
- INTEGMTED FAST tfEUTRON 

1 Fl.1JX-.. 2 ~ X IOlt ri/c-:r."-

.. 
r·7 1·. . 

0 ti I 
' . 

/ 
,,..- TOl1o"f.AATUA£ OF I • 

IRRADIAflON-50°C 1 

I B/ V 

~. 1 / 

' 17-~ 
IO 

V .,, . . 
0 

.. ~V \ .,VYI 1 

USA F. E. FARIS 

grated fast-neutron flux ( energy > 1 Mev) of 1020 

n/cm2 increases the brittle-ductile tra!'Jsition tempera
ture from an ini tial value of approximately -30°C 
to a final value of approximately 70°C. 

The hexagonal-close-packed metal zirconium ex
hibits ductile behavior in impact tests even at - 196°C 
according to Bleiberg and Castleman. They also re
port that studies over the temperature range from 
-78°C to 250°C show that irradiation at ~50°C 
increases the energy required to fracture the mate
rial. The increase is particularly noticeable below 
150°C. For impact tests conducted at -78°C they 
find that an integrated fast-neutron flux ( energy > 1 
Mev) of ~3 X 1ou n/crn2 increases the energy re
quired to fracture by approximately 200 per cent 
and that subsequent irradiation produces a decrease 
until the pre-irradiation value is attained at ~6 X 
1010 n/cm2. 

PHASE TRANSITIONS 

Irradiation is observed to produce phase transi
tions in certain cases. The transformation from white 
to gray tin as a result of an exposure to fast neutrons 
has been reported.7 Denney finds in studying a 2.4 
weight per cent alloy of iron in copper that bombard
ment with fast electrons produces a transition from 
the metastable face-centered-cubic phase of iron to 

"".-----,------,------.---- --r----,--

Figure 6. The effect of reactor irrodiotion on tht soturotion vofue 
of the magnetic lnductlon of type 347 stoJnleu steel 

the stable body-centered-cubic phase. Magnetic meas
urements on the copper-iron samples after electron 
bombardments at various energies are the bases for 
the displacement-energy figure quoted for face-cen
tered-cubic iron in the section entitled "Defects in 
Metals." Reynolds, Low and Sullivan observe that 
irradiation increases the saturation magnetic induc
tion of Type 347 stainless steel, a result indicating 
some transition from austenite to ferrite. Their data 
are given in Fig. 6. The results in Fig. 6 plus some 
subsequent studies indicating saturation lead the in

20 ,o •• tOO 120 140 

TtWPtRA T IJRC~ '"' 
"0 oeo vestigators to the conclusiori that the effect is due to 

the enhanced growtl1 of existing ferrite nuclei in the 
presence of radiation. 

Figure S. Tho offoet o, reactor irrQdiotion o". the irnpod strongth 
of SA-70 pressur& vessel •l•e1 . 
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Table IV. The Effect of Exposure on the Creep Ra te of Zirconium at 260°C 

Rot, R4l'1 Rot, 
before 

Run Stress esp~surt; 
during . after Rctio of <rttP rat, 

in kg/cm> 10 ... %/~r 
er1>csure, ~J(J)OSUYtt; wlth /n'le of to that 

fl.O. IO_. %/hr IO ·• %/hr tttith pile 01t m /) t r cent 

1265 1.0 <0.045 
2530 0.23 

2 1265 2.8 <0.22 
3 1090 2.0 <0.20 

1300 2.0 

DIFFUSION 

All results to date indicate that irradiation has no 
influence on the macroscopic diffusion rate of metals. 
Martin and Johnson find that an exposure to ~1018 

proton/cm2/sec (proton energy = 9 Mev) has no 
effect on the self-diffusion of silver; and Duwez, 
Martin, and Johnson find no effect of similar expos
ures on the inter-diffusion of copper-gold and copper
nickel samples. Duwez, Martin, and Johnson also 
report a slight increase in the inter-diffusion rate 
of copper-gold and copper-nickel powder samples 
in the presence of a fast-neutron flux ( energy >0.5 
l\'1ev) of ~6 X 1012 n/cm~/sec. They point out that 
the effect observed can probably be explained by a 
small underestimate of the t emperature of the reactor 
exposure. Paine and Weil observe that any increase 
in the diffusion at a stainless steel-U285 interface as 
the result of exposures in the range from 500.?C to 
675°C to a thermal-neutron flux of 3 X 1012 n/cm2/ 

sec is less than the error of measurement. 
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Radiation Damage to Radiochemical Processing Reagents 

By G. I. Cathers,* USA 

An important factor in reprocessing nuclear reactor 
iuels is the radiation damage to process reagents. The 
magnitude of the chemical changes produced by radi
ation is sufficient to affect the performance, and even 
the feasibi lity, of some radiochemical processes used 
to recover uranium and other materials from irradi
ated reactor fuels. This is true especially in the case 
of short-cooled fuels, where the fission product radi
ation is very intense. Organic materials are usually 
rather sensitive to radiation, the effects being com• 
plicatcd and not well understood. In radiochem
kal processing, however, interest is in the effects of 
radiation damage on, first, the recovery of fissile or 
iertile material and the decontamination of this ma
terial from fission products, and, second, on the 
process cost. In this paper are presented results of 
radiation damage studies on , several ion-exchange 
Tesins; on tributyl phosphate, an organic compound 
useful in solvent extraction ; and on one chelating 
.agent, sodium ethylenediamine tetraacetate. 

NATURE Of RADIATION IN RADIOCHEMICAL 
PROCESSING 

The magnitude of radiation damage in chemical 
processing is dependent on the nature and concen
tration of the radioactivity and the length of time 
process reagents are exposed to the radiation. In 
processing of reactor fuel containing fission products, 
the fJ activity generally produces more chemjca! dam
.age than the -y. Beta activity is almost totally ab
sorbed in process materials in contrast to the -y radia
tion which has comparatively low absorption coeffi
-cients and is usually negligible when accompanied 
by an equivalent amount of fJ activity. Damage re
sulting from absorption of o. radiation is similar to 
that resulting from {3, since absorption is total in a 
few millimeters. In all three types of radiation, ex
-citation and ionization processes produce the chemical 
-damage. 

For e."<perimental radiation studies, -y radiation, for 
-example, from Co60, is a convenient activity and easy 
to handle. Its effects are similar enough to those of 
P activity to warrant its use in experimental work. 
Theoretical radiation chemistry indicates that the dis
sipation of absorbed -y energy proceeds by the same 
mechanisms as that of f3 rad!ation, at least to the 

* Including work by R. E. Blanco, G. I. Cathers, D. E. 
Fer!l'uson, L R. Higgins, A. H. Kibbey. R. G. Mansfield 
and R. P. Wischow, Oak Ridge Natioaal Laboratory. 

accuracy usually required in process development. 
The energy received in any experiment with a coeo -y 
source can be calculated on the basis that a roentgen 
is equivalent to 93 ergs of energy dissipation per 
milliliter. This is approximately correct for most 
organic materials as well as for water. 

A useful plot of the specific power of f3 radiation 
from gross fission products as a function of decay 
time is presented in Fig. l .1 The specific power, 
which is defined as watts per gram of gross fission 
products, varies with the irradiation time. Although 
the accuracy of this plot is limited, it can be used 
in estimating the fJ activity power present when 

. uranium or other fuels are separated from gross 
fission products in any process. The plot emphasizes 
that a brief irradiation period with a short decay 
period leads to a high specific power for the gross 
fission products. A correction factor of 0.8 was in
cluded in the calculation of the values plotted in Fig. 
1 to account for the absence of the activity due to 
the volatile fission product gases, since they are not 
present in most chemical processing solutions. 

The radiation specific power as calculated .from 
the disintegration schemes of some radioisotopes en
countered in processing varies greatly (see Table I) . 

300.0r------....------~------

figure 1. Spec.ific beta rodiotion power of gross fission products 

490 
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Table I. Specific Power of Certain Radioisotopes 

Elemt11t Half-lift E (Mw)• 
S j,edfic //'wer 

(watts gm) 

Plutoniurri-239 24,300 yr 5.1 a 0.0019 
Protactinium-233 27.4d o. 16P 19 
2irconium-95 65 d 0.16/3 20 
N iobium-95 37 d 0. 06 f3 13 
Barium-140 12.8d 0.32/3 138 
Lanthanum-140 40 hr 0.60/3 1980 

• Based on 0.4 of maximum energy in case of /3 emission. 

However, the radiation damage from even long half
life isotopes of low specific power is occa:sionaJly 
great when highly concentrated materials are proc
essed. 

ION-EXCHANGE RESINS 
Preliminary work has established the order of 

magnitude of radiation damage to ion-exchange res
ins as shown by a loss in capacity. This capacity loss 
is possibly the most important factor in the use of 
ion-exchange resins for radiochemical processing at 
high activity levels. However, other effects that must 
be considered include changes in the physical and 
<:hernical character of the resin. The swelling be
havior, as well as the chemical selectivity toward 
various ions, is probably affected by radiation. 
Another question that arises is whether radiation of 
an ion-exchange resin results in organic material 
being dispersed as a contaminant in the aqueous 
stream. 

The radiation work described was carried out with 
a Co60 y source or with Ce144 and Pr144 sorbed on 
t he resin whose effects are chiefly due to /3 emission. 
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Figure 2. Capacity lou of OowelC-50 cation-exchange re-sin (sul
fonoted polystyrene) as a result of Ca"' gamma Irradiation 

The rate of capacity loss with either method was the 
same within the experimental accuracy of the work. 
Dowex-50 resin exposed to a Co00 source lost from 
is to 35%> of its capacity per watt-hr of energy ab
sorbed per gram of dry resin (see Fig. 2). These data 
indicate that the capacity loss was inversely depend
ent on the rate of irradiation, since the lower rate of 
capacity loss was obtained with the more intense 
source. However, i:"wo different lots of resins were 
used in the tests and variations such as percentage 
of cross-linking in the original resin samples may 
account for the difference in capacity loss. Therefore, 
this should be interpreted only as an order of mag
nitude estimate of the rate of capacity loss. Dowex-50 
is a sulfonated polystyrene resin. Capacity changes 
were determined by measuring the capacity of the 
resin for uranyl ion. Dowex-1, an anion-exchange 
resin of the quaternary amine polystyrene type, lost 
40%> of its capacity per watt-hr of energy absorbed 
per gram, definitely more than did the sulfonated 

3 

ENERGY ABSORBED (watt•hr/o) 

Figure 3. Capocity fo,. of Dowex A-1 onion--<>xchange resin (quo
ternory amine polystyrene) as a result of Co"" gamma irradiation 

polystyrene r esin (Fig. 3). These results were also 
obtained with a Co00 source; the capacity was deter
mined by measuring the capacity of the resin for . 
chloride ion. A third resin, Dowex-30, a sulfonated 
phenolic cation-exchange resin, showed a capacity 
loss of only 1 % per watt-hour of energy absorbed 
per gram with both the Co60 and Ce144-Pr144 irra
diation methods. 

The variation in capacity loss, especially in the 
case of Dowex-30 and Dowex-50, demonstrates that 
radiation damage can perhaps be minimized with the 
prnper choice of ion-exchange resin. However, this 
criterion is not the only one to be considered. For 
example, the high radiation stability of the phenolic 
type resin is counterbalanced by relatively poor 
chemical stability. 
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TRIBUTYL PROSPHATE IN NAPHTHA SOLVENT 

The use of tributyl phosphate as an extractant for 
uranium, plutonium, and thorium has been re
ported,2•3 usually at a concentration of 30-40 vol '% 
in petroleum naphtha. The usefulness of this solvent 
is limited by radiation damage. For instance, a radi
ation exposure of 0.5 watt-hr/liter results in a two
fold decrease in the ruthenium decontamination 
factor when thorium and uranium are separated from 
fission products by a tributyl phosphate solvent ex
traction process. The process fails completely at 
about 10 watt-hr/liter owing to emulsification and 
the fonuation of insoluble thorium compounds. 

Radiation damage to tributyl phosphate probably 
includes the same processes occurring in organic sol
vents generally. For example, the gas produced by 
the irradiation of tributyl phosphate, as well as the 
naphtha diluent, is 70-80% hydrogen. While gas 
production and polymer formation are considerations 
in the use of tributyl phosphate and naphtha at high 
radiation levels, specific radiation effects, such as 
hydrolysis, peroxide formation, and production of 
unsaturated compounds, appear more important. 

The hydrolysis of tributyl phosphate under irradi
ation is believed to be the primary factor in limiting 
its use in radiochemical processing. After standing, 
tributyl phosphate has to be carefully conditioned 
with caustic, to remove traces of any mono- and di
butyl phosphate formed by hydrolysis, before it can 
be used. Even at low concentrations these hydrolysis 
products markedly affect the extraction properties of 
tributyl phosphate. Radiation apparently accelerates 
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figure S. Plutonium retention in irrodiote:d 30% tributyl pho,photc 
In nophtha solvent 

the hydrolysis rate, resulting in the extraction of fis
sion products with the uranium, plutonium, or tho
rium and leads to difficulty in stripping these 
materials from tributyl phosphate. A caustic treat
ment after irradiat ion will remove the hydrolysis 
products. 

Increased unsaturation, acidity, and a tendency 
toward emulsion formation are some of the other 
effects noted in irradiated tributyl phosphate solvent. 
The unsaturation probably plays some role in the 
formation of peroxidie material, while the acidity 
is due both to hydrolysis and oxidation processes. The 
formation of unsaturated compounds is particularly 
undesirable in processing of short-cooled fuel since 
these components combine with the large amounts of 
I131 present and carry this radioactive material over 
into the recovered solvent. 

Ilatch extraction tests of 30% tributyl phosphate 
in naphtha showed two results of the effects of radi
ation, namely, e..'Ctraction of fission product activity 
and poor: 5tripping efficiency for plutonium (Figs. 4 
and 5) . The extraction test consisted in equilibrating 
the solvent with a 1.2 M uranyl nitrate-2 M nitric 
acid solution containing gross fission product and 
plutonium activity, scrubbing twice with an equal 
volume of 3 M nitric acid, and then stripping with 
two five-fold volumes of water. Three irradiations 
were made in a Co60 y source of approximately 106 

r/hr. Two of the irradiated samples were diluted at 
various ratios with nonirradiated material to achieve 
lower concentrations of the chemical products of 
radiation. The final gross fJ and plutonium activities 
in the organic phase after the extraction test were 
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determined and corrected for the activities found in a 
nonirradiated control sample. 

The dependence on irradiation energy of retention 
of gross_ft activity is complex owing to the presence 
of more than one fission product, and possibly more 
than one radiation product. A plot of plutonium re
ten tion versus the irradiation energy absorbed is 
approximately linear and indicates that the depend
ence of plutonium retention on absorbed energy is 
nearly second order. 

A rough estimate of the amount of mono- and di
butyl phosphates needed to produce the effects in 
Figs. 4 and 5 was obtained by adding trace quanti
ties of these materials to tributyl phosphate-naph
tha solvent. The presence of 0.02% monobutyl 
phosphate in 30% tributyl phosphate in naphtha sol
vent resulted in the same plutonium retention as in 
a SO watt-hr /liter irradiation, while 0.1 'fo dibutyl 
phosphate was required to duplicate the uranium 
stripping behavior measured in the same series of 
tests. Therefore, approximately 0.090 millimole of 
tributyl phosphate is hydrolyzed per watt-hour of 
absorbed energy. The corresponding G value, or mole
cules affected per 100 ev of energy absorbed is 0.24. 

The results of several countercurrent extraction 
tests with 30% tributyl phosphate in naphtha show 
some of the adverse radiation effects obtained in a 
process developed for the separation of uranium and 
plutonium from fission product activity (see Table 
II). The changes are similar to those expected with 
the hydrolytic reaction. Irradiation exposures of 2-4 
watt-hr/liter resulted in a decrease of uranium de
contamination from fission products, and in a lower 
uranium and plutonium stripping efficiency. An ir
radiation exposure of 30 watt-hr /liter led to a marked 
increase of the activity left in the solvent after use. 

Ruthenium decontamination as a function of irra
diation exposure was studied with 40% tributyl phos
phate-naphtha solvent in a thoriurn-U233 extrac
tion process.2 An irradiation of only 0.5 watt-hr/liter 
of solvent caused a twofold decrease in the ruthenium 
decontamination factor (see Fig. 6) . Since normally 
ruthenium, is the chief contaminant in the recovered 

Table II. Effect of Radiation Damage from cou0 Source 
in Solvent Extraction wi1h 30% Tributyl Phosphate 

feed: 3 volumes of 1.35 M UO,(N0,~2 M HNO, spiked with 
p lutonium and fission product octivity. 

5<:rub: 2 volumes of 3 M HNO,. 
Extroctonl: 10 vol of 30% tributyl phosphot~ in nophtha. 
Sirip: 2 vol of H:.rO. 

Radiatt·on 
e.:rposuro 

(wait-hr/liter) 

0 
2.4 
4.3 

27 
30 

280 

u 
D•conlomi

nation 
factor 

S000 
1300 
2200 
220 
'600 

21 

p,., /03.s in 
ltn"p column 

(%) 

0.08 
0.05 
0.31 
0.22 

0.62 

U loss1·n 
.ttrip 

tolun1n 
(%) 

0.0004 
0.007 
0.02 
0.2 
0.6 
21 

fJ aceiviiy of· 
,ucd solvent 

( CQ10,ts/mi-n/ml) 

550 
225 
110 

4 X 10• 
1.3 X 10" 
1.4 X 10• 

600 

EXTRACTION PROCESS 
I vol of FEED, I.$ /fl THOR)UM NlTRAT~-0.6 M 

0 ALUMIN\IM NITRATE 
I vol of SCl!U6, 0.6H ALUMINUM NITRATE 
S •olof EXTRACTANT,40¾ TRIBU TYL PHOSPHATE 

IN NAPHTliA 
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figuro 6. Dependence of ruthenium decontamination on irradiation 
in 1ributyf phos.phote solvent extroction proceu 

thorium and U283 from this process, operation of the 
process under conditions which expose the solvent 
to more th~n 0.5 i~att-hr/liter will seriously impair 
the separation efficiency. However, if maximum de
co_ntamination is not desired, the solvent can be per
mitted to absorb up to 10 watt-hr/liter before it is 
unsuitable for use as a result of emulsification and 
the formation of insoluble thorium compounds. 

Another radiation effect in tributyl phosphate-
n~phtha solvent is lhe production of peroxide ( see 
Fig. 7) . When the oxidizing normality value ob
tain_ed ~y tit:at_ion with ferrous sulphate, is pl~tted 
against trradiatton energy, the relation is linear and 
a G value of 0.2 is indicated; this is comparable with 
t_he G value obtained for the hydrolysis of tributyl 
phosphate. 

ETHYLENEDIAMINE TETRAACET ATE 

Chelating compounds, such as cthylcncdiamine 
!etraacetate a~id, have pi:ovecl to be valuable reagents 
m the separation of fission products at low radiation 
lev~ls. T he radiation stability of sodium ethylenedi
amme tet raacetate was studied to determine its use
fulness at high radiation levels. 

The sodium ethylcnediamine tetraacetate solutions 
used, containing barium, strontium, and lead, were 
exposed to Co60 y sources with intensities of 5400 and 
14,000 r/min. The irradiated solutions were analyzed 
for metallic ion concentrations, pH, and the amount• 
of ethylenediamine tetraacetate remaining. The metal 
ion concentrations were determined radiochemically 
while the ethylenediamine tetraacetate content was 
determined spectrophotometrically. 

1_'h~ results sho~vn in Fig. 8 were obtained by ir
rad1atmg a solut10n of 0.065 M ethylenediamine 
tetraacetate, 0.33 M Na♦, 9 X 10-4 M Ba2+, 1.6 X 
10-3 M Sr2 

.. , 0.03 M Pb2
•, 0.018 M diethanolglycine, 

and 0.16 M N03- . The initial rate of disappearance 
of the ethylenediamine tetraacetate ion corresponded 
to 0.62 millimole per watt-hour of absorbed radiation. 
This is equivalent to a G value of 1.7, indicating that 
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figure 7. Oxidizing power of Irradia ted 40% lributyl pho,phate in 
nophtha solvent 

the rate of dest ruction is the usual order of magnitude 
encountered with many organic materials. Two nms 
were also made in the absence of ions other than 
sodium and nitrate. Initial destruction rates of 0.69 
and 0.55 millirnole per watt-hour were obtained at the 
radiation levels of 5400 and 14,000 r /min respectively. 
The average of 0.62 millimole per watt-hour was the 
same as the value observed in Fig. 8. 

The extent of metallic ion precipitation and changes 
in pH, quantities of much interest in process solu
tions, are also indicated in Fig. 8. The pH changed 
very fast with the initial destruction of ethylenedi
amine tetraacetate, then leveled out. The Pb2+ ion pre
cipitation rate was less than that of the Sr2• ion, 
owing possibly to the latter being carried down with 
the first ion. The work demonstrated that radiation 
e..'<posures have to be less than 0.1 watt-hr per milli
liter of solution to avoid excessive radiation damage 
effects. 

RADIATION DAMAGE IN THORIUM BREEDER 
REACTOR PROCESSING 

Chemical processes designed for use with a thori
um breeder reactor illustrate the radiation damage 
problem which arises in the use of organic solvents 
or ion-exchange resins. For processing thorium 
breeder reactor fuels, a solvent extraction process is 
suited to the separation o[ U233 from the thorium 
blanket, while ion-exchange resins can be used in 
removing neutron poisons and replenishing the U238 

concentration in the cone or fuel solution.4 Radiation 
damage effects on the process reagents must be con
sidered in each case. The high radiation level is 
avoided only with long decay and a correspondi!}g 
increase in inventory and storage costs. Use of short
cooled material requires a careful study of the radia
tion effect since this can affect the cost as well as the 
process performance. ·· 

USA G. I. CATHERS 

The blanket of a 360-Mw thorium breeder reactor 
when discharged from the reactor contains 1.2 gm of 
Pa233 and 3 gm of U238 per kilogram of thorium. A 
solvent extraction process developed for the continu
ous processing of this blanket uses l volume of feed of 
1.5 M thorium nitrate concentration with 1 volume of 
scrub and 5 volumes of 40'}'o tributyl phosphate in 
naphtha. The aqueous phase would therefore have 0.21 
gm of Pa233 per liter. H the specific f3 radiation power 
of Pa233 is taken as 19 watt/gm, the f3 radiation energy 
in the aqueous phase of the solvent extraction process 
is calculated as 4.0 watts/liter. A contact time of 10 
min would result in the solvent being given an ex
posure of 0.66 watt-hr/liter. This is raised to about 
0.8 watt-hr/liter by the fission product /3 radiation 
level which is about one-fourth of the Pa233 activity 
after a decay period of approximately one day. It 
should be emphasized, however, that such a short 
decay period would result in a much higher irradia
tion if the blanket process is used also as part of the 
core process. In this case a blanket decay period of 
60 days would be required to obtain a solvent irradia
tion of only 0.5 watt-hr/liter.4 

It was stated earlier that radiation effects begin to 
be very evident at radiation exposures of about 2 
watt-hr/liter. In Fig. 6 the ruthenium decontamina
tion was shown to be significantly affected at a level 
of 0.5 watt-hr/liter. The solvent extraction process 
for a thorium breeder reactor blanket therefore op
erates close to the maximum permissible radiation 
level, and, if radiation-induced impurities build up 
with solvent recycling, the performance of the proc
ess may be seriously affected. 

The radiation problem is important in the use of 
an ion-exchange process for core processing in a 
thermal breeder reactor. In the case of a 360-M w 
reactor with a core volume of 104 liters, 300 liters 
of core solution at room temperature, or 0.8 kg of 
uranium, is processed per day to remove about 400 
gtn of gross fission products.4 Reference to Fig. 1 
shows that the specific /3 radiation power is approxi
mately 30 watts/gm with a reactor residence time of 
24 days and a cooling period of 5 days. About one
half of this radiation energy, or 6 kw, will be ab
sorbed in a cation-exchange bed. Use of a 2-Iiter 
ion-exchange bed would result in aqout l kg of resin 
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( on a dry basis) being given a total exposure of 10 
kwh in 3 hr. Since sulfonated phenolic resins, which 
are the most stable to radiation, lose 1 % of their 
capacity;. per watt-hour of exposure per gram, the 
total capacity loss in thh core would be about lOo/i>. 
If a polystyrene resin, which has a capacity loss of at 
least 15% per watt-hr per gram, was used, a decay 
period of 100 days would be required to limit the 
capacity Joss to 10%,. This would greatly increase the 
i11ventory of uranium required for operation of the 
reactor. 

SUMMARY 

The usc of organic reagents in radiochemical proc
esses is limited by the destructive effects of radiation. 
The loss of capacity, encountered in ion-exchange 
resins that have been irradiated, is apparently de
pendent on the nature of the material. A quaternary 
amine polystyrene resin showed the most effect with 
a 40o/o loss of capacity per watt-hour absorbed ener
gy per gram. A 15-35o/o loss per watt-hr/gm was 
found in the case of a sulfonaled phenolic resin with 
a capacity loss of only 1 o/'o per watt-hr/gm. 

Exposure of ethylenediamine tetraacetate to more 
than 0.1 watt-hr/ml radiation results in decreasing 
effectiveness of the material as a complexing agent 
£or metallic ions. This is indicated by the observed G 
value of 1.7 for the destruction of cthylenediarnine 
tetraacetate ion in solution. . 

The radiation damage to tributyl phosphate ap
pears unique in that a radiation-induced ·hydrolytic 
reaction produces products that are deleterious in a 
solvent-extraction process. The G value, 0.2, for the 

hydrolytic reaction is qot unusual. A G value of 0.2 
was also found in the production of peroxidic ma
te.rial in irradiated lributyl phosphate-naphtha sol
vent. 

In a tributyl phosphate solvent-extraction process 
for a thermal breeder reactor blanket after a l-day 
decay period, about 0.8 watt-hr of fl radiation would 
be absorbed in the solvent. The decontamination of 
thorium and u2s3 :•from ruthenium activity at this 
radiation level would be less than one-half that ob
tained at much lower radiation levels. No information 
is available, moreover, as to whether the solvent in a 
process at this radiation level could be continuously 
recycled without encountering the more serious type 
of damage noticed in an irradiation of 10 watt-hr/ 
liter. In a core process employing an ion-exchange 
r--sin, approximately 1070 of the capacity of a sul
fonated phenolic resin would be destroyed with a 
p.-ocessing cycle of about 24 days and a fuel decay 
period of 5 days. 
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Mr. D. S. BrLLINGTON (USA) presented paper 
P /744 as follows: The fact that the energetic neu
trons born in the fission process have the ability to 
change the properties of materials which they might 
penetrate has created a new type of materials prob
lem for those persons concerned with the develop
ment of materials for nuclear reactor use. 

Radiation damage is conceived to take place in a 
solid by the introduction of excessive numbers of 
vacant lattice sites, interstitially placed atoms, trans
mutation effects, fission fragment effects, the so-called 
"thermal spike" and, in certain types of solids, ioniza
tion effects. The fi rst two effects appear to be most 
important in non-fissile materials, while in uranium
containing materials fission fragment effects become 
very important. All of the components of a reactor, 
such as the fuel, the moderator, the shield, are subject 
to some degree of radiation damage. 

The principal materials demand of a reactor is 
usually upon metals and alloys just as it is in other 
fields. However, the materials requirements are so 
diversified that we find that it is necessary to study 
all types of solids for their susceptibility to radiation 
damage. 

Since it is not possible in the time available to dis
cuss in proper detail the many solids with the dif
ferent properties of interest, I should like to present 
a few brief examples of data that have been obtained 
in certain materials on properties of interest to Fe
actor technology. 

I should like to refer first to the effect of neutron 
irradiation upon the mechanical J?fOperties of metals 
and alloys. 

496 

It has been Jong !mown that one general effect of 
neutron irradiation on metals and alloys is that there 
is a general increase in the hardness and strength. 

Slide 1 describes an experiment by Blewitt and 
Coltman who studied the effect of radiation upon the 
critical shear stress of copper single crystals. The 
data show that the critical shear stress increases 
rapidly with exposure. However, once the metal be
gins to flow plastically, there is a decrease in the stress 
and the ultimate shape of the stress strain curve 
strongly resembles the unirradiated copper which is 
shown by the solid curve. In this particular experi
ment the crystals were not of the same orientation ; 
thus, there is not a superposition of the curves in the 
later stages of the deformation. The data in this slide 
are important because, along with other data, such 
as the fact that one dQes not observe line broadening 
or asterism in X-ray diffraction pictures but does 
observe a lowering of internal friction and an initial 
increase in the apparent elastic constants after irra
diation, they indicate quite clearly that radiation dam
age in metals should not be considered analogous to 
cold work. It is not clear that radiation damage is 
analogous to any other technique for changing the 
properties of a metal such as a1loying, heat treatment, 
or cold working. Slide 2 does indicate, however, a 
superficial resemblance to alloying wherein the effect 
of radiation on the critical shear stress is contrasted 
with the effect of adding zinc to copper. However, it 
can readily be seen that neutron irradiation is much 
more effective than alloy.ing with zinc in raising the 
critical shear stress. By making several assumptions 
regarding the stability of defects Blewitt calculated 
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-that an interstitial copper atom was approximately 
40 times as effective as a zinc atom in raising the 
shear stress. 

Slide 3 shows the effect of change in critical shear 
stress as a function of temperature of measurement 
.and neutron exposure. It would appear that the more 
extensive the bombardment, the more pronounced 
is the efiect of temperature. This slide also shows 
higher room temperature values of the critical shear 
stress than had been obtained previously. 

The effect of radiation on critical shear stress has 
been verified by other workers. notably Holden and 
others at Knolls A tomic Power Laboratory who 
studied the effect in iron and zinc single crystals and 
by McReynolds at Brookhaven who studied copper 
and aluminum after low temperature irradiation. 
. Thompson, Holmes and Blewitt of Oak Ridge have 
studied the change in Young's modulus and internal 
<lamping in copper single crystals after very modest 
irradiations; they find pronounced decreases in in
t ernal damping and corresponding increases in 
Young's modulus. The data arc shown on Slide 4. 

It is interesting to note that the internal damping 
is reduced sufficiently so that an irradiated sample 
will ring like a bell when properly struck. The inter
pretation of these data is that the defects introduced 
by irradiation pin down the dislocations originally 
present in the metal so that they cannot move. This 
interpretation is consistent with the ideas of Esbelby. 
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I'd like to mention next some dab that have been 
recently obtained on metallic beryllium. 

Wilson of Oak Ridge and Bartz of Phillips Petro
leum Company have reported that they observe an 
increase in the ultimate tensile strength of beryllium 
from 35,000 psi to 51,000 psi after an exposure of 
1 X 1Q2l nvt (fast). They noted also that the % elon
gation dropped from l.4% to 0.2%. Early experi
ments had shown little or no effect in metallic beryl
lium after moderate irradiation at room temperature. 
It was thought that the low mass of the beryllium 
might be responsible in that fewer secondary and ter
tiary collisions would result, even though the higher 
activation energy for self-diffusion argued that any 
effect created should be preserved nt room tempera
ture. Thus the present data are consistent with the 
feeling that the activation energy for self-diffusion 
plays an important role in determining the tempera
ture stability of irradiation effects. 
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An alloy that may have considerable reactor appli
cation is low carbon pressure vessel silicon steel. This 
material has been shown by several investigators to 
show a lowering of impact strength and an increase in 
the transition temperature for brittle fracture. Slide 5 
gives a summary of recent data that have been col
lected by Wilson and Berggren of Oak Ridge. Note 
the large increase in yield slrenglh and the pronounced• 
reduction in % elongation nnd reduction in area. The 
transilion temperature has increased from approxi
mately 20°C to 125°C after a room temperature bom
bardment of 1 X 10:0 nvt (fast). H the impact tests 
employed are valid in determining service behavior, 
then serious p roblems will be posed when this alloy 
is exposed to extended high intensity r adiation. How
ever, several preliminary results obtained by bom
barding at elevated temperatures (300°C) indicate 
that the rate of change of property is greatly reduced. 

These investigators also have studied type 347 stain
less steel. The data of Slide 6 show drastic increases 
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in the yield strength-the upper two curves being the 
irradiated samples and the lower curve being an unir
radiatcd sample. The inset at the lower right shows 
the development of a yield point, thus indicating per
haps an approach lo the behavior of the carbon steels, 
which are characterized by definite yield points in the 
absence of irradiation. In any event, the effects are 
serious enough to warrant further study. 

In connection with the carbon steels, I 'd like to 
mention a transmutation effect that may be of im
portance. This is the transmutation of manganese to 
iron which takes place at an appreciable rate. I£ the 
manganese has already served its purpose in the alloy 
during its heat treatment, then we need not worry. 
However, i( it plays a continuing role, then its sub
sequent removal by transmutation may alter appre
ciably some of the important properties of the alloy. 
It is conceivable that other alloying elements may be 
appreciably depleted after sufficiently long irradiation. 

One other effect that has been observed that can 
be of interest is the observation by Reynolds, Low 
and Sullivan that the ferritic content of stainless steel 
increases after ir radiation. The effect they observed 
was not considered serious; however, if the effect is 
proportional to exposure then this effect should be 
investigated in more detail where concern with pres
erv:itfon of the "stninlessness" of the alloy is rcquir~9. 

I would now like to discuss brieAy the effect of 
neutron irradiation on certain reactions that take place 
in metallic alloys. 

There are many reactions, sucn as precipitation-
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hardening, order-disorder, etc. that are diffusion-con
trolled and that occur in many alloys of technological 
importance. I'd like to refer to the precipitation-hard
ening and order-disorder reactions in simple systems 
to illustrate the effect that neutron irradiation has on 
diffusion-controlled reactions. 

Siegel first pointed out that a Cu3Au alloy in the 
ordered state is rapidly disordered but a disordered 
alloy is not ordered when bombarded at room tem
perature. Similar results were obtained by Aronin on 
the Ni3Mn system. However, Slide 7 shows some of 
the effects of bombardment on a disordered alloy at 
1so0 c. It can be seen that the rate of ordering :it this 
temperature is exceedingly slow in the absence of 
radiation. However, once the sample is placed in the 
reactor, the resistance drops rapidly, indicating an in
crease in the degree of order. It is argued here that 
the excess vnco.ncies or interstitials permit diffu5-ion 
to proceed at an accelerated rate when the temperature 
is high enough to give mobility to the defects. This 
does not mean that the activation energy for diffusion 
has been decreased but the effect is due only to the 
excessive number o[ vacancies present as a result o[ 
irradiation. 

Recent experiments by Kernohan and the speaker 
on the precipitation hardening alloy nickel-2 .½ o/o 
beryllium have shown quantitatively that neutron 
irradiation does enhance precipitation from supersat
urated solid solution. Slide 8 shows how this was done. 
T he ferromagnetic Curie temper::1ture was meo.sured 
before and after irradiation. and the difference in 
Curie temperatures shows directly the excess beryl
lium in the form of the compound Ni-Be that precipi
tated as a result of irradiation because the ferromag
netic Curie temperature is a linear function of the 
beryllium content in solid solution. 

The importance of the above experiments is that 
in interpreting radiation effects in complex engineer
ing alloys for reactor use, it is important to keep in 
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mind the possibility of enhancing diffusion controlled 
reactions, pnrticulnrly at elevated temperatures. Thus, 
raising the temperature does not necessarily mean 
that the effect will be annealed out. 
· Let us now turn our attention to the fissionable 
materials. Most attention has been given to metallic 
uranium and we find that radiation effects are quite 
severe with growth and distortion being the principal 
problems. This should probably be expected because 
of the very anisotropic m1ture of the material. T his 
characteristic is so pronounced that one can ohtain 
gross distortion in uranium by appropriate thermal 
cycling. One would not voluntarily choose uranium 
as a Cuel but would prefer to work with a more sym
metrical structure. In fact, thorium does have a high 
degree of symmetry and most of the observations that 
have been made up to the present indicate that rndia-
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Slide 7. Change of e!ectrlco l resistivity vs time of CuaAu sample 15A 

tion damage in metallic thorium is indeed minor com
pared to uranium. 

One of the ways of correcting the bad characteris
t ic$ possessed by uranium is to alloy it with a suitable 
metal. Alloys of uranium and aluminum have been 
successfully employed and I now wish to show some 
slides that show the behavior of these alloys. 

Slide 9 (Fig. 3 of P /744) shows how the hardness 
increases as a function of the burn-up of the uranium 
atoms. The arbitrary hardness scale employed is 
roughly equivalent to the Brinncll scale and, while the 
changes shown are appreciable, the material is still 
relatively soft. However, in Slide 10 (Fig. 5 of P /744) 
we see that other mechanical properties have changed 
quite severely. The exposure however is quite ex
cessive. The 15% alloy shows substantial increases 
in both yield and ultimate tensile strength; the de
crease in the 5% alloy is not understood. Slide 11 
(Fig. 6 of P/744) shows the decrease in elongation. 
The open circles show results of anne:iling at 400°C. 
Slide 12 (Fig. 2 of P /744) shows the effect of fission 
upon the thermal conductivity. A 40 % increase in 
resistance can be observed for the maximum burn-up 
of approximately 0.6% of all a toms. 

The effect 0£ fission on the electrical conductivity, 
as shown in Slide 13 (Fig. 1 of P / 744) , is quite large 
and also appears to be structure sensitive, that is, the 
15 and 17% uranium samples are close to the eutectic 
composition and, as such, show maximum dispersion 
of the uranium in the form of U A14 throughout the 
aluminum, thus causing more damage to the alloy 
as a whole than is shown in 5.7% alloy. 

Slide 14 (Fig. 4 of P /744) shows that much of 
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the damage to these alloys begins to anneal out at 
300°C, though it is not complete even at 600°C. 
Due to the fission fragments present it is probable 
that the material cannot be returned to its pre-irra
diated values. 

The degree of dispersion and the particle size of the 
u1crnium in an alloy or ceramic mixture is important 
because it wm determine the degree of damage to the 
element. We had a suggestion of this effect in the 
uranium-aluminum alloys. Kernohan made a thor
ough study of this problem in a U02-graphite mix
ture. He found that an abrupt increase in change of 
properties occurred as the particle size was decreased 
to 44 microns or less. He was able to show that at 
these particle sizes the fission fragments from the U 0 2 

were able to penetrate all regions of the graphite and 
thus maximize damage. The problem is to protect the 
load-bearing part of the mixture, in this case, graphite. 

Hunter made in-pile determinations on thermal con
ductivity of molded and impregnated U0 2 graphite 
mixtures at 600-700°C. He found order of magni
tude increases in the thermal conductivity and also 
observed that the impregnated samples ( smaller par
ticle size) gave the biggest changes in comparison 
with the molded sample. 

Simpson and others at Argonne have studied BeO
U02 mixtures and again find drastic changes in 
thermal conductivity substantially larger than are 
found in metallic samples. 

Thus it appears that at low temperature of opera
tion, metallic alloys of uranium are definitely superior. 
However, at extremely high temperatures ceramic 
samples are definitely needed so it is suggested that 
many more studies be started wherein elevated in-pile 
measurements are made. 

Before concluding, let me mention several other 
materials problems encountered in a reactor. 

Solids, such as quartz, which is a combined covalent 
ionic structure, are quite sensitive to radiation dam
age. Slide 15 shows a quartz crystal that has been 
e..x tensively irradiated by vVitte!s of Oak Ridge. The 
density has <lecre:ised approximately 15% and now 
is the same as vitreous silica. The internal structure 
is completely amorphous. In spite of this dimensional 

Slide 15 
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instability, the gross integrity of the single crystal 
has been maintained. 

Semiconductors are extremely sensitive to neutron 
damage and pose a serious problem in connection with 
the use of transistors in radiation fields. 

Plastics are also sensitive to ionization damage as 
well as neutrons as is shown in S lide 16. Since plastics 
are useful in a variety of ways as electrica.l wire in
sulation, gaskets, etc., means of developing radiation 
stability in this class of materials are to be encouraged. 

I have very inadequately reviewed some of the prob
lems that confront the reactor designer but I think I 
have pointed out that it is important to continue stucjies 
in radiation damage both from a basic standpoint and 
an engineering standpoint, for as higher fluxes, long 
time use, higher temperatures and other unusual con
ditions are proposed, then the need for understand
ing and for developing radiation stability will be 
greatly increased. 

Mr. G. S. ZHDANOV (USSR) presented paper P/ 
681. 

Mr. S. F. PucH (UK) presented paper P /443 as 
follows: It is not surprising that uranium should un
dergo distortion of many kinds under irradiation, 
since the atoms are undergoing fission, but the first 
phenomenon to be described, growth, is most pecul
iar; it has not been found in any other material, but 
seems to be peculiar to alpha-uranium. Not only that, 
but it is peculiar to alpha-uranium over a very limited 
range of temperature. Experiments have shown that 
the growth which occurs-by which I mean a change 
in shape without any accompanying· change in vol
ume-is at a maximum at about 200°C and is absent 
above 500°C. It is most noticeable in uranium samples 
which hav!i preferred orientation or in single crystals. 
In coarse-grained alpha-uranium the growth of in
dividual large grains is revealed as wrinkling. 

Growth and wrinkling also occur by an entirely 
different mechanism during thermal-cycling of aJpha
uranium, and the appearance produced by thermal
cycling is similar to that produced by irradiation. 

In my first slide ( Slide 17) a series of uranium bars 
is shown after 300 cycles between 600°C and 60°C. 
The_ bars were all smooth and of equal length before 
cycling. The bar on the left consists of cast uranium 
and therefore has a coarse grain size; this bar after 
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cycling has wrinkled badly but is unchanged in length. 
The second bar to the left was hot-rolled and therefore 
had preferred orientation o[ the grain. The third was 
hot-rolled and swaged. Both these bars have preferred 
orientation and therefore elongated during cycling and 
warped slightly. Beta annealing removed most of the 
preferred orientation but gave a coarse grain size. 
It can be seen that the fourth bar from the left has 
wrinkled badly but is unchanged in length. The bar 
on the right was quenched from the beta range and 
remained smooth and unchanged in length. This bar 
had been hot-rolled and therefore before treatment 
contained preferred orientation. We see that a beta 
'qt,tenching or annealing removes the preferred orien
tation, and beta quenching has the additional advan
tage that it also produces a fine grain size and so pre
vents wrinkling. 

These bars would behave similarly on irradiation. 
The cast bar and the beta-annealed bars would be 
heavily wrinkled after a 0.05 per cent burn-up, and 
the hot-rolled and cold-swaged bars would change 
in length, but not necessarily in the same way that 
they change in length on thermal-cycling. On work
ing these materials we obtain a mixture of (010) and 
(110) in the texture, and there is almost invariably 
an increase in length after thermal-cycling, but with 
an excess of (110) after hot-rolling one can get a 
bar which will increase in length after thennal-cycling 
and decrease after irradiation. A beta-quenched bar 
should be fairly stable when irradiated at low burn-up. 

The similarity between the effects of thermal-cyc
ling and of irradiation on alpha-uranium was some
what misleading, as it has since been shown that 
the mechanisms causing these are quite different. 

Slide ]8 shows lead replicas taken from a uranium 
bar which has been irradiated to about 0.06 per cent 
bum-up. This was a coarse-grained bar, and it will 
be seen on the replica that the surface has become very 
wrinkled. 

The difference between the mechanism of growth 
on irradiation and that of growth on thermal-cycling 
became apparent when experiments on the effect of 
irradiation on single crystals were performed. Ther
mal-cycling has no effect on single crystals, but irra
diation has a very large effect. Single crystals grow 
on irradiation. It is now clear that the mechanism 
causing growth of uranium on irradiation is not 
primarily a grain boundary mechanism, and our ex
periments have shown- and I refer particularly to 
those of Flail-that the change in length of single 
crystals is an increase in length in (010) direction, 
a decrease in length in the ( 100) direction, while 
(001) direction remains unchanged. 

It then follows immediately that wrinkling in a 
coarse-grained aggregate arises because each of the 
crystals during irradiation in that aggregate grows in 
a different direction. The experiments on the growth 
of single crystals are described in the report. 

Slide 19 shows three of the specimens after irradia
tion. The top two samples consisted essentially of 
single crystals, and the main change is an increase_in 
length of 15 per cent in the (010) direction for a burn
up of 0.03 per cent at 200°C. The orientation of the 
crystals was determined by using a micro-beam back 
reflection Laue technique. We measure the change in 
length of these crystals along the crystal axes, and 
then by examining a large number of crystals we can 
analyse the results and so discover which is the growth 
direction and which is the contraction direction. The 
lower crystal in the slide contained 3 or 4 grains of 
different orientation, so that it has distorted. This is 
shown more clearly in Slide 20. 

Here the two grain boundaries will be seen. We 
have thus a kind of bi-metallic effect, in that these 
two crystals are growing in different directions, and 
the result is that the crystal bends over·. 

Two mechanisms have been proposed to explain 
the growth of alpha-uranium on irradiation, and these 

Slide 18 
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Slide 19 

I have discussed in my paper. The twinning mecha
nism is based on tbe restriclions on twinning deter
mined by Cahn. 

Slide 21 is part of a slerc.-ogram showing the twin
ning restrictions in uranium. They are such that in 
di rections close to (010) there is no twinning in ten
sion, and in directions close to the zone running 
through (0OL) and ( 100) there is no twinning in com
pression. One might expect deformation to go in a 
different direction during heating from the direction 
during cooling, so that a r::ichetting effect would be 
obtained. The main argument against this mechanism 
is that the lifetime of a hot-spot is estimated mathe
matically to be between 10-10 and 10-12 seconds. It is 
not clear whether during this t ime dislocations could 
move permanently. Little is known about deformation 
at these high rates. The amount of deformation re
quired at each fission site would be extremely small, 
so that it is possible that this might happen. 

This mechanism was used to predict that the growth 
of single crys tals would occur in the (010) d irection 
and not above 500°C, bec:.iuse at that temperature 
there is a change-over from twinning to slip. It so 
happened that experiments supported the predictions. 

Slide 22 shows 3 single crystals after the same bum
up as the previous three, namely 0.03 % , but this time 
at 500°C. No growth and no distor tion have occurred. 

The second mechanism proposed to explain growth 
is based on anisotropic diffusion of interstitials and 
vaca_ncies. 'f!1ere arc ~umerous ways of filling in the 
deta1ls of this mechanism, depending on which sinks 
are ~hosen for the interstitials or vacancies to go to. 

Shde 23 represents an alpha-uranium lattice and 
the lines represent the close-packed (100) ro\~S in 

Slide 20 
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Sf;de 21. Re,trlction, on twlonlng in uronlum: (ofter Cohn) 

that lattice. If we assume that vacancies diffused 
along these rows to the grain-boundaries, that would 
give a decrease in length in the (100) direction. The 
interstitials we could pack into e.xtra (100) rows and 
so increase the length in the (010) direction. 

It is a lso possible to explain most of the variables 
between growth and temperature by this mechanism, 
although the drop in growth between 200°C and room 
~emperature is surprisingly small, and possibly more 
tn accordance with change in mechanical properties 
than change in diffusion rates. . 

To prevent growth and wrinkling it is necessary 
to remove preferred orientation and to refine the grain 
size. Beta annealing will remove most of the preferred 
orientation, and beta quenching will go some way 
towards refining the grain size. There are other basic 
ways in which grain size can be reduced. There is the 
interrupted quench of uranium containing a small per
centage o f beta-stabili1.er . T th ink that the 0.6 per cent 
molybdenum alloys shown in the previous paper have 
been grain-refined by a critical cooling rate, and so 
they behaved very well under irradiation. That has 
the same effect as an interrupted quench. One can 
do this more efficiently by quenching to a temperature 
of 400-500° C and holding at that temperature. F in:illy 
one can make a larger alloying addition such that 
during cooling the alloy will split up into two phases 

Slide 22 
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Slide 23. Growd1 of uroniua, by o diffusion n,echani,.,, (slip plane 
i, (010) and di,ection fl00)) 

during the transformation. This requires a moderate 
alloying addition o f something which ,V11l cnuse trans
formation to alpha plus a fine dispersion of intermet::il
lic compound on cooling, and this compound during 
precipitation will restrict the growth of the alpha
grain. 

An entirely dilTerent mechanism often occurring 
in uranium is swelling. This is for more important 
at high temperatures and high hum-ups. For example, 
in the high gamma range one might obtain an in
creased volume of, say, 30 or 40 per cent for a burn
up of 0.1 per cent. 

Slide 24 shows a section near the surface of a small 
sample of enriched uranium, which was taken to a 
bnrn-up of 0.1 per cent. There is a 38 per cent drop 
in density. The magnification is 1000 times. This s lide 
shows that the increase in volume, or swelling, is 
cattsed by the formation of very small holes in the 
sample. Near the centre the porosity was less. T his 
is shown in the next slide. 

Slide 25 shows, amongst other things, that in doing 
experiments of this kind one hai,; to be very careful 
in taking average values. The swelling appears to be 

Slide 24. Spoclmen hoving 38% dccrcose In d eniity on irradiation 

Slido 25 

structure-sensitive to a very large extent. The samples 
used in this e."perimcnt consisted of arc-melted but
tons of uranium. 

Slide 26 shows the buttons before (left) and art~r 
(right) irradiation. T hese arc two samples irradi
ated at different temperatures and illustrate that essen
tially this is an isotropic change. They have increased 
in volume without a change in shape. 

The explanation of swelling of uranium when irra
diated at hig h temperatures which has received the 
most support is based on the assumption that the 
inert gases and volatile fission products blow up the 
uranium in much the same way as, for example, in 
the blistering of aluminium during heat treatment. 
At high temperatures, where the creep strength of 
uranium is low, the bubules are able to grow more 
rapidly. The swelling calculated from the creep 
strength of uranium on this basis, by Lomer and Fore
man and also by \ Vyatt, is in agreement with th:1t de
termined experimentally, but a similar calculation 
based on the creep rates to be expected at 500 or 600°C 
gives a result not in agreement with the swelling ob-

Slide 26. EIJed or Irrad iation on alloy specimens 
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tained in irradiation experiments at these tempera
tures. O ne way of explaining this discrepancy would 
be to assume that under irradiation the creep rate of 
uranium is increased by two orders of magnitude. 
There are other ways in which this discrepancy could 
be accounted for, and these will be discussed in a 
later paper. It may, for instance, arise from the re
tention of some of the vacancies formed by the fission 
fragments during their movement through the lattice. 
Each fission yields about 105 vacancies, and only about 
50 need be retained per fission to give the amount of 
swelling observed. Another form of damage which 
is particularly sigr1ificant in power reactors, where, 
due to the large temperature gradients in the uranium, 
big internal stresses are found, is the change in me
chanical properties. The first speaker showed changes 
in the mechanical properties of non-fissile materials 
by irradiation of something like 1010 neutrons per 
square centimetre. To show that the effect is in orders 
of magni tude greater in the case of uranium, I want 
to show you a stress-strain curve of natural uranium 
after an exposure of 1017, which is 100 times less. 

We have seen quite a lot of examples of the effects 
of irradiation of 1010 neut rons per square centimetre 
on uranium. Slide 27 shows an irradiation of 1017 and 
the effect on the stress strain curve here is quite as 
big as one gets in copper with an irradiation of 1010• 

From this one can compute, or guess, the number of 
interstitials and vacancies which are formed during 
irradiation for each atom which undergoes fission. It 
has been calculated that in copper a fast neutron will 
produce about 500 atomic rlisplacements, and since 
the effect of fission in uranium is 100 times greater, 
then one can say immediately that the number of dis-
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placements produced in uranium must be about five 
times 1()-1. This is in agreement with a direct estimate 
of the number one would expect to get in uranium. 
At the higher temperatures existing in a power re
actor, of course, the fission products are the main 
cause of damage to the fuel element, both causing 
swelling already described and embrittlement. The 
effect shown in Slide 27 would anneal out at high 
temperatures and would not be important. 

DISCUSSION ON PAPERS P/744, P/680 AND P/443 

Mr. C. S. SMITH (USA): I wish to compliment the 
USSR workers on the excellent photomicrographs 
and electron-micrographs of fissionable materials that 
they produced, including micrographs of irradiated 
uranium samples. Can Mr. Zhdanov give some more 
details on the technique of polishing, etching and 
replication? Also, arc the most interesting glolmlar 
features shown in F ig. 4 observed on samples polished 
prior to fission or were they after irradiation? 

Mr. ZIIDANOV (USSR) : The structures shown in 
a number of microphotographs were obtained from 
microsections with an electron microscope by the rep
lica method. The globular structure of the uranium 
was observed on samples polished after irradiation. 

Mr. C. E. vV,mER (USA): The uranium wrinkling 
caused plastic flow of the magnesium, but not the st.eel. 
Does this mean that the strength of the uranium is 
between that of magnesium and steel? I should also 
like to ask that more details be given on the bearing 
this observation has on the ductility of uranium under 
irradiation. · 

Mr. ZnDANOV (USSR) : The uranium sheet was 
located between the stainless-steel tube and the mag
nesium core. In this experiment there was practically 
no wrinkling of the steel tube. The pronounced wrin
kling of the uranium sheet after irradiation indicates 
the great plasticity of the uranium during the irra
diation process. What can be seen is the result of the 
mutual deformation of uranium and magnesium. 

Mr. H. M. FINNISTON (UK) : I am very interested 
in Mr. Zhdanov's statement about the decrease in the 
creep strength of uranium during irradiation. In 
normal creep testing it is very difficul t to achieve 
results to within 50 per cent, yet Mr. Zhdanov is 
claiming an accuracy of something between 1.5 and 2. 
I wonder if we could have more details of the tests 
on the creep of uranium and would Mr. Zhdanov say 
what accuracy is claimed for those? 

The C H AIRMAN: A similar question has been put_ 
in by Mr. Billington, who I hope ,vill be satisfied with 
the question asked by Mr. Finniston. 

Mr. ZIIDANOV (USSR) : The data on the plastic 
flow of uranium were obtained in supplement to the 
basic material of the paper and show that the rate of 
flow increases under conditions corresponding to those 
which obtain in a reactor. I referred to an increase in 
uranium creep during irradiation of the order of 1.5-
2, and not of 1.5-2 per cent. This confusion is very 
likely due to a mistake in the English interpretation. 



RECORD OF SESSION 505 

Mr. F. SEITZ (USA): I would like to ask Mr. 
Zhdanov if the investigators have made self-diffusion 
measurements in fissionable materials, particularly 
uranium, and if the activation energies for diffusion 
are available. 

Mr. ZllDANOV (USSR): The data on the activa
tion energies were obtained from our study of the 
curves for the variation of the electrical conductivity. 
The activation energies measured increase with the 
annealing temperature and as regards order of magni
tude show correspondence with the co-efficient of self
diffusion of the metal. 

Mr. PERIO (France): In connection with the struc
tural effects, whether in uranium-carbide or in hetero
geneous alloys, reported in document P /681, could 
Mr. Zhdanov tell us what part o( this effect can be 
attributed to purely thermal phenomena? 

Mr. ZHDANOV (USSR): No, I am sorry; I cannot. 
Mr. H. BROOKS (USA): In connection with Mr. 

Pugh's computations of the duration of a thermal 
spike, I should like to point out that one should ac
tually use only the lattice conductivity in this calcula
tion, since the coupling between the electrons and the 
lattice is so weak that in the short spikes there is no 
opportunity for equilibration of electrons and lattice. 
This would tend to increase it by a factor of the order 
of 10. How would this affect Mr. Pugh's conclusions 
regarding the mechanism of growth? 

Mr. PuGlr (UK): A factor of 10 would not help 
very much; it is a factor of 106 that I would be more 
interested in. 

Mr. F. G. FOOTE (USA): We have observed these 
growth rates in s ingle crystals of about 400 micro

. inches/inch/parts per million burn-up quite compa
rable with those of Mr. Pugh. We have. however, in 
heavily worked crystal material observed growth rates 
of as high as 800 micro-inches/inch/parts per million 
burn-up. In other words, polycrystalline materials 
heavily worked can grow at rates of twice those ob
served in single crystals. I would like to ask if Mr. 
Pugh would like to comment on those ohservations, 
and whether he feels that his mechanism can explain 
this effect in polycrystalline material. 

Mr. PUGH (UK) : I have not tried to incorporate 
that observation. I knew of the observation and that 
there is a factor of 2 difference, but I do feel that in 
these irradiation experiments factors of 2 can be lost 
and found very easily. I think the same applies to the 
creep measurements. Therefore, I think that until one 
observes bigger effects than factors of 2, one should 
not really try to stretch the theories to fit them. 

Mr. WEBER (USA): In regard to the excessive 
swelling at lower temperatures, I would like to point 
out the phenomenon of cracks which develop in ura
nium around inclusions. These, together with the em
brittlement that you get on i rradiation, could be re
sponsible for the excessive cracking and therefore the 
swelling which occurs. ·would Mr. Pugh care to com
ment on this? 

Mr. PuGu (UK): We are preparing a paper on the 
matter of swelling, and we have included in this dis
cussion phenomena based on cracking. I should say 
that this one comes fairly low down in the list of 
mechanisms which we do favour to account for the 
increased swelling; but "'e have considered this ex
planation. 

Mr. W. K. Wooos (USA) presented P/746 as 
follows: The subject of irradiation damage to graphite 
has been under extensive experimental investigation 
by a variety of laboratories in the United States. There 
are several reasons why this program has developed on 
a large scale. Graphite was used as the moderator for 
the initial plutonium production reactors, and it was 
important to increase our h'Tlowledge regarding the 
behavior of this graphite as affected by irradiation. 
Irradiated reactor-grade graphite, unlike uranium, is 
only mildly radioactive, and investigation can pro
ceed without the need for heavily shielded "ca,·es" 
and elaborate remote handling equipment. Finally, 
the interest of many investigators has been attracted 
to this field because irradiation effects in graphite arc 
so remarkable and so dramatic. 

On the other hand, there arc some important handi
caps associated with the study of irradiation dam
age to graphite. Most important is the fact that the 
solid state of unirradiated graphite is quite complex 
and incompletely understood. Artificial graphite is not 
a single substance but comes in many varieties, de
pendent on the raw materials used and upon the fabri
cation history. These different graphites have various 
degrees of anisotropy, various densities, various crys
tallite sizes, and various amounts of disorder in their 
initial structure . 

It is the purpose of this paper to summarize the 
experimental data which have been obtained by many 
different investigators in the United States on irradia
tion damage effects in ar tificial graphite. A theoretical 
discussion of some of the observed facts will be pre
sented by both Mr. Kinchin in the paper immediately 
following, and also in paper P /751 during Session 
13B of this Conference. 

First, a word about exposure units. For many years 
laboratories all over the U ni ted States have conducted 
irradiations in the production reactors at Hanford, be
cause these were the prime source of neutrons. The 
basic data on exposure comes from measurement of 
the amount of heat generated by the uranium metal 
in the immediate proximity of the graphite samples. 
'vVe therefore can express exposure in terms of mega
watt-days of heat per ton of adjacent uranium, and 
we abbreviate this Mwd/t. Now the physicists can 
take these basic data and C.'<press them in terms of 
integrated neutron flux, or nvt, but the conversion 
factors change as reactor physics theory improves; the 
factors we use today are different from those we have 
used yesterday and may be still different tomorrow. 
So generally we express our exposures in M wd/t and 
then attach a companion nvt cur ve for those of you 
who prefer to think in those terms. 
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Now let us run quickly through a series of slides 
showing what happens to various physical properties 
of graphite as a result of irradiation in a Hanford 
reactor at a temperature of about 30° C. 

Our first slide, Slide 28 (Fig. 1 of P /746) shows 
that these particular samples of artificial graphite are 
about doubled in strength as a result of irradiation. 
This effect might be referred to as radiation benef
icence rather than radiation damage. Since the me
chanical properties of graphite do not deteriorate 
under the influence o! radiation but are improved, 
these radiation effects have not been studied inten
sivelv and there are limited amounts of reliable data. 

Irradiated graphite is less flexible than virgin graph
ite. that is, it has a higher Young's modulus of elas
ttcity. Not only is irradiated graphite more rigid and 
stiff than is virgin graphite, as shown on Slide 29 
(Fig. 2 of P/746) , but irradiated graphite is much 
harder than virgin graphite and is difficult to machine. 

Slide 30 ( Fig. 4 of P /746) shows three different 
curves, designalecl by the weird combination of letters 
TSCBF, KC and CSF. These letters refer to three 
different kinds of 1·e;ictor-grade graphite, the descrip
tions of which are given in the full text of this paper. 
T hese different kinds of graphite were made from 
different raw materials and were graphitizcd at dif
ferent temperatures. 

The slide before you is lahcllcd "Thermal Conduc
tivity," but it actually ploL~ :ts an ordinate the recip
rocal of the thermal conductivity or the thermal re
sistivity. The conductivity is comparable initially to 
that of brass, but with continued irradiation the con
ductivity decreases (that is, the resistivity increases) 
to values comparable to that of marble. Conductivity 
ratios as high as fifty have been obscn,ed. 

A considerably different phenomenon is encoun
tered when we measure the change in electrical resis
tivity. Resistivity climbs rapidly to a value three or 
four tirm:s as large as its initial value, and then effec
tively saturates. Note that conventional ideas regard
ing the relationship between thermal conductivity and 
electrical conductivity arc no longer applicable; com
paring Slide 31 (Fig. 8 of 'P/746) with the previous 
slide, continued exposure causes the thermal resistivity 
to increase while at the same ti111e the electrical re
sistivity may even be decreasing slightly. 

Graphite crystals consist of stacks of parallel planes, 
and irradiation effects in graphite have been studied 
extensively by X-ray diffraction techniques. Slide 32 
(Fig. 13 of P /746) shows the change in distance be
tween the crystal planes, as measured lJy the Co spac
ing. At low exposures the planes merely separate. At 
high exposures the reflection peaks become very dif
fuse, and there is a trend toward the lack of pattern 
associated with amorphous carbon. 

For comparison with the next slide, note that the 
Co spacing increases about 10 per cent after an ex
posure of LSOO Mwcl/t. 

There are very few data on the distance between 
atoms within a crystal plane, that ·is the a0 spacing. 
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Changes in the a0 spacing are much smaller than those 
for the C0 spacing and appear to be opposite in sign. 

The changes in crystal lattice spacing cause changes 
in the gross dimensions of the graphite specimens, and 
it is here that fabrication history of the graphite is 
especially critical. The crystals in extruded graphite 
tend to assume a preferred orientation such that the 
planes of the crystals are parallel to the direction of 
extrusion of the bar. Consequently, irradiated graphite 
usually increases jn the transverse dimension per
pendicular to the' axis of extrusion, and decreases in 
longitudinal dimension parallel to the extrusion axis. 

Changes in transverse dimension for various grades 
of graphite are shown in Slide 33 (Fig. 16 of P /746). 
Kote that an exposure of 1500 Mwd/t now gives 
an expansion of about 1 per cent, which is an order 
of magnitnde less than the expansion of the crystal 
as shown by the Co spacing. 

Data for changes in the longitudinal dimension arc 
sho\\"n in Slide 34 ( Fig. l7 of P /746). The various 
grades of graphite expand slightly and then begin to 
shrink, with lhc magnitude of the effect strongly de
pendent upon the type of graphite under study. 

Combining the data shown in the last two slides we 
can compute the change in specific volume as sho,,·n 
in Slide 35 (Fig. 21 of P/746) . All samples of re
actor grade graphite investigated to date show in
creases in specific .-olume during irradi11tion at 30:'C. 

Finally, irrndiation produces an effect which is com-
1110111.r referred to as accumulation of "stored energy." 
This is basically an increase in the enthalpy of the 
material, and it can be measured as an increase in the 
heat of combnstion of the graphite. Slide 36 (Fig. 28 
of P /746) shows the effect of irradiation on the build
up of stored energy in graphite as measured by change 
in heat of combustion. The slide shows stored energy 
values greater than 500 cal/gram, with little tendency 
to approach saturation. 

Now let us take a brief look at the effect of chang
ing the temperature at which the graphite was irradi
ated. The data for the following four slides are based 
upon one particular type of graphite. Slide 37 (Fig. 6 
of P /746) shows the effect of irradiation temperature 
on the change in thermal conductivity or thermal re
sistivit)'. Irradiation at 30°C causes the thermal re
sistivi ty to increase, as we noted previously. On the 
other hand, with irradiation at a tempe'rature at 130° C, 
rather than 30°C, the change in the thermal resistivity 
is of the order of only about one-third as much. 

Slide 38 (Fig. 14 of P /746) shows that similar 
results are obtained [or change in Co lattice spacing; 
the amount o( irradiation damage decreases rapidly 
as the temperah1rc of frradiation is increased. 

Slide 39 (Fig. 20 of P /746) shows that similar 
results are also obtained for transverse expansion; 
the rate of expansion decreases rapidly as the tem
perature of irradiation, or exposure temperature, is 
increased. 

The change in electrical· resistivity is less sensitive 
to change in temperature of irradiation, as shown in 
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Slide 40 (Fig. 10 of P /746), at least :'lfter irradiation 
bas been continued loag enough to reach this saturation 
value. \,Ve encounter almost as much change in elec
trical resist ivity when we irradiate at 130°C as we do 
when ";c irradiate at J0°C. 

1n all o[ U1e work reported above, l>ased on irra
diations in the Hanford reactors, there has been no 
conclusive evidence of any effects resulting £rom vari
ation in rate oi exposme, or neutron flux intensity. 
However, recent data from the Materials Testing Re
actor at higher fluxes than arc obtainable in the 
Han Cord reactors have shown a transverse expansion 
rate ahoul twice as great as that cxpericnu:d at Han
ford; this may be a Jlux effect. It is under study. 

Time does not permit of a discussion of the many 
experimental studies on thermal annealing of irradi
ation damage, and so we will restrict ourselves to a 
brief discussion of the type of data obtained from low 
temperature annealing of :,tored energy. Stored en
ergy is gradually release<l as irradiated graphite is 
slowly raised in temperature, and this evolution of 
stored energy can be measured calorimetrically. 

Illustrative d,tta on the annealing or stored energy 
from graphite which had been irradiated at 30°C are 
shown in S lide 41 (Fig. 30 of P /746) . 

Let us start by following the curve for the graphite 
sample which had received the smallest expostirc. 
The graphite was irradiated at 30°C. As we heat the 
graphite up nothing happens until we reach a temper
ature of about I 20°C. Further heating then -causes 
the release of s tored energy at rates which increase 
unti l we get up to a temp1.:rature of about 200°C. At 
this point we get a peak release rate 0£ about 0.5 
cal/1,tm/°C. This means thnt in heating the graphite 
from 200°C to 201 °C 0.5 calorics of energy are re
leased per gram of sample. Further heating causes the 
stored energy release rate to decline, but measurable 
amounts of stored energy are still being evolved a(ter 
heating ton temperature of 450° C. If we could con
tinue this curve to sufficiently high temperatures, the 
area beneath the curve should he equal to the tot::il 
stored energy as obtained by change in heat of com
bustion measurements. 

l\[uch the same type of curve is obtained from an
nealing of graphite which had received the intermedi
ate e.xposure, except that for temperatures greater 
than 120°C the curve is displaced upwnrd, nn<l peak 
release rates o( almost one caVgm/°C arc obtained 
in the neighborhood of 200° C. 

Now when we look at the annealing curve for the 
graphite which had received the highest exposure we 
find a very surprising efCect. The amount of energy 
which is being released at temperatures below 200° C 
has been decreased, hut there is a continued increase 
in the amount of energy which can only be released 
by heating to temperatures above 400°C. 

Superimposed on this curve is a dotted line repre
senting the specific heat of unirradiatcd graphite. 
,vhcn the rate of stored energy release exceeds the 
specific heat of the graphite, the graphite then ex-

hibits an apparenl negative specific heat and it can 
spontaneously increase in temperature. 

For all physical clamagc, the rate of annealing and 
the ultimate deg-rec to which the damage may be re
moved depend on the annealing temperatttre and on 
the amount of damage. Quantitative recovery of 
changes in vhysical properties may be attained as 
graphitizntion temperatures arc approached. 

Substantial anne11lingof previously damaged graph
ite can also be obtained by only moderate increase in 
the irradiation temperature. This phenomenon is re
ferred to as "nuclear annealing." 

The most suitable illustrative example of nuclear 
annealing is shown in Slide 42 (Fig. 45 of P /746), 
based on data obtained by :\[r. Sheard in Great 
Britain. The sample of grnphite is expanded by irra
diation at 30° C. The sample is then irradiated at 
150° C and this causes a 40 per cent recovery in the 
amotmt of the e.'-paosion. It would have been necessary 
to heal the e.,panded ~ample to a temperature o( sev
eral hundred degrees lo have ol,taincd Lhe same effect 
by 0Yen annealing. To anneal out 40 per cent o[ the 
daniage in an oven wottld require a temperature of 
several hundred degrees centigrade in the oven. 

T he expansion curve for graphite irradiated only 
at 150°C is also shown on this slide. T he curves for 
the two irradiations at 150°C presumably meet at 
higher exposures. 

Gentlemen. irradiation of materials such as gr:iphite 
produces new solids with combinations of physical 
properties not previously encountered. In consequence, 
knowledge of the physics of the solid state should be 
grc.1tly accelerated. This new scientific knowledge 
may eventually prove to be one o[ the most important 
pro<lucts of the development of atomic energy. 

Mr. G H. Krn_cnrn (UK) presented paper P / 442. 

DISCUSSION ON PAPERS P/746 AND P/442 

Mr. 0. C. Sn.rPSON (USA) : I should like to ask 
Mr. Kinchin to make additional comments on the 
fact pointed out in his paper that two samples irradi
ated respectively at 30°C and at 1S0°C to the same 
resistivity have very different Hall coefficients. For 
example, does he conclude that the simpler intersti
tials presumably present at the lower temperature are 
more effective electron traps than the more complex 
interstitials? 

Mr. Krncna, (UK): I do not know whether one 
would say that they nre more effective electron traps, 
but they certainly appear to be different. There is a 
difference in the temperature coefficient of the HaJI 
coefficient between the 30°C and the 150° C samples. 
This presumably indicates a difference in the energy 
levels oi the electron traps. 

Mr. HfilllNG (France): My first questions I should 
like to address to Mr. Woods. Judging by Fig. 32 
and what is said in his paper, it seems to me lhat 
microcrystalline graphites accumulatc much less en
ergy than graphites with well-developed crystals. But 
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l should like to ask him whether his "polymer carbon" 
and his "carbon black" have been e.-xposed to high 
temperatures and whether they arc laboratory or in
dustrial products. 

I should also like to asl< him whether the less per
fect structure of the carbon which should be reflected 
by a larger C parameter would, in his opinion, facili
tate the accumulation of interstitials without any ap
preciable increase in the C parameter. 

Lastly, assuming that tl1ese products can be pro
duced industrially, does Mr. vVoods consider thal 
they have much of a future as moderators in graphite 
nuclear reactors? 

Mr. Wooos (USA): I will try to remember the 
various questions tl1at were asked. I should like to 
point out, at first, that on Fig. 32 the lamp black is 
ordinary industrial lamp black; it is a sample, not a 
graphite. The polymer carbon came from the Bell 
Telephone Laboratories in small hollow spheres about 
1 millimeter in diameter. It was really a powder. These 
materials were irradiated. They cannot be thought of 
as being moderator materials because, as I say, it was 
merely a powder sample. 

I believe your second question was with regard to 
prospects for taking advantage of this kind of phe
nomenon to develop a more-radiation-resistant graph
ile. There are considerable studies under wa}' in the 
United States but the 1'Csults are iuconclusive at the 
present time. fn p:i.rticular, one research worker is 
making up a wide ·variety of experimental i:ampJes, 
trying to get various crystallite sizes to work in, and 
he is also exploring the use of different raw materials. 
Some of the workers in the field are very optimistic, 
and they take the ,,iew that they can dcvclop a graphite 
which will not expand when irradiated at room tem
perature, despite the statement made in my talk, but 
whether they will succeed or not I do not know. 

Mr. HERING (France): What Mr. Woods has just 
said answers my second question. I asked him whether 
the linear relationship between the thermal expansion 
coefficients of unirradiated and irndiated products 
also applies in the case of carbons of bad structure, 
seeing that these carbons are pulvernlent. I am quite 
sure that it has been difficult to measure these expan
sion coefficients. But I should also like to ask Mr. 
Woods whether that relationship holds good for indus
trial graphites whatever the direction of the section, 
i.e., for transverse as weU as longitudinal sections. 

One of Mr. Woods' diagrams clearly shows that in 
parallel sections expansion varies a great deal accord
ing to the dose. This being so, I should like to ask 
Mr. \VoO<ls the dose to which these c.'<p,:msion figures 
correspond. 

Mr. Wooos (USA): The dosage to which these 
expansion figures correspond is S.S X 102° nvt. This 
is defined in the ordinate title of Fig. 22. 

\V'e are ex1:rcrnely interested in the correlation that 
has been developed in Fig. 22, for it incucates that the 
thermal expansion coefficient is apparently a very 
good measure of the rate of e..xpansion under irradia-
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tion £or this group of artificial graphites. I do not have 
a theoretical e.xplanation for the correlation, but I 
would like to point out that the correlation applies to 
both parallel cut and transverse cut samples. 

Mr. HERING (France): We were glad to see from 
Fig. 23 that there is a linear correlation at the begin
ning of exposure between the variation of the C param
eter and the global expansion during exposure. Mr. 
\/l[oods' paper does not, however, show whether there 
is any correlation between the variation of the crystal
lographic parameter and the energy accumulated in 
the graphite. Docs such a correlation exist? 

Mr. vVooos (USA): May I i.uggest that I would 
be most happy to spend all the afternoon discussing 
this with you. 

Mr. HERING (France): Figure 19 shows that 
grapltitization at higher temperature increases the 
ratio between heavy-dose expansion and weak-dose 
expansion. The reason might be that treatment at 
lower temper:iture increases the initial expansion, or 
that it reduces expansi~n under a heavy dose, or a,ain 
that weak-dose e..'<pansion is greater than the increase 
in heavy-dose expansion. 

Mr. Wooos (USA) : To answer your question, I 
would refer you to Fig. 16, because the empirical cor
relation in Fig. 19 came from the type of data shown 
in Figs. 16 and 17. In Fig. 16 we see one case of 
graphite which was made with W S - that particular 
combination of raw materials. The WS/GBF was 
graphitized at a lower temperature than was the WSF. 
Figure 16 suggests that graphitizing at a lower tem
perature increases the initial expansion rale. That is 
all we can draw from this picture, because we do not 
have sufficiently high data. on WSF, but my intuitive 
answer is that graphitizing at the higher temperature 
for the same material would cause increased expan
sion rates. 

Mr. HERING (France); Your diagram giving the 
relation between the C parameter and the relative 
macroscopic expansion shows, as you yourself bave 
pointed out, that a large part of the expansion is ab
sorbed by the voi<ls in the graphite. It may therefore 
be wondered whether the ratio of the variation of C 
to the variation in macroscopic length would not 
change as one passes from graphites of normal ap
parent density to those of high apparent density with 
a much smaller proportion of voids. 

Mr. Wooos (USA): All the graphites discussed 
in the paper today had densities very close to the 1.6 
to 1.65 range. Consequently we did not observe any 
density effect because the density was not varied. One 
would truly expect that raising the density would in
crease the expansion rate. and th;it lowering the den
sity would cause the e..-xpansion rate to be decreased. 
The reason this was not discussed in the paper \vas 
because the experimental data obtained so far are so 
scattered. We do have infonnation where we ha\·e 
impregnated and succelii.fully varied the density. We 
also have experimental s:imples from our lauoratorics 
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in the United States where we have varied the den
sity by changing the pressure of molded graphite, but 
we have not got a good correlation. True, in general 
the dat.i are so inconsistent and erratic that we have 
not been able to draw firm conclusions. In this con
nection, we know that paper P /620 presented yester
day talked about graphite with a density of 1.8, and 
I was hoping that some time during the morning 1\lr. 
Zhdanov might be able to tell us whether at a density 
of 1.8 the results were significantly different from 
what we had been getting at 1.6. 

Mr . fuR1Nc (France) : My first question to :\fr. 
Kinchin concerns Fig. 1 in P / 442. This shows the 
effect of healing by irradiation. It would seem, there
fore, that account should be taken of this in your 
Equation 2 by introducing a more complex function 
of temperature and time. 

Mr. KlNClUN (UK) : I think tbat the relation in 
Equation 2 only holds for very low doses. When one 
has reached doses of the order of 1~0 or greater and 
overlapping between the adjacent groups will occur, 
then this is no longer correct. It would be in principle 
possible to put in this effect if one knew the properties 
of the so-called groups o[ interstitials. In fact it is ex
tremely complex to do this. 

Mr. HERING (France) : Now my second question: 
How do you obtain the value L, = 1.2 X 10• ev, 
which you give in your paper? 

Mr. KINCHIN (UK) : I think Seitz gives a value 
in his 1949 paper of something of Uus order of mag
nitude. We have taken rather a crude criterion. One 
cannot treat graphite either as a metal or as an insu
lator for determining this cut-off energy, so we have 

·treated it more or less as if it were a metal and have 
taken the value which we would have got if it were 
a pure metal, but this is a thing which is almost im
possible to calculate very accurately and is respon
sible for the large possible errors in the calculations 
of the numbers. 

M r. HERING (France): W hal is the unit regard
ing the thermal flux which you quote-would it be 
}018? 

Mr . KINCIIIN (UK) : No; the unit is one neutron 
per square centimetre. 

Mr. G. S. ZHDANOV (USSR) presented paper P/ 
680. 

DISCUSSION ON PAPER P/680 

Mr. J. H. CRAWFORD (USA): I would like to ask 
whether the integrated neutron flux refers to thermal 
neutrons or to fast neutrons. J£ the former, could 
you please give an estimate of the integrated fast Aux: 
flow stating the position of the specimen s with regard 
to fuel elements in the reactor during exposure? 

Mr. ZHDANOV (USSR) : The data on the integrated 
neutron flux: pertain to both fast and slow neutrons. 
The spl.'Cimens were placed in special channels in the 
reactor. 

Mr. G. J. DIENES (USA): There arc two interest
ing observations in this paper . The first I would like 
to comment upon is the transformation of austcnite 
to ferrite. It was observed that lhis transformation 
was not accelerated by irradiation. We have recently 
completed some .work on tin transformation of super
cooled metallic tin to grey tin, and have found this 
transformation is _very much accelerated by a prior 
lower temperature irradiation. 1t appears to me that 
phase transfonnation is an interesting field of s tudy. 
It looks as if there is sensitivity not only to radiation 
but also to the detailed nature of the phase transforma
tion itself. 

The second point is on the very interesting obser
vation of grain growth. I would very much appreciate 
some further details on this obser vation. 

My first question is, were any control samples run 
for the same length of time at the same temperature 
in the absence of any irradiation? 

My second question is, how was the temperature o f 
the sample measured, and by how much did it fluctuate 
during e.'q>Osure in the reactor? · 

Mr. ZHDANOV (USSR): As regards the first com
ment, 1 agree \Vith Mr. Dienes that irradiation may 
influence the process of phase transformations. How
ever, in the grades of steel in\'estigated, no noticeable 
irradiation effects were observed. I should like to 
ask Mr. D ubrovin to answer the questions. 

Mr.K P. DunRovrn (USSR): No conlrol speci
mens were used. The influence of prolonged exposure 
on the irradiation temperature wall not studied. As was 
indicated, the irradiation temperature was approxi-
mately 2S0-300°C. · 

1\fr. ZHDANOV (USSR) : These data refer to a 
series of observations under the conditions obtaining 
in the reactor. I want to call attention to the fact that 
in the case of similar irradiation of zirconium there 
occurs a decrease, rather than an increase, in grai11 
size. 

Mr . C. E. Wi;:mm (USA) : I should like to refer 
to the question of ferrite transformation. Reynolds, 
Lowe and Sullivan, in the Transactions of the Amer
ican Society for Metals, report very little fer rite trans
formation when the stainless steel type 347 was an
nealed, but as the amount of prior cold work is in
creased more and more ferrite transformation occurs .• 
It was not clear to me from your paper whether you 
were talking of average lack of increase in magnetism 
because the samples were annealed beforehand or not; 
and I would like to ask the question, is this lack of 
transformation due to the samples not being annealed, 
or did you have prior cold work samples which also 
did show a trans formation in contrast? 

Mr. ZHDANO\' (USSR) : Our results show that ir
radiation does not cause any din.'Ct transformation of 
unannealed austenite steels· or the appearonce of tht: 
fer romagnetic component. Plastic deformation may 
perhaps account for the effects observed in a n11mber 
of studies. 
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Mr. D. H. GURINSKY (USA) : The authors have 
noted a reduction in impact strength as a result of 
irrndiation. Have they made any measurement on 
transition temperature and impact? 

Mr. ZHDANOV (USSR) : The reduction in impact 
strength noted was <luc primarily to irradiation. The 
effect on transition temperature was not studied. 

Mr. GURINSKY (USA) : Have you made any meas
urements on the change in transition temperature as 
a result of irradiation in steels? 

The CHA£Rll!Al\: I will ask these gentlemen to get 
together after the meeting. 

Mr. H. M. FrnNISTON (UK): I find this paper 
very interesting and very mystifying. There seem to 
be a number of inconsistencies in the hardness meas
urements, and what one would have expected to:ac
count for these, and the microstructures. The differ
ences between copper, nickel and iron <lo not seem 
to give a consistent picture. HaYc the authors any 
theory or model which would account for the types 
of defect which they would have expected in these 
materials? 

Mr. ZIIDANOV (USSR): In this little-investigated 
field we mi_ght expect to discover new facts which do 
not fully jibe with prc~ent ideas. I do not think there 
is ::my internal inconsistency between an increase in 
grain size on the one hand and an increase in hardness 
on the other in the same case, although at first glance 
this may appear to be in conflict with what occurs in 
anneal ing plastically deformed metals. 

As for a theory of radiation effects, this question 
is attracting an increasing amount of attention among 
Soviet investigators. 

The CHAtRl\!A1": \Ve h:we now come to the end of 
this session, but on Monday morning we shall have 
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what is more or less a continuation. vVhat we have 
heard this morning is, for people who want to be 
pessimistic, something which may tend to incre.~se 
their pessimism, because we have learned that the 
fuels and the moderators an<l the construction mate
rials, and also the construction materials for the in
strumentation, will all suffer immensely from irradia
tion. Unfortunately we cannot place all these materials 
outside the biological shield; they have to be inside 
and so they have to suffer. 

When you see all these changes, an<l especially in 
the materials for the instrnmentation, you might doubt 
whether a reactor could be constructed and worked. 
Fortunately we know that it, can do· so, and that this 
is a little damping for the pessimists! The best atti
tu~e t9 take .is this, that the more we study all these 

· ·form? of damage and understand them-so that the 
theoretical side is very important-the better we shall 
all be prepared first of all to make the best of it and 
then to improve the materials. 

I am very glad to know that all this work ,,·ill stimu
late a further increase in the study of solid materials. 
Just prior to the advent of atomic energy the study 
of solid materials was to some extent on the decrease, 
and inorganic chemistry was very much on the de
crease. The impetus of all this work is that both are 
rising in importance again. I do not want to say any
thing to offend organic chemists, but I am very glad 
that inorganic chemistry is coming into its own again. 
I ought to say that I was originally an organic chemist 
myself I 

\.\Tith these words I bring this session to a close. 
On Monday morning many of these problems will 
come up again, but after everybody has thought about 
them, and perhaps we can then hear some of the re
sults of the lobby discussions which haYe now been 
arranged. 
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A Survey of Recent American Research in the 
Radiation Chemistry of Aqueous Solutions 

By Augustine 0 . Allen,* USA 

The subject of chemical effects of radiations on 
aqueous solutions is well-covered in the generally 
availaule scientific literature, and several reviews of 
the field have appeared from different countries in 
the last few years.1- 8 To present still another at this 
lime is justified chiefly because of the rapid state of 
development of the subject. Many basic questions, 
which have troubled workers in the field for a long 
time, now appear to be on the way to r esolution in 
the light of current research. Much of this work, 
simply because of the normal delays in scientific pub
lication, co1.1ld not be published until late this year 
or some time next year. The present paper affords 
a welcome opportunity for discussion of some of the 
important current American work. A complete ex
planatory review of the field will not be attempted 
here, nor will the applications of radiation chemistry 
in engineering and ii1 biology be indicated ; such 
discussions m:ty be follnd among the references. 

The immediate problem in the radiation chemistry 
oi aqueous solutions is to correlate all the various 
reactions ol>served in different solutions in terms 
of · the current free radical theory of water decom
position. Creal quantitative success is being met with 
i11 explaining reactions in solutions of various sim
ple inorganic substances. A complete account of lhe 
decomposition of pure water itself, and the behavior 
under irra<liation of solutions of the decomposition 
products, oxygen, hydrogen peroxide and hydro
gen, appears to be more difficult to attain, but 
progress is being made. Determining radiation
chemical reaction yields with precision is a difficult 
matter, and present techniques, though apparently 
simple, are the result of years of experiment at many 
laboratories. With certain basic points of manipu
lation, material purity and dosimetry now settled, 
good precbc information is presently appearing at a 
great rate. Behind tl1e chemical theories lies the 
problem of working out a molecular-dynamical model, 
based on physical analysis of the processes resulting 
from absorption of high-energy radiation in a solu
tion, to serve as a basis for the chemical theories. 

THE FREE RADICAL THEORY AND REACTION KINETICS 

The theory in its usual form applies to solutions 
so dilute that di rect action of r :idiation on the solute 
is negligible. Then the radiation acts on the water 

• Brookhaven National Laboratory. 

to gi,·e four products: the free radicals H and OH, 
and the molecules H:i :ind H202 • The radicals arc 
manifested by their reactions with solutes; the mole
cttles by their appearance in the solution when a 
solute is present to protect them f.rom action of the 
radicals. vVith radiations of low ion density, such as 
gamma rays, radicals predominate; with those of high 
ion density, such as alpha rays, molecules predom-
inate. . 

A free radical is perhaps best defined as a molecllle 
which possesses an odd number of electrons. Radicals 
act on solutes by one-electron transfer processes. 
With an inorganic solute, such as nitrite, the initial 
reaction products arc oxidized and reduced com
pounds which may often re:iet with one another to 
regenerate the original solltte. In such cases, which 
are more usual than not in the inorganic field, the H 
and OH radicals contribute little or nothing to the 
observed reaction ; the amount of net oxidation or 
reduction occurring is determined by the yield of 
molecular products, H~ or H~O!. To bring out the 
full radical yield, a mixture of solutes may be used, 
one reacting readily with OH, the other with H; the 
resulting radicals must then undergo clear and well
defined reactions. A classical example is the reaction 
in solutions containing hydrogen and oxygen, dis
cussed below. Addition of acid also allows the full 
radical y1eld to appear as oxidizing power, since H 
as well as OH can act as oxidant .in the presence of 
acid. 

Since the interactions involved are somewhat com
plicated, the notation used to express them is un
avoidably somewhat complicated also. Reaction rates 
in radiation chemistry are usually expressed as a 
"yield" G, the number of molecules of a given product . 
forn1ed per 100 ev oi energy given to the material 
by the radiation. The rate of formation of the four 
products from water can thus be expressed as G a. 
Gou, Gu2 and GR2o2• These four yields are how
ever connected by an equation o[ material balance : 

so th:it three quantities are sufficient to specify the 
system. We express the water decomposition uy three 
numbers, which ( to avoid Sllbscripts) we call F, E 
and R, all in units of molecules per 100 ev, ::ind de
fined thus : G1t2 = F, Gou = R, Ga202 = F + E. 
From the above equation, we see that GH = R + 2E. 

513 
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This set was originally chosen to emphasize the fact 
thal more H202 than H 2 usually forms, so that E 
is usually positive. There is no inherent reason, how
ever, why E should not sometimes be negative. It 
may on occasion be helpful to think of F, E and R 
as yields of three different stoichiometric modes of 
water decomposition : 

2H2O = H 2 + H2O2 

2H20 = 2H + I-120~ 

H ~O = H + OH 

(F) 

(E) 

(R) 

These equations are merely intended lo rcpre:;cnt the 
overall result of the water decomposition reactions, 
and do not necessarily represent actual elementary 
processes occuring in the water. 

The writer formerly hoped that F, R and E would 
prove to be constants, the same in all dilute water 
solutions for each given type of radiation. However, 
recent precise work, to be detailed more fully below, 
has shown that, at least for gamma rays, the molecu
lar peroxide yield F + E is appreciably decreased 
in solutions of reducing agents, while the hydrogen 
yield F is decreased in solutions of oxidizing agents, 
to an extent which increases with increasing solute 
concentration. The effect is readily understandable 
if the H2 and H :!o~ are formed at least in part by 
combination of like radicals, produced close to one 
another in the solution. Presence of reactive solute 
molecules tends to interfere with the combination, 
hence to lower the molecular yields. The effect is 
small, however, and in working out reaction kinetics 
of any given system F, R and E may 11sually be taken 
as constant to a good approximation. 

The feature of simplicity in present thinking 
on radiation kinetics is that each radical escap
ing initial combination eventually reacts with a 
solute, even when the solutes are very dilute ( 10-4 

M or less) . The yield of any reaction is simply the 
yield of radicals, unless, as often happens, another 
process occurs that reverses the effect of the first 
reaction. lt is perhaps the prevalence of such opposing 
reactions which has Jed some people to suppose that 
bimolecular recombination of radicals is continually 
in competition with radical-solute interactions. This 
if true would indeed lead to very complicated ki
netics, and to a dependence of observed yields on the 
radiation intensity. Fortunately there is no evidence 
favoring such a state of affairs. Among all the 
numerous reactions which have been studied, a de
pendence of the yield on intensity has been shown 
only for a few chain reactions, where the mechanism 
is clearly such as to make this dependence inevitable. 
It is of course true, if the solute concentration is 
reduced far enough and the water is maintained un
usually free from impurities, that radical-radical inter
action must eventually become rate-determining. 
Experiments of this kind may in the future lead to 
valuable knowledge. Most cxpcri1hcnts available at 
present, however, appear to fall in the higher con-
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centration category in which reactions between radi
cals are not rate-determining. 

The chief fealurc of radiation kinetics is "compe
tition" or "protection," resulting from the presence 
of two or more solutes which can react with the same 
radical. Even if only one solute is initially present, 
the molecular products H~ and H!02 may compete 
with the added solute for reaction with the radicals. 
The yield then takes the following characteristic 
form as a function of the concentrZ1tions. Let radicals, 
formed with a yield R, react with either A or B, 
present at respective concentrations (A ) and ( B). 
Then if /,4 and h» are the respective reaction rate 
consta11ts, the probability that a radical reacts with 
A is kA(A)/ [l,,4.(A) + ku(B)], or 1/(1 + ku (B )/ 
k,. (A ) ], and the yield for destruction of A is R/[ 1 + 
1:u(B)/kA(A) ]. 

YIELDS OF OXIDATION AND REDUCTION REACTIONS 

Sulfates of iron, copper, cerium and thallium, 
chromnte and formate ions, and certain mixtures of 
the above, are among the suhstances, solutions of 
which are being or have recently been studied in 
detail. The results 0£ all these studies fit together 
beautifully. l\'[any of the studies haYe been made in 
0.8 N 1-hSO~ solutions, and all these appear to be 
consistent wi th the values F = 0.39, E = 0.39, R. = 
2.92 (applying strictly speaking only to extremely 
dilute solutions of the various solutes).0 At higher 
pH the values of tl}e primary yields change, the values 
of F, E and R at pH 7 being given by one source0 

a:; 0.42, 0.33 and 2.12, by anothcr10,n as 0.45, 0.25 
and 2.16, respectively. 

Ferrous sulfate in solutions with oxygen reacts 
according to the scheme: 

H20 = H, OH, 1-h, H202 
OH+ Fe++= Fe•3 + OH

H +Oz= H02 
H202 + Fe:+ ~ Fe· 3 + orr-+ OH 

H• + H02 +Fe•+= Fe.,.3 + H202 k,2 

H02 + Fe·3 = Fe* + 02 + H• k,a 

The last reaction docs not occur in 0.8 N acid. [n 
that case, each H atom leads, through H02, to the 
oxidation of 3Fe.,.·; each OH oxidizes one, and each 
II202, two. T he yield ( 15.5) is then given by ZF + 
8E + 4R. At lower acid concentrations the initial 
yield is still given by the same expression, and drops 
only slightly because of the decrease of R with in
creasing pH ; but the yield falls as the reaction pro
ceeds, the more rapidly the higher the pH, because 
of the occurrence of the last reaction ( reduction of 
fe rric iron by HOz).12 However, the net reaction is 
always one of oxidation, and the oxidation always 
goes to completion, because even if every H02 re
duces one equivalent of iron, the oxidizing power of 
OH plus H202 is greater than the reducing power 
of H by an amount equivalent to the molecular hy
drogen form ed ; the minimum oxidation yield in the 
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presence of ferric ion is 2F. Older work in which 
incomplete oxidation was reported in the presence oE 
air may have been vitiated by impurities. At the 
lower ·:\cid concentrations ( pH 1-3), each H still 
forms H02; a fraction 1/(1 + W) of the H atom 
yic:ld R + ZE (where W = k.3 (Fe•11 )/k,~(Fe++)) 
therefore leads to oxidation of 3 molecules of Fe++, 
while the remaining fraction W / ( l J.. W) leads to 
r eduction of one molecule of Fe+-3• The y1elcl of Fe·• 
oxidation is therefore given by 2F + 2£ + R + 
(R + 2E)(3 - W)/(1 + W). The expression has 
been thoroughly verified by e.xperiment, with k,3/k.2 
found to increase with decreasing acidity in the way 
e."pected from studies of thermal reaction kinetics in 
the ferrous-ion peroxide reaction. Copper sulfate acts 
like ferric salt when mixed with ferrous sulfate at 
pH = 2. Hart has shown13 that the copper ion oxi
dizes HO2: 

Cu+++ HO!) = Cu• + H• + 02 

The resulting Cu• reduces part of the Fc+a formed 
by action of OH :ind H:20:i on the ferrous salt, so 
that again the net oxidation is simply 2F, equivalent 
to the H! formed. 

In the absence of oxygen, ferrous ion is oxidized 
by both H and OH, as well as H2O2: 

Fe++ + H + H + = H~ + Fe•3 

Fe .... + OH = Fe•3 + OH-

Fe++ + H 20 2 = Fe•3 + OH- + OH 

The first reaction, originally proposed by vVciss, met 
with some incredulity when first introduced, but is 

. now well established. The yield should be 2F + 4E + 
ZR, or, in 0.8 N H,S04, 8.18; the ratio of the yields in 
aerated and deacrated solution should be 1.90. The 
latest determinations of this ratio gave 1.88H and 
1.91.1_;; As ferric salt builds up in tl1c solution, the.: 
i:ate falls, slightly in 0.8._.N_H::SO◄ and quite sh;ii:ply 
at lower acidities. The foll-off is obviously due to 
competition of Fe•3 for the H atoms: 

Fe•3 + H = H .. + Fe++ 

which will have kinetic consequences similar to the 
rcaccion or Fe.a with HO2 in the aerated solutions. 
A major difference from aerated solutions results 
from the formation of H:: gas in high yields in the 
air-free reaction. If the H 2 is allowed to remain in 
the solution, it exerts ( at 1 hS0.1 concentrations be
low 0.1 N) an additional reducing effect, so that the 
iron is never completely oxidized, but nttains on long 
irradiation a steady state with ferrous and ferric salt 
both present. In agreement with this resuh, it is 
found that solutions of ferric salts are pnrtly reduced 
by radiation when saturated with hydrogen, but are 
not reduced when saturated with nitrogen. The hy
drogen effect musl be due to the reaction 

OH + H2 = H2O + H 

which competes with the reaction of OH with Fe .... 

With competition for IJoth H and OH, the complete 
kinetic expression is complicated; it is 

GF·_,•:I = F + £ + (F + £ + R) 

[ 
I 1-gJ 1-q 

1 - l + p (1 - 'T+ij) + (R + 2E) l + q 

where p = ko11s,,-(Fe->+)//~0H.11!l(H~); q = l:11.r-.,·• 
(Fe.a)/f:u,r,0 -(Fe .. ). Experiments at pH 2 have 
confirmed this expression in complete detail.1G Solu
tions containing various concentrations of ferrous and 
ferric sulfates and of hydrogen gas were irradiated, 
and not only the initial J1clds of oxidation or re<lnc
tion, but also the steadr-state concentration le,·els 
attained on long irradiation, and the complete course 
of the reaction from the beginning to the steady i;rate, 
agreed with those predicted, assuming k11.F,••/k11.Fe~ 
= 7 and /ton.Fe .. /koH.112 = 5. At Fe"3 concentra
tions of 0.01 !ti or more, where the rate is chiefly 
determined by the I-b yield F, the value of F was 
found to drop with increasing Fe+3 concentration, as 
found also with Cu .. ion (see below). 

The reduction of eerie sulfate has long been known 
to proceed with considerably lower yield than cor
responds to use of all the radicals. Sworski has re
cently found 18 that i( Lhallous st1lfate is added and the 
mixlltre irradiated with y-rays, the cerium is reduced 
with a yield C = 8.05, equal to the yield of oxidation 
of FeSO4 in o~-ygcn-free solution. (Tn the absence of 
radiation Cc"· does not react at an appreciable rate 
with Tl'.) All the radicals are therefore being used 
by the mixture, and the ouvious mechanism is: 

Cc ''+ H = Ce•3 + H• . 

TJ• + OH = Ti•2 + QH-

T \+:! + Ce•4 = TJ+3 + Ce+3 

2Ce+·1 + 1 C202 = 2Ce•3 + 0:? + 2H• 

Tl1', being (unlike Tl1) a one-electron redm:irrg agent, 
reacts readily with Ce''". 

ln the absence of added Tl• or other reducing 
:igent, the relatively low yield (2.5) o[ Ce'"' reduction 
by garnrna. mys had been nscribcd7 to oxidation by 
OH of Ce•3, so that net reduction occurs only to the 
extent that the initial yield of free H from water 
exceeds that of OH (plus the r eduction by molecular 
peroxide). This explanation was confirmed by Cha) ... 
lcngcr and Masters'~ who showed that when radio
~ctive Ce•3 was mixed with Cc.,. ( in H:S04 solu
tion) and the mixture irradiated with X -rays, radio
activity appeared in the CeH nt a r:ite ( over :ind above 
the thermal exchange rate) equal to that expected 
for production of OH radicals by the X-rays. They 
find also18 an acceleration of the exchange reaction 
between Tl• and 'Tl•0 much greater than the rate of 
radical production, and dependent on dose rate
clearly a chain reaction. The obvious 111ecli.1nis111 
involves reduction of Tim and oxidation of Tlr to Tl11 

by the radicals, with subsequent exchange occurring 
freely between Tl11 and both Tl111 and TJl-the chain 
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being broken only by the disproportionation of Tl11 • 

The· observations thus confirm the existence of Tl11, 

postulated by Sworski to explain the reaction with 
cerium. 

Another reducing agent which can be mixed with 
eerie sulfate and has the effect of increasing the yield 
of cerium reduction is formic acid. This is less re
active to OH than Tl+, and according to Sworski,'0 a 
considerable excess of HCOOH is required to bring 
the Ce reduction yield up to its limiting value of 8.1 
with y-rays; lower concentrations of HCOOH give 
intermediate yields which drop as Cem builds up 
in the solution. Similar results are reported for 
X-rays of longer wave-length by Spencer and Rollef
son ;10 the elaborate system of reaction kinetics fa
vored by these authors seems unnecessary. 

Chromate in acid solution was found by Hocha
nadel and Davis20 to act like Ce1Y with y-rays; in 
solutions containing oxygen both are reduced with 
the same yield (2.5), and presence of hydrogen gas 
at 1 atm pressure increases the yield in both to about 
5.2 ( not all the way to the limiting value of 8.1). 
Both solutes readily oxidize hydrogen peroxide, and 
the mechanism in both cases involves reduction by 
H202 and H, and re-oxidation by OH, with the 
net reduction yield (in terms of atom-equivalents 
per 100 ev) equal to the e..xcess of H over OH, plus 
twice the primary H202 yield, or 2F + 4E. ·when 
H 2 is present, some of the OH reacts with it instead 
of with reduced Cr, causing an increase in net Cr''l 
reduction. In agreement with expectation, the addi-
1ion o( Crm suHate slightly decreased the reduction 
yield in the presence of H~. In neutral solutions, 
chromate is not reduced by peroxide, and in this case 
there is no reduction by y-rays in the presence of 
oxygen either, although radiation does cause reduc
tion in the presence of hydrogen. Hochanadel and 
Davis20 have also studied the reactions of Cr"1 and 
Cr111 at pH 3 and 7. and find their observations to be 
in g-ood agreement with expectations from the as
sumed reaction mechanisms. 

The work of Schwarz and the writer21 on y-ray 
oxidation of nitrite solutions showed good agree
ment with expectations based on the theory outlined 
above. The main initial effect is to form H2 and H202, 
the effect of radicals on the nitrite ion mostly can
celling one another. Oxidation of nitrite to nitrate 
occurs later and results from a radical-induced re
action between nitrite ion and peroxide. 

VARIATIONS IN THE MOLECULAR YIELDS; THE RADICAL 
DIFFUSION MODEL 

The first definite evidence that molecular yields 
change with solute concentration was provided by 
Sworski,~ who showed that the peroxide yield in 
aerated water containing bromide decreased by about 
20o/o in going from dilute solutions to 0.01 M KBr:· 
Since the observed peroxide yield is always given by 
F + 2E and thus depends only on the molecular 
yields, the assumption was made that the yield of 
peroxide coming directly from the ,vater, F + E, 
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was decreased by the presence of the bromide. Later 
Sworski's experiments were verified exactly by Hol
royd and the writer.10 A similar effect was found by 
Sworski with chloride ions in acid solution22 and by 
Schwarz and the writer wi th nitrite.21 It thus appears 
that reducing agents which readily react with OH 
radicals lower the molecular yield of hydrogen per
oxide. The presence of oxidizing agents meanwhile 
has been shown to lower the molecular yield of hy
drogen; thus SchwarzW showed that the hydrogen 
yield is reduced by 30% in 0.02 M. CuSO •. and by 
the same amount in 0.06 M KN02• Ghormley and 
Hochanadel showed24 that the yield of hydrogen is 
decreased by the presence of oxygen or hydrogen 
peroxide. Thus substances which react readily with 
atomic H lower the yield of molecular hydrogen. 

Qualitatively, such an effect is to be expected on 
the radical diffusion model for formation of these 
molecules. In this model, H and OH radicals are 
formed initially in small groups located close together. 
As they diffuse outward a certain fraction will meet 
and combine with one another. The remainder will 
escape by diffusion into the main body of the solution, 
where their presence is made known by their reaction 
with a solute. If the solute is present in sufficiently 
high conccnlration so that radicals can act upon it 
while still near the site of their formation, such radi
cals may be prevented from meeting other like radi
cals and the yields of the resulting I-h or H202 mole
cules may be reduced. The question is whether a 
quantitative analysis of the diffusion process could 
be made to confirm the experimental results. Analysis 
of the diffusion process when recombination is also 
occurring is mathematically difficult and can be car
ried out ouly approximately. Such an approximation 
had been carried through by Samuel and Magee for 
the case where solute concentration was negligible; 
their equations were found to give reasonable division 
of water decomposition products between free radi
cals and molecules if one assumed reasonable values 
of the various physical parameters involved.6 Their 
calculation was extended to the case where solutes are 
present by Fricke/" who derived a curve connecting 
the drop of the molecular yield with solute concen
tration for the case that every radical-solute encounter 
led to reaction; if the reaction were · less probable, 
the solute concentration must be correspondingly 
increased to obtain the same effect. A similar e..-xpres
sion was obtained by Schwarz23 with somewhat dif
ferent approximations. Schwarz finds that both 
Fricke's theory and his own agree very well with 
available data on the effect of bromide and chloride 
on the peroxide yield and of nitrite, copper ion, oxy
gen and hydrogen peroxide on the hydrogen yield. 
The relative concentrations of the different sub
stances required to produce equal effects on the mo
lecular yields are about what would be expected from 
our knowledge of the relative reactivities towards the 
free radicals, except possibly in the case of the oxygen 
effect on the yield of H 2 ( see below). The observa
tions of Schwarz and the writer on the effect of nitrite 
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on the peroxide yield21 do not fit the other observa
tions at the higher nitrite concentrations and should 
probably be repeated. Recent observations of the 
effect of ferric sulfate on the hydrogen yielcl1" and of 
th.1llous sulfate on the peroxide yield 16 have not yet 
been compared with theory. 

EFFECT O F IONIZATION DEN SITY 

It has been known [or a long time that with gamma 
rays most of the water decomposition leacls to free 
radicals, while with alpha rays the products are 
chiefly the molecules H2 and H~02. With rays 0£ 
intermediate ionization density the relative values of 
the radical and molecular yields shoukl vary smoothly 
from one extreme to the other. Fission recoils are now 
-fo11nd20 to give about the same yield of molecular hy
drogen as the natural alpha rays from polonium or 
radon, although the energy expended per unit track 
length is much greater (or the fission recoils Presum
ably the radicals are already so crowded together in the 
a-ray track that they practically all combine with one 
another, so that further crowding in the fission recoil 
track makes little difference. According to the results 
of McDonell and Hart,27 however, the radical yield 
increases noticeably with increasing energy (and 
hence decreasing ionization density) of the (l par
ticles. Their results check exactly with the inde
pendent wor k 0£ Ehrenberg and Sacland.28 There 
appears to be an internal inconsistency if one com
pares the yield quoted for FeS0.1 oxidation by Po a.'s 
with that given by the LiG(n,a.)H3 reaction occurring 
in the FeSO4 solution. Oearly the H 3 parlicle has a 
much lower ionization density than the Po a. and 
should therefore give more free radicals and a higher 

. FeS0◄ ox._idation yield, but the experiments give a 
higher yield fo, the P o a. l\Iorc work needs to be 
done on this question. Comparisons of th_is type are 
very difficult since each determination with n different 
type of radiation must be made on a separate abso
lute scale of dosimetry. 

The cyclotron is well-suited to the study of e par
ticle yields in the energy range lying somewhat above 
that of the natural a-rays, and can also be used for 
producing beams of dcuterons and protons 0£ still 
lower ionization densities. Studies of the ferrous 
sulfate yields as a function of particle energy for both 
alphas and deuterons are now being carried out at 
the Brookhaven National Laboratory by Schuler and 
the writer and at the Argonne National Laboratory 
by Hart. The measurements are no~ yet final and the 
preliminary results published by Schuler and the 
writer20 require slight revision. Our present results 
can best be expressed in terms of the "instantaneous 
yield" C1• When a particle of initial energy E expends 
all its energy in a material and converts a total of 
M molecules, G1 is defined as the rate of change of J1 
with E, dM/dE, while the "over-all yield" Go is given 
by M/E. Thus C0 E = f oEC;ffE. G, is the yield which 
would be given by particles which entered the solu
tion at an energy near E and then left the solution 
before they had been appreciably slowed down. Our 

results for the yield as a function of energy for deu
terons and alpha particles can be expressed by equa
tions giving G1 as a function of dE/dx, the rate of 
energy loss by the particle. The results for both 
deutcrons and a's within experimental error, arc: 
C, = 3.4 + 12.1/(1 + 0.38 dE/d.1:). This means 
that at low energies the yield appr oaches 3.4; at 
very high particle speeds where dE/d.r is small the 
yield approaches ··15.5, the y-ray value; in between 
the variation with ionization density is about the 
same for the two particles, though theoretically a 
slight difference might be expected. The increase in 
yield is due to the escape of hydrogen atoms from 
recombination in the p:irticle track; the OH radicals 
each oxidize one molecule of iron whether they com
bine with one another or not. If we assume that in 
considering tracks at different densities the concen
tration o[ H atoms (for any given fraclion of H atoms 
reacted) is approximately proportional to the initial 
ionization density, and we consider the yield as de
termined by a competition between reaction o[ H 
atoms with 0 2 and with one another, an expression 
of the form given above is obtained if the 0 2 con
centration is constant. An exact theory of the varia
tion of radical yields with ionization density would 
be very complicated since the tr~cks are actually made 
up of numerous relatively dense "spurs" or "hot 
spots" located at random distances along the track. 
Fricke2• has considered the problem hut has assumed 
that the spurs are all of the same size and evenly 
spaced, which can hardly be the case. 

KIN ETICS OF WATER DECOM POSITION 

The decomposition of water under radiation is 
important to the design of water-cooled or water
moderated nuclear reactors. The writer has discussed 
this subject clsewhere.8 Herc it will suffice to say that 
water decomposition by radiation, which is due to 
the molecular part of the primary decomposition 
yield, is n :vcrse<l by a back r eaction brought about 
by the action o[ free radicals on the decomposition 
prod11cts. The bock reaction is inhibited by the pres
ence of impurities in the water and by an excess of 
hydrogen peroxide or of oxygen in the decomposition 
products, but is favored by the presence of excess 
hydrogen. Since the decomposition reaction is pro
portional to the molecular yield and the back reaction 
depends on the free radical yield, the amount ol 
decomposition occurring in a given situation depends 
critically upon the ionization densities of the radia
tions present. Since the reactions observed depend 
upon so many different factors, much experimental 
work has been and is being done on irr adiation of 
solutions of oxygen, hydrogen and hydrogen per
oxide under various conditions. The results, although 
complicated, can be correlated qualitatively by the 
following rather simple mechanism : 

H20 = H~, H20:i, H , OH 

OH + H: = H20 + II 



518 VOL. VII P/738 

H + H20~ = H~O + OH (2) 

OH + I-h02 = H20 + H02 (3) 

H02 + H02 = H202 + 02 (4) 

H+ 02= HOz (S) 

Reactions ( 1) and (2) constitute a chain, which is 
the chief factor in hringiag abont the back reaction 
in water decomposition. Reactions (3) and (5) break 
this chain, as do reactions of the radicals with any 
foreign solutes present; hence the effect of oxygen, 
peroxide and foreign matter in increasing water de
composition. \¥hen oxygen alone is present, per
oxide formed by ( 5) and ( 4) is mostly destroyed 
by (3) so that the net yield obsen·ed is merely the 
amount of molecular peroxide formed from the water, 
plus one molecule of 0 2 reduced to H 20~ for each 
two H atoms produced in excess of OH radicals, 
giving a total yield of P + 2E. Actually as hydrogen 
forms in the solution along with peroxide it will be 
drawn into reaction, so that the net yield of peroxide 
will be slightly greater; but it can be made to equal 
F + 2E by the addition of a little bromide ion, which 
protects the hydrogen from radical attack. \Vhen 
hydrogen and oxygen are both initially present, re
:1ctions (1) and (5) occur, followed by (4-), leading 
to formation of one molecule of peroxide for every 
two radicals of either type generated, in addition of 
course to the molecular peroxide formed from the 
water, giving a total yield of R + F + 2E. 

\¥hen we attempt to treat quantitatively existing 
data for cases when oxygen an<l peroxide are both 
present some inconsistencies appear. The genera! ex
pression for the kinetics of peroxide formation de
duced from the above mechauism is 

1 
GH202 = F + R + 2E - 1 + X 

[ 
Rx (l + 2.-i-) [2E + 2R + .,..(R + 2E)l] 

+ x+y+.1-"Y 

where .1'" = koa. 112021 (H~O~)/l.-on, 1121-1(H:l) and y = 
/,•H. 02(02)/krr. n202 (H20~). \Vhen the 02 concentra
tion is kept very low (y small ) the expression reduces 
to Gir202 = F - (ZR+ ZE) (1 + l/.1:). This condi
tion should correspond experimentally to the case in 
which hydrogen is bubbled continuously through an 
irradiated solution of peroxide, so that any oxygen 
formed is swept away. Under this condition, Hocha
nadel'10 has found exact agreement with the above 
expression for gamma irradiation down to the lowest 
peroxide concentrations measurable, if !? O1r. 1120 2/ 

horr, o2 = 3.13. The decreases in rate at lower per
oxide levels, and lower value for the ratio of rate 
constants, found in the earlier work of Hochanadel31 

and the more recent work ol Gordon3~ arc now as
cribed to the presence of small quantities of oxygen_.. 
It is encouraging to note that H ochanadcl has studied 
the photolysis of H202 in the pres·ence of bubbling H2 
an_d finds the same ratio for the rate ~onstants,30 indi
cating that the OH radicals forn1ed by peroxide 
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photolysis ancl by water radiolysis are the same. 
However, if we calculate the same ratio from the 
decrease in peroxide yield in aerated water caused 
by addition of bromide as measured either by Swor
ski~ or by Holroyd and the writcr,10 a value is ob
tained in the neighborhood of 1. 

More serious discrepancies occur in the attempted 
evah1ation of the ratio liu,o2 /liu. n 2o2 . The rate of 
gro,1th of peroxide in oxygen-bubbled solutions, in
terpreted in terms of this ratio, leads to values of 
the order of unity. A similar conclusion may be 
reached by comparison of the yields of the oxidation 
of nitrite ion by peroxide and by oxygen.21 How
ever, if we look at the curve showing the growth 
and subsequent decline of peroxide in a sealed ,•essel 
containing initially hydrogen, together with rela
tively small amounts of oxygen, as published orig
inally by HochanadeI3 l and recently verified in this 
laboratory by Barr,11 the conclusion is reached that the 
ratio has a very large value-that is, H atoms go 
on reacting almost exclusively with o~ until it is 
practically gone, although peroxide is present. A very 
large value ol the ratio is also obtained by compar
ing data of Hart on oxygen-formic acid mixh1res~3 
with his earlier data on peroxide-formic acid mix
tures.34 On the other hand, the suppression of the 
molecular hydrogen yield by a given concentration 
of oxygen and of hydrogen peroxide is almost the 
same, which would lead one to conclude that the 
ratio must be close to unity. 

Gordon an<l Hart3; irradiated ordinary water 
saturated with deuterium gas. They found conversion 
of D~ to HD resulting from the radical reactions: 

H -1- D~ = HD + D 

OH + D, = HOD + D 

D + D = D2 

In agreement with expectation the yield of HD was 
about as expected from the H atom yield, and they 
give interesting data on the variation of this yield 
with pH. However they also find yields of H2 in 
amount almost equal to the molecular yield of H 2 

from water. Now it is very hard to understand whv 
this H~ should not be attacked by the D atoms pres
ent. Near-equilibrium 0£ H~ with the HD and D2 
present would be expected, but the amounts of H 2 

reported are much larger than correspond to this 
equilibrium. One "·ould almost suspect that the H2 
determination was in error, but the result has been 
confirmed by Zeltmann independently in a different 
laboratory. Zeltmann36 has also measured the yield 
of conversion of para-hydrogen dissolved in water to 
ortho-hydrogen by gamma rays which occurs with 
a yield of about 70 corresponding to a chain length 
of about 20. The yield is independent of radiation 
intensity, and it is not clear what sort of reaction 
terminates the chain. 

Evidently the situation in solutions of the water 
decomposition products is ~ot as satisfactory as with 
the solutions of inorganic salts discussed in an earlier 
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section. Further work is clearly required. It is grati
fying however to find that the very intricate phe
nomenology of water decomposition can be com
pletely expressed qualitatively by as sime.le a mech
anism as that given here. 

AQUEOUS SOLUTIONS OF ORGANIC COMPOUNDS 

Interest continues in the study of solutions of com
pounds thought to be of particular couccrn to biology. 
Solutions of glycine, previously studied with X -rays 
by Maxwell and co-workcrs,37 have now been studied 
with heavy particle radiation by Weeks and Garri
son.36 i\Iaxwell and co-workers have continued39 with 
the study of another amino acid, alanine, while Bar
ron and co-workers·• 0 have studied the yields for 
production of ammonia in solutions of a whole series 
of amino acids. Loss of ammonia, with oxidation of 
the residue of the molecule to a keto acid, is the main 
reaction occurring in these solutions, but many other 
products are also found. Some products increase 
linearly with ,unino acid concentration, indicating 
that they are produced by direct action of radiation 
on the solute. In aqueous solutions of methanol, ac
cording to McDonell,41 formaldehyde is a product 
of direct action, while ethylene glycol is a chief prod
uct of indirect action. 

Interest continues in the deactivation by radiation 
of large molecules such as enzymes. In such reactions 
the concentration of unchanged material generally 
falls exponentially with the amount of radiation given, 
instead of linearly as with smaller molecules. A recent 
study by Okada•~ of the inactivation of desoxyribonu
clease by X-rays provides a model for the study of 
kinetics of · this type. The exponential character of 
•the reaction is basically due to the fact that radicals 
react as readily with enzyme molecules after they 
have been deactivated as before. However, the initial 
deactivation rate is much smaller than the rate of 
radical production, and in order to explain the ob
served kinetics, radicals must be assumed to dis
appear hoth by reactions with enzyme molecules 
which do not lead to deactivation and by other reac
tions, presumably with foreign substances present in 
the solution in a constant amount. Okada finds that 
the process competing with reaction of the enzyme 
for destruction of radicals is first order with respect 
to radical concentration. It is then legitimate to as
sume a mean radical concentration .-i-, and we can 
write the equation 

al = e.i-Eo + k1x 

\,here I is radiation intensity, al the rate of radical 
formation, and E0 the initial concentration of enzyme. 
The rate of deactivation of the enzyme, on the other 
hand, is -dE/dt =ko--i-E, where E is the concentra
tion of enzyme at any time t. Eliminating x, we find 
that 

dE 
dt 

- koalE 

k'Eo + k1 

If It = D, the dose, we find on integration 

E = Eoe-KD 

where 

K is readily meas~red as the reciprocal of D31, the 
dose required to reduce enzyme activity to 1/e 
(37%) of its initial value. The variation of Dar with 
enzyme concentration was found to fit the above ex
pression very well. Assuming that a = 2 per ion 
pair (i.e., about 3 radical pairs for 100 ev), Okada 
finds k 1/k0 = 2.8 X 10'6 molecules/ ml and k' /ko = 
9.3. The meaning of the last mtmber is that only one 
radical out of 9.3 which reacts with enzyme material 
causes deactivation. The identification of the side 
competing reaction k1 as first order is particularly 
interesting, and may help dispose of the old idea that 
reactions between radicals are important in radiation 
kinetics. 
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The Radiation Induced Reaction. of Hydrogen 
and Oxygen in Water at 25°C to 250°C 

By C. J. Hochanadel, * USA 

Hydrogen peroxide is produced on irradiating 
water containing dissolved hydrogen and oxygen with 
gamma rays at 25°C. Initially, each free radical (H 
and OH) produced as an intermediate in the radiol
ysis of water, reacts with hydrogen or oxygen and 
is converted to perox ide. The initial reaction can be 
described by the sequence 

H 2O . •~'~Y_s >a H!? + b H202 + c H + d OH 
(1) 

H2 + OH ➔ H 20 + H (2) 

02 +H---. H02 (3) 

H02 + H02 ➔ rh02 + 02 (4) 

The initial rate of peroxide formation is equal to the 
sum of the rates of formation of Hz and H (a+ c) 
in reaction (1). As the peroxide builds up in solution, 
it competes for the free radicals by reactions ( 5) and 
( 6), thereby leading to steady-state concentrations 

.of H202, H2 and 02. 

H2O2 + H ➔ H2O + OH (5) 

H2O:! + OH---> HO~ + H2O (6) 

The reaction of hydrogen and oxygen in water 
irradiated at high temperatures is of practical impor
tance in the technology of water-moderated atomic 
reactors operated at high temperatures. Results could 
not be reliably predicted from studies of the reaction 
at low temperatures partly because of the thermal 
instability of peroxide. The reaction was therefore 
studied at 100°C, 200°C and 250°C in order to 
elucidate the mechanism in terms of present theories 
of the ratliation decomposition of water. Results of a 
further study of the reaction at 25°C are also re
ported. 

EXPERIMENTAL 

Irradiations at 25°C 

Solutions were irradiated with cobalt gamma rays 
using the source described previously.1 During irra
diation at 25 °C, either hydrogen, oxygen, hydrogen 
plus oxygen or helium was bubbled through solution. 

* Oak Ridge National Laboratory. Including work by T. 
Vv. Davis, Oak Ridge N ational Laboratory on leave from 
New York University, 1954. 

This served the twofold purpose of maintaining con
stant concentrations of gases and of maintaining es
sentially zero concentrations of either hydrogen, oxy
gen or both. Solutions were irradiated in a Pyrex 
vessel as shown in Fig. 1. The gas was introduced 
into the vessel at a, and entered the solution after 
passing through the sintered glass disc d. Periodically 
the irradiation was interrupted and samples taken 
for analysis by closing b and expelling the sample 
at c. This allowed removal of samples without danger 
of contaminating the remaining solution. Purification 
of materials and peroxide analyses were carried out 
as described previously.2 During irradiation the re
action vessel was surrounded by cobalt2, and the 
solution was irradiated at a dose rate of about 5.5 X 
1017 ev-gm-1-min-1 • Dosage measurements are based 
on the ferrous sulfate dosimeter with a yield of 15.6 
Fe•3/ 100 ev.3 
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Irradiations at High Temperatures 

Solutions were irradiated at 100°C to 250°C in 
ampoules constructed of 10-cm lengths of 8-mm silica 
tubing as shown in Fig. 2. The pressure of gases in 
an ampoule was measured without opening the am
poule by the method described previously.• The pres
sure change could therefore be measured as a func
tion of radiation dosage using a single sample. In 
preparing the ampoules, carefully purified water2 was 
introduced and the gas space adjusted to the mini
mum required to accommodate thermal expansion of 
the water. This afforded maximum pressure changes 
on irradiation. After degassing on a vacuum line 
with the ampoule in a vertical position, the neck of 
the ampoule was heated and the ampoule bent up
ward slightly beyond the horizontal position. Hydro-. 
gen was then added at pressure of 40 cm over the 
water in the main body of the ampoule. ·water was 
then frozen in the neck of the ampoule and the 
vacuum line reevacuated. Oxygen was then intro
duced at a pressure of 60 cm and the ice plug melted 
in order to allow the gas to enter the ampoule. This 
gave a total pressure in the ampoule consisting of 40 
cm of hydrogen and 20 cm of oxygen. The capillary 
neck was then sealed off without danger of explosion. 
The ampoules were heated in a furnace during irra
diation with cobalt gamma rays at a dosage rate of 
1.4 X 1017 ev-gm-1 -min-1. Periodically the irradiation 
was interrupted and, after cooling the ampoules to 
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d,zzsz~0 

Figure 1. (left) Reaction vu.sel for irradiating solutions with gamma 
rays. figure 2. (right) Reoi;tion vessel for irradiating solv1ions with 

9amn10 rays ot temperatures up 10 250(1C 

room temperature and equilibrating the gas and liquid 
using a pneumatic shaker, the pressures were meas
ured. It was not convenient to maintain equilibrium 
by shaking the ampoules during irradiation. How
ever, the radiation dosages administered between 
equilil>rations were kept sufficiently low so that the 
gases dissolved in solution were not depicted. At the 
higher temperatures this condition was more easily 
met because of the higher gas solubilities. For the 
irradiations at 200"C and 250"C the hydrogen and 
oxygen reacted stoichiometrically to form water. The 
total number of moles of both gases used up (A11) 
was calculated from the measured pressure change 
(AP) using the Equation 

3c.P (T/9 + ao2 V,) (Vu + attz V,) 
An = RT [3Vv + (a.112 + 2ao2 ) V,] (7) 

where Tl 9 and Vi are the gas and liquid volumes, a02 
and <Lrr2 are solubil ity coefficients, T is the absolute 
temperature, and R is the appropriate gas constant. 

In ampoules heated at 25O°C 011t of radiation, a 
drop in pressure occurred at a rate not exceeding 15 
per cent of the rate under irradiation. In three dif
ferent ampoules the rates were 1.2, 1.4 and l.5 cm-

T he letters a, c and d represent rates of formation 
of H 2, H and OH in reaction (1 )-: The initial rate 
of peroxide formation (.H;O~ = 0), in the presence 

hr-1 . On heating at 250°C with only hydrogen present 
over the \\"ater at a pressure of 60 cm, the press11re 
droppe<l 0.5 cm the first hour, 2.3 cm in five hours 
and S.S cm in twenty-one hours. The rates a re con
siderably greater than the diffusion rate of hydrogen 
through fused silica as given by Barrer," and may be 
clue to reaction with impurities or reaction catalyzed 
by the wall or impurities. The results at 25O°C are 
corrected for the thermal reaction. ~feasurements of 
yields in ampoules with widely differing gas to liquid 
volume ratios indicated that reaction in the gas phase 
was negligible. 

RESULTS ANO DISCUSSION 

Reaction of Hydrogen and Oxygen in Solution at 25°C 

At 25"C hydrogen and oxygen react in solution 
under gamma radiation to form peroxide as shown 
in Fig. 3. The peroxide reaches a steady state con
centration which depends on the relative concen
trations of hydrogen, oxygen and peroxide as shown 
by the several curves of F ig. 3. The peroxide decom
poses to water and oxygen as shown by curves A and 
B o{ F ig. 4 and reacts with hydrogen to form water 
as shown by curve C of Fig. 4. These results can 
be explained reasonably well by reactions (I), (2), 
(3), (4), (5) and (6), although some unresolved 
discrepancies still exist. Reaction (8), which is postn-
12.ted as an important reaction in the decomposition 
of hydrogen peroxide solutions under certain condi
tions, is known to be relatively slow at 25°C. 

H2O2 + HO2 ➔ H2O + OH + 0 ~ (8) 

The velocity constant for this reaction at 25°C ·has 
been reported0 as 3.7 l-11101-1-sec-1 and for reaction 
(4) , 3.4 X 10° l-11101· 1-sec-1

• U nder the conditions of 
concentration and intensity employed in the radiolysis 
experiments, the contribution of reaction (8) i~ ex
pected to be negligible. Further evidence for this 
derives from studies of the photochemical decomposi
tion of peroxide at 25°C.6•7•8 It \YaS shown that at 
high light intensities and low peroxide concentra
tions a limiting quantum yield is obtained, indicating 
the absence of a chain reaction and a negligible con
tribution by reaction (8). These results were also 
confirmed in this study. 

Assuming homogeneous kinetics (reactions are 
known to occur to some extent in the particle tracks) 
and stea<lY. state concentrations of free radicals, re
actions (1), (2), (3), (4), (5) and (6) give the 
rate equation 

(9) 

of both dissolved hydrogen and oxygen, is a + c. 
\Vith oxygen bubbling through solution <luring 

irradiation (H2 = 0) the rate equation reduces to: 
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d (Hd2tO:?) =a+ c _ d _ _ _ _ 2_c __ _ 
ft.. (0,,) 

l + .. -
/,•; (H2O:?) 

(10) 
The initial rate of formation is a + c - d. From the 
initial peroxide yields in these two systems along · 
with hydrogen yields in solutions with a scavenger 
present to prevent reaction (2), the values obtained2 •0 

were a= 0.41, b = 0.76, c = 2.8 an<l d = 2.1 in 
terms of molecules per 100 ev of energy adsorbed. 
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Figure .3. Peroxide formation in tho gamma irradiotion of wah1r 

through which either hydrogen, oxygen or a mixture of both gases 
was bubbled during irradiation ot 2s•c. Dose rote 5.53 X 1011 

cv•gm-1•min• l 

. The value for b agrees with that obtained from 
studies of bromide solutions.10 \\iith oxygen in vari
ous proportions with helium bubbling through solu
tions during irradiation, the steady state concentra
tions were 0, = 50, H~O2 = 21: 02 = 250, H:iO2 = 
88; 02 = 450, H2O2 = 150; 02 = 1260, H2O2 = 

--356. The steady-state peroxide concentration varied 
from 0.30 to 0.37 times the oxygen concentration. 
From Equation 10 the ratio of rate constants, k 3/!?5, 

is then 1.2 to 1.5. 
\Nitb hydrogen bubbling through solution during 

irradiation (02 = 0) the rate equation becomes: 

_ d (H202 ) = c + d _a+ (c + d) h2 (H!!) 
dt l?o (I-120:i) 

(11) 

The reaction as shown in curve C, Fig. 4 can be ap
proximated using a ratio of rate constants lz2/k0 = 
0.25. 

vVith helium bubbling through solution during 
irradiation (H2 = 02 = 0) the rate equation be
comes: 

d (H2O2) _ ...l... d 
- dt - c ' - a (12) 

According to this mechanism the rate of peroxide de
composition should be independent of peroxide con-

centration under the conditions employed. However, 
as shown by curve B in Fig. 4, the rate of decom
position increases continuously with increasing con
centration. The extrapolated yield at zero concentra
tion is about 3.6 molecules per 100 electron volts. 
The value preqicted ( c + d - a) from the yields 
given previously is 4.5. These discrepancies may in
dicate that other-.radical combination reactions are 
important and afso that reaction (8) is important 
even under these conditions. Including reaction ( 8 ), 
the rate equation for helium swept solutions becomes: 

(13) 

This indicates a dependency of rate both on concen
tration and on radiation intensity. A small intensity 
dependence has been observed. These results will 
be discussed more fully elsewhere. 

The Reaction of Hydrogen and Oxygen in Wate·r 
Irradiated at 100°C to 250°C 

On irradiating solutions of hydrogen and oxygen 
at 200°C or 250°C, no peroxide ( < 10-e M) could 
be detected in solution immediately after irradiation. 
The gases reacted stoichiometrically to form water at 
a rate independent of total dose and of pressure. 
Typical experiments showing pressure changes as a 
function of radiation dosage at several temperatures 
are shown in Fig. 5. In six experiments at 200°C, 
the average total yield for hydrogen plus oxygen 
removal was 6.8 ± 0.7 molecules per 1.00 electron 
volts. The average yield in three experiments at 

700 
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Figuro 4 . Peroxide disappearance or formation in the gamma irrodi• 
ation of solution, through which either hydrogen, oxygen, or helium 
wos bubbled during Irradiation at 2,•c. Dose rare ,.!13 X 10" 

ev-gm-1-min· 1 
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figu re 5. Changes in pres.sure of hydrogen and oxygen over water 
irrodioted with cobalt 9omma roys ot high tornporatures. Dose rote 

1.4 X 10" ev-gm·1-min"1 

250°C was 7.7 ± 0.6 molecules per 100 electron volts. 
A mechanism which can explain these results in
cludes reactions (1), (2), (3), (4) and (8) . By this 
mechanism the peroxide is removed by reaction (8) 
as fast as it is fanned . The predicted yield for hy
drogen plus oxygen depletion is equal to½ (c + d). 
Taking the yields of c and d as given above, the pre
dicted yield for hydrogen plus oxygen removal is 
7.35 molecules per 100 ev. The over-all reaction can 
be written 

The agreement between observed and predicted yields 
would indicate no large effect of temperature on the 
yields in reaction ( 1) . 

At 200°C :i.nd 250° C, where the peroxide steady 
state concentration is less than 10·0 J11, the most likely 
competition of the peroxide formed is with H02 in 
reactions ( 4) and (8) rather than with hydrogen 
and oxygen in reactions (2) and (6), and (3) and 
( S). Participation of reaction ( 5) would have no 
effect on the yield, whereas reaction (6) would lower 
the yield. At room temperature, reaction (8) is 
known to be relatively slow. However, it is usually 
postulated as a chain propagating step in the photoly
s is and radiolysis of solutions at higher concentra
tions and for irradiations :i.t lower intensities. The 
activation energy for reaction (8) was estimated to 
be 6 to 10 kcal in solution,G and 14 kc:i.l in the gas 
phase.1-1 On the basis of the mechanism proposed 
herein, and from the estimated ma.ximum steady state 
peroxide concentration, an activation energy of 15 to 
20 kcal is indic:i.ted. 

For irradiations at lower temperatures where re
action (8) is sufficiently slow, the peroxide can build -
up in solution and compete with hydrogen and oxy
gen in reactions (2) and (6), and (3) and (5). 
Peroxide was present in solution after the termina• 
tion of the irradiations at 100°C and 150°C. For the 

experiments shown in Fig. 5 for example, the con
centrations were 50 micromoles per liter at 100°C 
and 25 micromoles per liter at 150° C. The concen
tr:i.tions change continually as the hydrogen and 
oxygen concentrations change. At these temperatures 
the yield for hydrogen plus oxygen removal decreased 
with increasing dose ( decreasing pressure) and de
pends on the relative concentrations of hydrogen, 
oxygen and peroxide. The average yields were esti
mated to be 3.0 molecules per 100 ev at 100°C and 
5.5 molecules per 100 CV at 150°C. 

Other reactions which might become significant 
at still higher temperatures are: 

H202 ~ 2 OH 

Hz+ HOz➔ H2O~ + H 

Hz + HO2 ➔ H2O + OH 

(15) 

( 16) 

( 17) 

Reaction ( l5) represents the thermal decomposition 
of peroxide to form two OH radicals and along with 
reactions (2), (3), and (4) would provide a chain 
reaction of hydrogen and oxygen. Reaction ( 15) was 
sho"n to occur by measuring the stoichiometry in the 
thermal decomposition of peroxide a t 100°C in the 
presence of dissolved hydrogen. Peroxide at a con
centration of 3 X 10-~ molar was thermally decor:n· 
posed in silica ampoules containing hydrogen at a 
pressure of 60 cm. In the reaction, under these con
ditions, about 20 per cent of the peroxide reacted 
with hydrogen, presumably via OH radicals produced 
by reaction ( 15). The thennal decomposition of per
oxide in vacuo at 100°C and 150°C appeared to be 
first order. The rate constants were 3.3 X 10·5 min-l 
and 6.3 X 10·2 min-l, giving an estimated activation 
energy of 18 kcal. From the low peroxide concentra
tions present in irradiated hydrogen-oxygen solutions 
at the higher temperatures, and from the rates given 
above, it is concluded that reaction ( 15) is relatively 
unimportant. Reactions ( 16) and (17) are unim
portant at low temperatures since they would provide 
a chain reaction of hydrogen with oxygen to form 
either peroxide or water and this was not observed.2 

However, they are often postulated11 to occur in gas 
phase reactions at higher temperatures and would 
provide a chain reaction of hydrogen with oxygen. 
The results observed at temperatures up to 250°C 
indicate no chain reaction and can be satisfactorily 
explained b-y the mechanism proposed. At still higher 
temperatures, reactions such as (15) , ( 16) and (17) 
may become important and lead to higher rates of 
reaction. 

S ince the yield for hydrogen and oxygen reaction 
at 200°C to 250°C is given by 3 /2 ( c + d), it should 
be dependent on the type of radiation considered. As 
the specific energy loss along the particle track in
creases, the yields a and b increase, and c and d de
crease. Therefore the yield in the hydrogen-oxygen 
reaction is expected to be lower for particles giving 
high specific energy loss. For example, reactor radia
tion which provides energy both from gamma rays 



RADIATION INDUCED REACTIONS IN WATER 525 

and fast neutrons (proton recoils) is expected t o give 
a lower yield than gamma rays alone. For those radi
ations such as o. par ticles for which c and d are small 
compared to a and b, reaction (15) will probably 
become· more important. 
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The Chemical Reactions Induced by Ionizing 
Radiation in Various Organic Substances 

By L. Bouby, * A. Chapiro, t M. Magat,:!: E. Migirdicyan,§ A. Prevot-Bernas,* L. Reinisch, * 
and J. Sebban, * France 

Even though it was thanks to the chemical action 
of the radiation emitted that radioactivity was dis
covered by Becquerel, a systematic study of the reac
tions brought about by the various forms of ionizing 
radiation was not begun until a fairly late date. As a 
matter of fact, for a long time, all the efforts made 
were concentrated on a study of the reactions in an 
aqueous phase. The ever developing use of radiation 
therapy required some understanding of the chemical 
reactions in tissues, of which water is the main com
ponent. Only a few authors, such as Kaibn, Mund, 
Gunther and Lind, made a study of the radiochemi
cal reactions taking place in an organic medium. 

The situation has changed over the last few years. 
The development of atomic energy gives reason to 
believe that intense sources of beta and gamma radi
ation, consisting in the main of fission products, will 
become available in the near future. Since the fission 
products are, at the present time, in the nature of a 
liability, the economically worthwhile utilization of 
some of them might make a contribution to lowering 
the cost of atomic energy itself. 

The use of ionizing radiation to bring about chem
ical reactions is a possibility which has to be explored. 
I t is not surprising then, that we have been witness
ing, for the last few year s, a rapid development in 
the radiation chemistry of organic compounds. It is 
just as logical that our present knowledge of this 
field should still be so spotty. For instance, while we 
know that the chemical action of X, y and /3 rays is 
brought about mainly through the secondary elec
trons they produce, the mechanism of this action is 
but very vaguely known to us. In particular, there 
is no theory which enables us to predict either the 
number, or the nature, of the fragments formed from 
a given compound. The very fate of the slow elec
trons is m uch debated. 
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On the e..,perimental plane, various methods haYe 
been put forward to determine the number of free 
radicals formed per unit of energy absorbed : some 
results make it possible to get some idea of the order 
of magnitude. However, neither the chemical nature 
of these radical fragments no,r their initial spatial dis-
tribution are known as yet. . 

Similarly, while there is a great deal of circum
stantial evidence available to the effect that the radi
cals, rather than the ions, arc responsible for secon
dary reactions.1 and while it is known that, in many 
cases, these radicals act as would those produced by 
any process whatsoever, it is not known for certain 
that this will always be so. 

O ne would thus be very far away from any possi
bility oi industrial application unless there ex_isted a 
whole series of reactions of considerable practical 
interest for which a knowledge of the nature of the 
radicals produced by radiolysis is not essential. These 
are chai11 react ions in which the radicals from radi
olysis only serve to unleash a succession of secondary 
reactions, thus transfom1ing a whole series of mole
cules. On the other hand, since the amounts and 
activity of the sources available in the conrse of the 
next few yea1·s will still be limited, it will be legiti
mate to use them only to trigger reactions of this 
type. 

Our work, of which we shall show t he most sig
nific.'lnt results in this paper, was concerned with 
two aspects of radiation chemistry, firstly the deter
mination of the number of radicals obtained by radi-· 
olysis from a certain number of organic compounds 
and secondly a particularly simple cha.in reaction, the 
polymerization of vinyl compounds. \Ve shall also 
say a few words about a radiochemical reaction 
which can ~ven now he envisaged, namely the cross
linking of polymers. 

NUMBER AND SPATIAL DISTRIBUTION OF THE PRIMARY 
FREE RADICALS PRODUCED BY RADIOL YSIS 

Theoretical Data 

Numbor of Radicals Formed 

The rate constant of the monomolecular thermal 
dissociation reactions, which makes it possible to 
compute the number of molecules decomposed per 
time unit, dN / dt, has been "given by the absolute rate 
theory: 
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dd~ = 1013 c-Dln • N (1) 

where !) is the heat of dissociation and N the num
ber of · moles present. 

A similar computation c..1.n be made for the case 
of photochemical ,reactions by using Einstein's law 
of equivalence; each molecule degraded or decom
j)osc<l corresponds to one quantum absorbed. 
· The same does not apply to radiolysis. Indeed the 
photon or electron does not give up the whole or its 
energy to a single molecule, the fraction gh,en up 
depending, among other things, on the probabilities 
of electronic transitions and on the energy of the 
impinging particle. Now this energy decreases along 
the trajectory of this particle in an irregular fashion 
according to tht: nature o( the collisions. In addition, 
the excitation curves, and often even lite position and 
nature of the excited states, are not known. No a pri
ori estimate of the number of radicals formed can 
be made. 

Spatial Distribution of the Primary Radicals 

The probal,ility of a y- or an X-ray photon, or a fast 
electron, ionizing a molecule and producing a sec
ondary electron is very small. On the other hand, 
where electrons are concerned. this prohability in
creases as they slow down. As a result, the secondary 
and tertiary electrons, which are responsible for 
most chemical effects, are absorbed close to the point 
of their production. The path of the incident photon 
thus will be delineated by a series of radical "spurs" 
of varying importance, relatively far apart. A frac
tion of the radicals recombine inside a given spur, 

. others diffuse in the space between the spurs, in 
which their concentration becomes very low, and 
their recombinations rarer. One must thus distinguish 
between o. continuous background of radicals at a 
concentration C1, and locru accumulations, spurs, in 
which the concemration C0 is much higher.2 •3 The 
concentration inside the spurs will vary as a func
tion of time, due to the scattering and recombination 
of the radicals. The mathematical description of these 
change:; was given, in the case oi the ions, by Jaffe,4 

Krmners,o and :Wiagce aud Samuel.3 Magee took up 
the problem for the case of a simple competitive re
action between free primary rndicali;.0 However, the 
practical applications of the proposed expressions are 
limited, due to the fact that we know neither the 
diffusion constants of the various radicals formed 
nor the rate constams oi the elementary reactions. 

All we can now state is that the spatial distribu
tion of the radicals will not be uniform, except if the 
intensity of radiation is such that the spurs belonging 
to different paths partially overlap before free radicals 
they contain have reacted in significant numbers. 

Experimental Dotermination of the Number of Radicals 
Formed 

Usually, the number of radicnls formed per 100 ev 
of absorbed energy is designated by symbol Cu. T he 

energy absorbed is ri~easure<l, in practice, by actinom
elry with ferrous sulfate. I n our experiments, we 
have taken for this reaction G, ......... = 20.8, and have 
made the corrections needed to allow for the differ
ence in electronic density between the aqueous solu
tion of ferrous sulfate and the compound under re
••icw. Many authors currently recommend a value 
G,. ...... = 15.8. Jf this were to be taken, all our figures 
for Gn should be ~ul6plied by 15.8/20.8 = 0.76. 

Three methods ha'"e been p11t forward to date, for 
the determination of Gr.: (a) the dosage and com
position of the final products; ( b) interception by 
very active substances; and (c) ini tiation of reactions 
of kno1,,1 kinetics. 

Heforc the results are given, a brief review will be 
made of the advantages and limitations of the three 
methods. 

Dosage and Anolysis of the Final Compounds 

This 111ethod is based on the assumption that the 
fin:il products arc derived t:xclusively from a re
comhination of the primary radicals or from their 
reaction with lhe irradiated substance, without any 
intervention of chain processes. On the other hand, 
the only radicals detected are those which combine 
and give products different from the initial one. N ow, 
a fraction of the primary radicals always recombines 
in such a way as to re<:onstilule the initial molecule 
and thus escapes detection, so that lhe values of G 11 

determined by this method generally are too small. 
The error so made may be very substantial. Thus, 
for CH:1I, the dosage method of the final products 
shows G n = 5.08, while the real value is 20.2.1 ,s Ob
viously, the difference is not always so- large, but 
it can never be left out of the co111pt1tations. 

Scavenging (Interception by Reactive Substances) 

The method, in essence, consists of adding lo the 
irradiated compound a substance which reacts very 
rapidly with some radicals, and this in quantity suf
ficient to intercept the primary radicals before they 
have had time to recombine. The scavenger nillst ful
fill a certain number of conditions. 1t must: (a) be 
readily measured in low concentrations: (b) rrcom
bine with the radicals in a known proportion; (c) 
react with the radicals in a non-selective fashion, but 
reo.ct neither v.;1h the substrate, nor with the ions, 
nor with the e..._cited molecnlcs; (ti ) be sufficiently. 
reactive to afford complete interception at concen
trations low enough for the direct effect o[ radi.,tion 
011 the interceptor to be negligible; and (c) have no 
protecti\"e or sensitizing action. 

Two scavenging agents have l>cen used with suc
cess to date: triphenylrnethane~ and diphenylpicryl
bydrazyl (DPPH), the routine use o( which, sug
gested by one of us,10 gave a certain number of 
important results. This compound, a "stable" crystal
lizablc free radical, is entirely dissociated l>oth in the 
solid state and in solution. It reacts quickly with 
tlicnnal radicals by decolorizing.11 Its very intense 
violet or purple hue makes colorimetric dosages pos-
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siblc at concentrations of the order of 10-8 moljcro3• 

No protective effect has been obsen·ed wi th DPPH, 
following the recrystallization in an ether-chloroform 
mixture.[ Its applications arc limited, however, to 
compounds which have neither a mobile hydrogen 
( acids, hydroquinonc, hydropcroxides, amines, ~tc. 
. .. ) nor double vinyl honds.13.H (For a more de
tailed discussion of the limitations of the method, see 
reference 8.) 

Since there always is some competition between 
the scavenging or intercepting reaction: 

R· + DPPH ~ R·DPPH 

and the recombining reaction between the primary 
radicals 

the speed o( form:ition of which is given by :t 
dR· 
dt= Gnl 

interception can be complete only for an infinite con
centration of the interceptor. 

Dy assuming the existence of a quasi-stationary 
state for R-, the rate of DPPH disappearance, V, 
will be: 

for low concentrations of the interceptor or scaven
ger, and 

V = Cnl (3 ) 

for sufficiently high concentrations.10 

On the other hand, a "critical" concentration, 
DPPH.,11, can be defined, such thnt the fraction of 
the R· radicals which escape interception is constant. 
We arbitrarily set the value oE this fraction to 
2.So/'o.15•16 Equations 2 and 3 have been verified for 
solutions or DPPF in chlorofom1 and methyl acetate 
in concentrations ranging from 0.3 to 1500 r/min. 
Jn each anrl every case, it was found that DPPH..-11 
was under 5 X 1()-3 M. In these circumstances, it is 
permissible to assume that the direct efiect is negli
gible and that the protective and sensitizing effects, 
if any, arc weak. The ultimate determination of V 
under high DPPH concentrations consequently gives 
G,, directly. 

Some difficulties, which do not affect the order5 
of magnitude of Gn, still persist. On the one hand, 
the values of Grt determined in that fashi on are, in 
50me cases, influenced by the presence of oxygen. On 
the other hand, a post effect often is observed: the 
decoloration continnes to persist after irradiation is 
concluded.1~ 

1f DPPH, when recry.stalliied in benzene, with wbich it 
forms mixt-d crystals, has a protective action in chloroform, 
probably due to benicne. 12 

'· 

t J is given in units of 100 cv/sec. 

Influence of Initial (Non-Homogeneous) Distribution of 
the Radicals 

From the kinetic mechanism proposed, one can 
deduct that, for the case in which lhe radicals due to 
radiolysis are uniformly distributed in space, one 
should have: 

DPHHcrl, ex: /! (4) 

The same no longer obtains for a non-uniform clis
trilmtion. In fact, to achieve a given degree of inter
ception, the ratio of scavenger concentration to the 
concentration o{ radicals to be intercepted must reach 
a certain value in the elements of volume where it is 
highest, namely, in the spurs. Thus, Equation 4 will 
hold good only if the intensity is high enough for the 
average concentration of the continuous background 
C1 to be equal to concentration C11 in those spurs. 
Since, on the other hand, the latter is independent 
of the intensity, one must expect to find, for low 
intensities, a nearly const;mt value of DPPH.,.,,.. This 
has effectively been observed by one of us10 for 
chloroform and methyl acetate (Fig. 1). 

Initiation of o Chain Reaction 

If the primary radicals are used to start a chain 
reaction, the propagation and termination rates of 
which are known, the number of active centers pro
duced can be derived from the quantity of substance 
transformed for a given dose. By adding a substance 
which does not take part in the subsequent reactions, 
but contributes to the production of active centers, 
this contribution, and thus the G11 of the added sub
stance can be computed. 

Utilization of the method is based on the follow
ing assumptions: (a) lhe reaction is started only by 
the free radicals; ( b) :ill the rndicals created are 
used for the purpose of starting the reaction; (,) 
the kinetic laws are known; and (d) the various 
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Figure 1. Voriotion of the critical concentration os o function of 
rodiotion ioteMity. The l' cur.es (dotted nnes) represent the votl•
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16 X 10·• in the case of methyl ocotote, respectively 
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constituents o! the mixture have no mutual sensitiz
ing or protective action on each other. 

'Ne chose, for our chain reaction, the polymeriza
tion of styrolene.17 This is brought about entirely by 
a radical mechanism,18 since the ions which may be 
present do not start any chains, presumably due to 
their short lifc.3 The monomer and polymer a re solu
ble>!'* in a great many organic solvents, and lhe reac
tion follows the customary laws of kinetics. The rate 
is proportional to J¼ over a wide range of intensities 
(Fig. 2) and concentrations, which indicates that the 
kinetics are not influenced by the non-uniform dis
tribution of primary centers, and that all radicals 
produced arc used to initiate the chain reaction. 

However, the propagation and termination rate 
constants k,, and k,, which seemed to be well estab
lished when the work was carried out. are now being 
questioned, since the differences between the findings 
of the various authors10 lead to an uncertainty of a 
factor 2 as regards the values of G11,. On the other 
hand, Burton and his group20 and I3ouby and Cha
piro12 showed that benzene had a strong protective 
action on more highly s:1turated compounds and 
halides, while the latter, on the contrary, acted as 
sensitizers on benzene. From some indications18 the 
same applies in the case of styrolene. 

Thus, the use of the method is limited to good sol
vents of the polymer and to substances having a 
structure close enough to that of the monomer, for 
protection and sensitization effects to be negligible. 

If such conditions are fulfilled, kinetics give for 
the over-all rate of polymerization: 

+ c/>s [SJ }; 
'Pll (M] 

(5) 

in which [N/] and [SJ are the concentrations of the 
monomer and solvent in mole/I, </>u and c/>s the kinetic 
constants directly connected with the radiochemical 
yields G.n» and G1/J (see below). This Equation makes 
it possible to compute the ratio of G 1/' JG 1/

1 inde
pendently of the kp, 1~ 11 and the absolute Gn values if 
these constants be known. 

Experimenta l Results. Corre la tion between 1he Values 
of Gn ond Chemical Structure 

Table I gives a compilation of the values of Ga 
for a series of organic compounds obtained by the 
various methods mentioned above: For styrolene. 
we give the limiting values obtained by taking con
stants k 9 and k 1 of Melville and Valentine, and those 
of Matheson and coll., '9 respectively; for methyl me
thacrylate, these computed from the Mack-c1y and 
Melville figures21 and thoi-e of 'Matheson ond coll.22 

The Gn of acrylonitrile was determined with respect 
to styrolene through methanot.2a The values on w hich 
there is most doubt are between brackets. In view of 

••Where the polymer is not solcble in the added compounds, 
complications appear, which will be mentioned elsewhere. 

0.01 

10 100 1,000 ,opoo 

F"igu,o 2. Rote of polymari1.a·tion of pure monomers os o fundion of 
-Y-roy inten,ity: (1) styrolontt, (2) oerylonilrile, (3) mt>thyl m•thacry• 

loto, (4) vinyl d,loridt 

the many sources of error inherent in the various 
methods, the agreement seems satisfactory. 

Some qualitative rules may lle dec.!uce<l as regards 
the correlation between the chemical structure of the 
various components a~d their radiostability.8, 24 

Among the hydrocarbons, the aromatic compounds 
are most stable, and stability is increased by an ex
tension of the system of double conjugate bonds, 

Table I 

G,. 
Compom,ds DPPH 

Pulymcn·.at1c,n 
Air Vaeuum 

CS, 0.8 1.9 0.69 
Benzene 0.79 1.91 0.75 to 1.2 0.96 
Styrolene 0.7 1.7 
Toluene 1.2 2.90 2.6 
,,..Xylene 3.o6 7.4 
Ethylben:tene -1.4 11.1 
Acrylonitrile (1.1) (2.6) 
Propionitrlle 3.2 
Nitrob~n:uine 3.8 
n-Heptanc (1.74) ( 4.15) 8.1 
11--0ctane 9.35 
Cyclohcxo.nc (3.48) (8.4) 11.7 
Ether 7 16.9 20.3 
Dioxane 16.4 
Methanol 19.7 
Propanol 24.6 
l\1ethanol-d, 18.9 
'Mc acetate 16.S 9.0 
Mc acetate-de 21.6 
Eth>I acetate 262 
Mc-methacrylate 15.9 21.6 
Acetone (44) ( 10.6) 41 
Chlorobenune 8.15 19.6 14.4 
o-dichlorobenzcnc 24.6 
Cyclollexyl chloride 27 
CH.Cl 22 
CH.CI. 36 
CHC6 (30) (72.4) so 32.8 
CCI, (89) (214) 33 24.S 
1,2-dich lorcthanc 24.6 
Ethyl bromide 13.1 31.S 23 
Bromoforrn 59 

. 
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while it is reduced by introducing the aliphatic chains; 
Gn is greater for the alicyclic compounds than for 
the paraffins. 

I3y adding atoms which can form negative ions 
(0, halogens), G11 is very markedly increased. Their 
accumulation brings about only a smaller increase. 

Possibility of Using loni:,.ing Radialion for Organic 
Synthesis 

The fact that radiolysis breaks up organic com
pounds, which gives certain radicals, and that these 
radicals can either recombine to form ne\\' molecules 
or else be used £or substitution, may, on principle, 
be use<l to car ry out organic syntheses. However, this 
only represents a remote possibility for, on the one 
hand, we do not know the nature of the compounds 
formed in each case and, on the other hand, the 
amounts of products which can thus be obtained are 
small. In addition, the cost is, and will probably re
main, too high: a l000 curie source of Co00 emits 
3.7 X 1013 I. I and 1.3 Mev photons per second. As
suming that they are entirely absorbed, that C,, is 
about 20, that the y ield is maximal ( 50%) , and that 
the molecular weight of the final product is approxi
mately 200 gm, the hourly production would be only: 

Tints, in five yenrs, one would have some 200 kg of 
the product and, a t the encl of that period, the inten
sity of the source, and thus its p rice, would be re
duced to one-half ( 1-million F rench francs) . 

It will be seen, from this discussion, that the use 
of radiation for conventional chemical synthesis can 
not currently be envisioned. 

The situation is very different fo r chain reactions 
{halogenizing, oxidizing, polymerizing, etc . ... ) and 
those which take place between macromolecules. \1/ e 
shall consider two typical instances of such reactions : 
the polymerization of vinylic compounds, and the 
cross-l inking of polyethylene. 

RADIOCHEMICAL POLYMERIZATION 

General Kinetic laws. Rate of Polymerization 

As already indicated, polymerizations star ted by 
rad iation proceed by a radical mechanism. Il is pos
sible, in such a case, to d raw up the following reac
tion mechanism, which makes allowance for all such 
react ions as may determine the over-all rate o f poly
merization.25 

(l) 
M .....!!!,._>-} 

SI R· 
s---

production of radicals by radiolysi_s 

(2) 

R- + R-!;_► B recombination of primary radicals 

(3) 

R ·+ R~R.m· 
I nitiafion or s tart of chains 

P ropagation 

(5} 
kt 

RM,.·+ RM,,:->- P (or 2Q) 
}.fotual termination of chains 

(6) . 
R:lt,,· + R: ->- P· 

Termination by primary radicals 

If the mutual termination is predominant, namely 
if reactions (2) and (6} are negligible as compared 
to reaction (5), and if a nearly stationary condit ion 
is reached from the very beginning of the reactfon, 
Equntion 5 was the over-all rate V, which is pr opor
tional to fl ' 2.* . 

The values of </>Jr and </>s in the case of -y rays, if I 
is given in r/min, are g iven by : 

G 1t 11 G 1,.~ 
</> - 58 X 10'0 a nd <f,s = -- SS X 1010 

,ti - d,.NA d ,IV ,I 

(6) 

in which d,,, and d, are the specific gravities of the 
monomer and solvent, and NA is Avogadro's number. 

If a stationary condition is not reached, the solu
tion is a little more complicated; it has been given, 
for the case of catalytic initiation, by one of us.2G 

In the case of radiochemical initiation for a pure 
monomer and assuming that the polymer is elimi
nated as it is being formed, in o rder not to have it 
contribute to the initiation, the expression then be
comes: 

dM hp I) 11• 31~ 

l = /, 112 ( cf, J( - Jv! -( t ~. 
X tanh [(/?1 cf,.1r I [M ]) 112 t] (7) 

namely, we no longer have a simple relationship be
tween the rate an<l intensity. 

However, the situation changes if the concentration 
of R · radicals becomes important, as in the case for 
very strong radiation intensities. Reactions (2) and 
(6) cease to be negligible and, at the limit, reaction 
( 5) is the one \\'hich becomes neg ligible as against 
( 6), i.e., terminat ion is entirely by primary radicals. 
Dy applying the hypothesis of a quasi-stationary state, 
it will be found, in this case, that the rate of polymeri
zation becomes independent of the intensity, i.e., pro
port ional to / •.2s If the two termination mechanisms 
(5) and (6) are coexistent, the fom1ula. which gives 
the rate, as a function of intensity, \\'ill be more com
plc:,;c25 but an approximation of it can be obtained by a 
fa law, in which O ::,;;; n ::;;;; ¾-

Thus, in the cases in which the hypothesis of a 
quasi-stationary state applies, the speed of polymcri-

*As a lready indicated, Equation 5 assumes the absence of 
protection and sens itization phenomena. 



RADIATION ON ORGANIC SUBSTANCES 531 -------------------------------- - ------------
zalion will be proportional to ! 0 3 , and will tend to 
become independent of T at the very high intensities. 
I t can readily Ile shown?~ that the deviation from the 
!11~ law will nppear for intensities so much weaker 
as: the· monomer concentration is smaller, the tem
perature is lower, the rca.cti\'ity of the monomer is 
smaller, and the G 11 value for the medium is higher. 

It will be seen below that all these forecasts are 
confirmed by experience. 

If a quasi-stationary state i~ not reached, and iC the 
termination takes place uy primary radicals, it is en
visioned hy the thcory27 that the speed of polpneriza
tion will he proportional to JfJ, in which ½ < /3 < 1. 
where {J can be a function of the degree of conversion. 
This is the situation which appears to be found in 
some cases of polymerir.ation in a precipitating me
dimn (acrylonitrilc). 

Molecular Weight 

In the absence--2!. any transfer, the mean degree of 
pol),merizatiou, LJ/-' 0 , is equal to the length of the 
l,.;netic chain, namely to (dP/dl)/(dR/dt) . In the 
case of radiochemical initiation, the degree of poly
merization will thus vary as /-112 if the speed or rate 
is proportional to !1 12• Thus, if a polymer having a 
distribution of molecular weights similar to that ob
tained with a catalytic iuitiation is required, the radi
ation field must be as uniform as possible. 

Nothing is known from the start about the molec
ular weights of the polymers produced in . a pre
cipitating medi um. Our experiments have shown, 
however, that they are greater than in a system in 
which the polymer remains in solution.~t F u rther
more, they decrease more slowly ";n1 the intensity 
than in the case just covered. 

Experimenlol Results 

\ Ve made a s tudy of the rate of polymerization of 
a certain numbei:- of monomers, both pure and in 
solution. The polymer formed is either solllble, or 
insoluble, in the reacting medium. 

Our experiments were conducted at 19°C with two 
sources of y rays : one of 0.27 curie of Ra, used in 
the 0.29 r/min-4.05 r/ min range, and a 25 curie 
source of Co00 for the 6 r/niin-435 r/min range. The 
significant results are shown on Figs. 2 (pure 
monomers) and 3 (stsrolene solutions). Our r esults 
for styrolene ,md methyl methacrylate were com
pleted by those of Ballantine and i\Ianowitz:?8 which 
were olJtaim:d \\'ilh higher intensities. The data of 
these authors were recomputed for•our temperature 
and dosimetry. It can be seen that agreement with 
the theoretical predictions is most satisfactory. 

Por the polymers which are soluble in their mon
omer (styrolene and methyl methacrylate- Fig. 2), 
the rale of polymerization is proportional to 1112 be
tween 0.29 and 100 r /min approximaLcly, while, for 
the higher intensities, an increase in the rate of poly
merization with intensity decreases. 

The deviation appears for methyl methacrylate at 
lower intensities than for styrolene, and this for two 

reasons: in the first place G n is higher for mcth
acrylale than for slyrolcne and, in the second place, 
the double bond of styrolene is more reactive than 
that of methacrylate ( see, for instance, Mayo and 
his group). !?o 

Finally, the deviation from the 1v2 law appears for 
lower intensities for styrolene in solution in toluene 
than for pure styrolene (dilution effect) (Fig. 3). 

Agreement between the experiment:il results and 
the theoretical forecasts, particularly as regards the 
/ 11~ law, justify, after the fact, the implicit assump
tion that the non-uniform distribution of the pr imary 
rarlicals does not disturb the kinetics or, again, that, 
for polymerization, everything takcs pince ns though 
the distribution of the primary radicals were homo
geneous. Let it be stated again that this was not the 
case for the interception of the primary radjcals by 
DPPI 1. A possillle explanation for this is as follows: 
homoge11ization of the concentration of the primary 
radicals takes place by diffusion and the rnte of dif
iusion is increased by the polymerization process, 
which ensure a transfer of the free valency. Nothing 
similar happens where interception is concerned. On 
the other hand, :,ince the termination of growing or 
developing chains is a relatively u ncommon reaction, 
the life of the chains is long. which favors homogen
ization by difiusion. 

For polymerization in a precipitating medium 
( vinyl chloride and acrylonitrile, Fig. 2) or styrolene 
in propanol (Fig. 3) rhe rate of polymerization is 
proportional to JIJ, in which (J is somewhere between 
½ and 1. The same applies to the polymerization of 
acrylonitrile containing 7'/o water or methanol30 (not 
shown). Values of f3 of the same order of magnitude 
have been observed for the polymerization of acrylo
nilrile uy chemical catalysts.:a,32 The deviation from 
the law in 1112 thus is not characteristic of polymer
ization initiated by ionizing radiation, as had been 
thought by some wrilers.33 It is no longer connected 
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Ffguro 3. Roto of pol1mcri~01lon of styrolene in solution os a 
function of "I-ray inlon,ily: <Urve 5, -10% styrol•ne (in mo1os) in 
toluene; curve 6, 20% slyrolone (in moles) In to luene; curve 7, 10% 
•ty,oleno (In moles) In toluene; <urve 8, 10% styro1ene (in moles) 

in proponol 
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with the nature of the monomer, since the polymer
ization of styrolene, both pure and in a concentrated 
solution in toluene, and the polymerization of acrylo
nitrile in dimethylformamide (solvent of the poly
mer), follow an J"~ law. 

On the other hand, this deviation seems to be 
related to the fact that the polymer precipitates in the 
medium. It is attended, at any rate, by two char
acteristjc phenomena : the rate of reaction is a func
tion of the degree of conversion up to fairly high 
levels,23•31 ·3 2•34 which indicates that the stationary 
condition is not reached; and polymerization con
tinues, with a decreasing speed, at times for a fairly 
long time (two months in the case of acrylonitrile),23-H 

which indicates that the termination reaction is slow, 
and acco~mts for the absence o[ a stationary condition. 
Let it be noted that the conversion in the course o{ 
post-polymer ization may exceed 50% of that obtained 
during irradiation. 

It is likely that, as is the case with alJ homogene
ous polymerizations, exponent {3 will go down with 
high intensities. We have not been able to observe 
this phenomenon with the intensities available to us. 

In view of the difference in the exponents of I for 
the polymerizations taking place in a homogeneous 
medium and a precipitating one, it is possible to have 
conditions such that, for a given monomer, the speed 
of polymerization is greater in a precipitating than 
in a homogeneous medium. In some cases, the weight 
of polymer formed per unit time is greater for dilute 
solutions in a precipitating medium than in the pure 
monomer. This is the case, for instance, of styrolene 
in di lute solution in alcohol.23 

Influence of the Temperature 

On the Rote of Polymerization 

The activation energy of the over-all reaction, in 
the case o f a catalytic or thermal initiation, is given 
by: 

E0 = Ep + ¾Ea - ;/2E1 • 

in which E, = 5 kcal is the activation energy of the 
propagation reaction, E. = 30 kcal that of the initi
ating reaction, and E 1 = 0 kcal that of the terminating 
reaction. By using the values just given, one finds 
Eg """ 20 kcal. A temperature rise of 10° between 
300° and 310°K causes the rate to increase by a 
factor of 2.5. 

In the case of photochemical initiation, the rate of 
the initiating reaction is independent of the tem
perature, and the over-all activation reaction reduces, 
to all practical purposes, to E,. = 5 kcal. The same 
temperature rise increases the speed by only 32%. 
T hus, the danger of a polymerization reaction "run
ning away" is less in the case of polymerization by 
radiation than in that of catalytic polymerization. 

Two complications may arise, but have not been 
seen as yet: 

On the one hand, if it is found that, in the intensity 
range in which the rate develops less rapidly than as 

a function of 11' 2, a temperature rise, by favoring 
reaction (3) as over reactions (2) and (6), increases 
the value of a, and thus the reaction rate. This accel
eration adds to the normal acceleration mentioned 
above. This effect will rarely be important. 

On the other hand, if polymerization is carried out 
in a precipitating medium. and if the temperature is 
brought above the critical dissolution temperature, 
the higher temperature reaction will take place in a 
homogeneous medium, and a rather sudden decrease 
in the rate will be observed. 

On the Mean Molecular Weight 

Two cases have to be distinguished, according to 
whether the molecular weight is determined by the 
propagation or the transfer reaction. 

If the amount of transfer is negligible, one will 
find, for thennal or catalytic polymerization: 

DPo"e - (E, - E.1'' - E,''' l/RT = e+ 10,000/RT (S) 

which means that the molecular weight decreases as 
ti-le temperature increases. Thus, it is impossible si
multaneously to accelerate the conversion rate and 
the molecular weight. 

For photochemical or radiochemical initiation, one 
finds, in this case : 

DPo"e -<E, - E,'''l/RT,,,,, e -sooomr (9) 

in other words, the mean molecular weight increases 
with the temperature. T hese initiating techniques thus 
make it possible simultaneously to increase the mo
lecular weight and the rate of conversion. Such an 
increase in the rate and mean molecular weight with 
the temperature actually was observed by Ballantine 
and Manowitz~S for the radiochemical polymeri
zation of styrolene and methyl methacrylate. 

If the transfer reaction to the monomer is not neg
ligible, one can write: 

1 kt 
DP = DP0 + k,, 

(10) 

in which kt is the rate constant of the transfer re
action. The variation in the degree of conversion with 
the temperature then is described, for the case of 
radiochemical initiation, by : 

DP= [A e + w, - ½ E,>/RT + B e-· ca, - o,>/RT] _ 1 

(11) 

Since, in general, E1 > E9, the two terms vary in 
opposite directions and according to the exact values 
~ constants A and B and the . activation energies. 
DP may decrease or increase with the temperature. 
In the general case, there will be a temperature for 
which DP will be at a maximum.3• One must expect 
to find such a sitt1ation in the case of chlorinated 
monomers. 

Influence of Solvents 

While in all other initiation techniques the solvent 
which may ue present only plays the part of a chem-
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ically inert diluent, the addition of which only causes 
a reduction in monomer concentration, and possibly 
a change in the state of the polymer (precipitation or 
solubiJiz,arion), radiochemical initiation gives entire
ly different rcsuJts. Since d1c action of ionizing radi
ation is not selective, the radicals from solvent 
radiolysis ,viii take part in the initiation.11,23 

It is often possible to find solvents having a G n 
sufficiently larger than that of the monomer for their 
addition to bring about an acceleration of the poly
merization, despite the decrease in monomer concen
tration. Examples of such accelerations are provided 
by the polymerization of styrolene in various organic 
solvents,23 and by that of acrylonitrile in water.33 Let 
us remember, however, that the solvent and the poly
mer have mutually protective or sensitizing actions, 
and that the total number of radicals produced in the 
mixture is not equal to the sum o[ the radicals which 
would be produced in the components taken sepa
rately_ 12,1s,20 

Influence of the Polymer Formed 

As soon as the concentration of the polymer pro
duced ceases to be negligible during polymerization, 
the lntter begins to play a role equivalent to that of a 
solvent, since the radicnls fonncd from the polymer 
participate in the initiation of the rroction.36 The 
values of G II are not yet known, but they can be 
expected to be markedly higher than those of the 
corresponding monomers. The monomers, for the 
same structure, contain one more double bond than 
the polymer docs, and double bonds stabilize sub
stances with respect to radiolysis, pax-licularly where 
one is dealing with conjugate systems (see, for in
stance, styrolene and ethylbenzene, Table I) . 

Two types of radicals may be formed from the 
polymer, according to whether one is dealing with 
b,eaking of the main chain or the side chains. 

In the first case, the chains initiated by macro
radicals wiU be linear, but !Qnger, by the length of 
the macro-radical, than the average length of the 
"nonnal" chains initiated by short radicals. In the 
second case, one will obtain branched chains. 

During the polymerizations ini tiated by radiation, 
oue should observe a11 increase in the molecular mass 
with the degree of conversion. Such an increase in
deed was observed by Bnllantine and Manowitz/8 in 
the polymerization of styrolenc and methyl methae
rylate by gamma rays, as well as by Landler37 for 
the polymerization of styrolene by the mixed radia
tion from the reactor. 

Formation of "Grafted" Copolymers 

The initiation of polymerization by macro-radicals 
can also be demonstrated and utilized in another 
fashion. If polymer A,. be added to monomer B, and 
the mixture be irradiated, there will be a polymeriza
tion of monomer B, part of which gives polymer B,,. 
and the other a "grafto:d" copolymer A.B,.. By the 
proper choice of A,. and Bm pairs, and of the experi
mental conditions, it will be possible to favor the 

formation of the "grafted" polymer at the expense of 
the simple 8,,,. It is :i well known fact lhat, as against 
what happens with the usual copolymers, in which 
A and B are distributed at random, which are en
dowed with properties intermediate between those 
of the simple polymers A,. and Bm, the "grafted" 
copolymers combine some properties of A,. with some 
others which pertain to B,,,, and present considerable 
practical interest. The radintion "grafting'' process 
has the advantage over other processes of making it 
possible to carry out "grafts" on finished or semi
finished objects which, in some cases, may make it 
easier to use this method of preparation.38 

Advantages and Drawbacks of Radiochemical 
Polymerization 

On th.e basis of what has just been stated, it is 
possible to draw up a table of the advantages and 
technical drawbacks of initiating polymerization by 
ionizing x-a<li:ition, as comparel'. to the other tech
niques. V..Te shall consider in tum the advantages 
shared by the radio- and photochemical initiation 
over the catalytic method, and then the advantages 
of radiochemical initiation over the photochemical 
method. Thereafter, we shall go into the drawbacks. 

Common Advantages of the Rodiochemic:al and 
Photochemical Initiation Methods 

Polyme,ization by radicals can be effected at a 
very low temperature. 

The speed of polymerization does not depend 
much on temperature. T he lat ter thus does not have 
to be checked as strictly as in the case of catalytic 
initiation. 

It is possible, in some cases, simultaneously to in
crease the speed of polymerization and the length of 
the chains. 

No fragment of a foreign body is introduced into 
the polymer ( catalyst fragment, metal atoms, oxy
gen), which may be of ad,,antagc, for instance from 
the dielectric standpoint. 

Specific Advantages of Radiochemical Initiation 
Photochemical initiation is possible only with mon

omers which absorb in the regions of the spectrum 
for which intense sources are available. Otberwise, 
it would be necessary to add a photosensitizer to the 
monomer. There is no limitation of this type to radio
chemical initiation. Tbis is due to the non-selective • 
nature of the absorption of ionizing radiation. 

Since gamma rays are more penetrating than ul
traviolet rays, it is possible to irradiate volumes of 
greater thickness. 

Optical heterogeneity or opacity of the medium 
is no obstacle. Irradiation can be carried out through 
metal walls. 

Radioactive sources nre stable, and require neither 
maintenance nor repairs. 

Up to a certain point, the degree of ramification 
may be adjusted. 

"Grafted" polymers may be prepared by relatively 
simple methods. 
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The Main Drawbacks 

T11ese are as follows : 
The need for protection, which may make the fa

cility more cumbersome. 
The decrease in the intensity of the radioactive 

sources with time. This notable drawback £or Co60 

sources practically does not exist for Cs137 sources 
(25 y~ars). However, this effect is decreased due to 
the fact that the rate of polymerization is propor
tional to a fractionary power oi the intensitv. 

The existence of an intensity gradient i~ the reac
tor, which implies a variation in the mean molecular 
weight with the distance from the source. This in
convenience can be averted ( it does not present itself 
at all if the length of the chains i~ determined by 
transfer) by using, rather than a single source, an 
array of adequately arranged sources. 

Economic Aspects 

Knowing the rate of polymerization as a function 
of intensity, the production of the reactor may be 
evaluated by using a source, or set of sources, of a 
given power and thus the "cost" of radiochemical 
initiation can be estimated. 

'Ne carried out this c.omputation39 for the case o( 
a linear source of CoCO having an activity of 100 
curies, placed along the a,'(is of a cylindrical vessel 
of the same height as the source (h=20 cm). Methyl 
methacrylate was chosen as a typical monomer. If 
self-absorption is neglected, one may compute the 
intensity, at each point of the vessel, by using the 
formula given by Sievert :40 

J q =; f "'2 
e - c': <I> d ,t, = p [F(µ,a. ,f,1) - F (,,a ,f,1)] 

a}.1 ~ 
( 12) 

where a is the distance of the point considered to the 
axis of the cylinder, µ. the absorption coefficient 
(0.055), ¢ 1 and <f,2 the angles between the perpen
dicular drawn from point Q to the axis and the 
straight lines connecting Q to the ends of the source. 
Functions F are tabulated by Sievert. 

f!ltensity of the radiation varies, not only with the 
rachus, but also with the position h of the plane with 
respect to the center of gravity of the source. 

In order to simplify all calculations, -we assumed 
that we were working with an average intensity in
dependent of h and only allowed for the variation 
with a, which is much more important. Figure 4 
shows the circles of iso-intensity. They are suffi
ciently close to one another to w.arrant the assump
tion that, inside each cylind1·ical layer that they mark 
off, the intensity is constant and equal to the arith
metk mean o( the intensity at the boundary surfaces. 
The hourly amount of con version was read on Fig.--2, 
and multiplied by the weight oL the monomer present 
in each cylindrical layer. 

Figure 5 [curve I (100) l shows the weight in 
grams of methyl polymethacrylate produced in each 

.. 
"-9/mi,.. 

Figur& 4. ho-·intCn$ity cirdc$ {r/min} for o line-er 100 curie soHce 

of Co .. , 20 cm high, immersed in methyl methocrylole. The values 
correspond to on overage for variations w ith height of the poi·nt 

considered 

hour as a function of the reactor radius. It wiU be 
seen that this value tends toward a limit which is 
practically reached for,, = 50 cm. 

At 19°C, the yearly production of a reactor 50 cm 
in radius reaches 5.35 tonnes. At 60°C, if we assume 
an activation energy of 6 kcal, the production wonld 
be about 21 tonnes. Allowing for the decay of the 
source which has a 5 year half-life, the five year· pro
duction of the polymer may be estimated at 22.S and 
90 tonnes respectively. The price differential, between 
a 100 curie and a SO curie source, being currently 
some 100,000 French francs, the cost of radiochemical 
initiation may be estimated at 4.50 French francs 
and 1.10 F rench francs per kilogram of polymer re
spectively. \Vith Cs1a7 sources, the prices would be 
approximately three times lower. On the other hand, 
since the cost of radiochemical initiation is all the lower 
as the speed of reaction is greater, the cost of initia
tion can be reduced s ubstantially while increasi11g 
production, by carrying out polymerization in an 

t'Tl,pti'Jf'rtl" .. "-P• 
. gm.r)lym~r,'hr. 
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figure 5. Hourly production in 11rams of polymethyl methacrylote a• 
o function of the reactor radius, at 19~C, for o linear source 20 cm 
htgh, pieced on th& oxh of o <ylindrical reactor. The curves hove 
reference to source, of 100, 400 and 1600 curie• respectively 
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emulsion or precipitating medium. However, even 
now, the cost of radiochemical initiation is of the same 
order of magnitude as that of the chemical catalysts.* 

Let it finally be noted that, currently, the number 
of sources available makes it possible to contemplate 
the use of radiochemical initiation only for special 
polymers, the yearly consumption of which is not 
unduly high. 

Optimal Activity of the Sources. Near-Homogeneous 
Fields 

The reactor mentioned in the above paragraph is 
far from being the optimum device. Indeed, since the 
rate of polymerization is proportional to / 112, total 
production is increased by 40o/o if one breaks up the 
source into two SO curie units, which are placed in 
two independent reactors with radii of 50 cm. 

On the other hand, if the activity of the sources 
is brought up to 400 or 1600 curies, the production 
is less than doubled or multiplied by four [see Fig. 5, 
curve I ( 1600)] . This is due to the fact that, at the 
high intensities, the rate increases more slowly than 
the square root of the intensity. 

In the case of polymerization in a homogeneous 
medium, this makes it of no interest to use singie 
sources having an activity greater than 50 or 100 
curies. 

The situation may be different in the case of poly
merizations in a precipitating medium, in which the 
exponent of I varies from one case to the next, and 
is greater than ¼- A computation of the optimal ac
tivity of the sources must be made for each individual 
c.ise. 

Another characteristic of the cylindrical reactors 
using a single axial source, which may be a drawback 
'in some instances, is the considerable vari;i.tion of the 
intensities along the reactor radius. In the case con
sidered earlier for instance, the intensity varies from 
2000 to 1 r per minute. If the transfer reaction is 
negligible, the average molecular weight varies, as we 
have noted, as 111~, and the device cnvisioued would 
give a polymer h:wiag a very wide distribution of 
mean molecular weights (DP varying by a foctor 
of 40) superimposed on the normal distribution. 

To alleviate this drawback, various arrangements 
of weaker sources can be envisioned, making possible 
more uniform radiation fields. Figure 6 shows, as an 
example, iso-intensity curves for 7 sources of Co60 

of 14.3 curies each, arranged at the apiccs and at the 
center of a hexagon. The computation was carried 
out for a vessel having a radius of 12 cm, with a 
separation of 6 cm between sources. In such a reactor, 
the yearly production would be l.7 tonnes, with a 
single source and 2.0 tonnes with the seven-source 
arrangement. 

It will be noted that, with the last mentioned ar
rangement, the efficiency of the re:ictor is increased 
while a product of more uniform molecnl:tr weight 
is obtained. 

* The cost of the shielding has not been considered in 
this estimate. 

RADIOCHEMICAL CROSS-LINKING OF POLYMERS 

Influence of Oxygen and Intensity 

As against the situation found for the polymeriza
tion reaction, the cross-linking of polymers is not a 
chain reaction. However, in so far as the chemical en
tities which come into play are macro-molecular 
chains made up of several thousands of monomeric ele
ments, and since it.is enough, oo the avemge, to form 
one bridge per polymer chain io order to modify 
profoundly some of the over-all properties, this reac
tion, as well as polymerization, requires but a few 
primary events in order to bring about the transfor
mation of large quantities of products. 

The action of radiation on polymers has been 
studied very actively for about three years, mostly by 
Charlesby,·U and Lawton and his group.42•43 F rom 
the very beginning, these authors observed that some 
polymers, such as polymethyl methacrylate, polyiso
butylene, the cellulose derivatives and polytetraflu
oroethylene, are degraded by irradiation, while 
others, such as polyethylene, nylon, the polyesters 
and the rubbers, are cross-linked (vulcanized) .•1

•
4 2 

In so far as the cross-linked polymers have new 
qualities, in particular better resistance to heat and 
solvents, and since it is difficult, not to say impos
sible, to cross-link some polymers by conventional 
chemical methods, radiochemical cross-linking may 
be considered an economically worth-while operation. 

In our laboratory, we undertook the study o( the 
irradiation of polymers for the double purpose of 
shedding light on the mechanism of the reactions 
which come into play, and of determining the most 
favorable conditions for achieving cross-linking. Our 
study was essentially concerned with the influence of 

figuro 6 . Averoge (with respect to height) iso-intonsity curves in 
r/ min for 7 linear sources cf Co0 of 14.3 curies eoch, a rranged at 
the opicet and ,c<:mttr of c, hexagon having 6 crn sides. Absorbing 

mediu,., methyl methocrylote. Radius of reactor 12 cm 
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dose, the intensity of radiation, and the presence or 
absence of oxygen during irradiation.44 

In order to follow the development of the reaction, 
we measured the temperature at which a small sam
ple of the polymer became sufficiently fluid to break 
under a ve,-y low tension (0.7 gm/mm9 ) . This tem
perature, which has been called the "melting point" 
for the polymer first increases slowly with the dose, 
then more and more rapidly. Beyond a critical dose 
in some cases, a polymer is obtained which is no 
longer fusible_ Figures 7 and 8 show the results ob
tained with polyethylene irradiated in the presence 
and absence of air respectively. Figure 7 shows that, 
in the absence of air, the increase in the melting 
point for small doses is a function of the intensity of 
radiation, and that it is all the larger as the intensity 
is smaller. This is true only for intensities under 
500 r/min. For higher intensities, the effect observed 
is independent o[ said intensity. 

On the same figure, it will be seen that, for low 
intensities, the melting point of the samples goes 
through a maximum for a given <lose, while for in
tensities greater than 500 r/min, polyethylene be
comes infusible, following a dose of 2.5 megaroent
gens. If irradiation is carried out in the absence of 
air (under a vacuum or in an inert atmosphere), the 
increase in the melting point for a given dose is in
dependent of the intensity of the radiation, and infttsi
bility is reached after a dose of 1 megaroentgen only 
(Fig_ 8) . On the same figures may be seen the limit 
elongation under the load used (0.7 gm/rnm2

) for 
samples which had become infusible (Curvcs.B on 
Figs_ 7 and 8). It will also be seen that, in order to 
obtain a given degree of "thermal reinforcement," a 
dose 2.5 times greater in the presence of air than 
under a vacuum is needed. 

'The role of oxygen present during irradiation is 
still more striking in the case of the irradiation of 
polyvinyl chlor ide. In fact, we found that this poly-
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Figure 7. Vorioticn fo melting point (curves I to IV) and of maximum 
c longotion of a;amplcs (curve 8) cs o function of the irradiation dose 
fo the presence of air. Curve I, intensity .432 r/ min; curve 11, intensity 
113 r/min; curve Ill, intensity -42,.3 r/min; curve IV, lnteruity 7.3 . 
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figure 8. Variation In melting point (curve II) and mo~Tmum elonga
tion of samples (curve 8) as a fondion of th& irradiation dose in the 
absence of air. (Tho dotted curve i1 a reproduction of curve I of the 

preceding figure) 

mer'• is degraded if irradiated in the presence of air 
while under a vacuum cross-linkage is achieved. This 
observation might account for the disagreement be
tween the results obtained by Charlesby,41 according 
to whom polyvinyl chloride is cross-linked by irradi
ation, and those of Lawton and his group,~2 who 
found that this polymer is degraded. None of these 
authors specified the experimental conditions of · ir
radiation. 

The results already given indicate that, in order to 
carry out radiochemical cross-linking of polymers 
under optimum conditions, it is necessary to exclude 
oxygen during the irradiation. Without this precau
tion, cross-linking will be accompanied by oxidiiing 
degradation of the polymer.•0 

Second Process for the Preparation of "Grafted" 
Polymers 

A more detailed study of the elongation curves as 
a function of temperature~• for polyethylene samples 
irradiated in the presence of air shows that they have 
acquired better thermal resistance for temperature 
lower than about I 50°C, but that this increase in re
sistance ceases at higher temperatures. Nothing simi
lar to this was observed with samples irradiated 
under a vacuum. The fact was interpreted44 by the 
formation during irradiation of intermolecular per
oxide bri?ges which break at temperatures higher 
than 150°C, the resulting fragments being free mac
ro-radicals. T his hypothesis was _verified by the fol
lowing experiment: if a sample of polyethylene ir
radiated in the presence of air be immersed in a 
monomer of a different constitution, for instance 
acrylonitrile, :ind if the whole be heated to a tem
perature sufficient to break the peroxide bonds, 
acrylonitrile polymerization will be observed, the 
polyacrylonitrile chains being chemically attached 
(grafted) to the .macro-radicals of polyethylene. It 
has thus been possible to 6x up to 30 times its weight 
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of acrylonitrile on a polyethylene film without any 
change in the geometric form of the polyethylene 
sample. 

We thus have here a radiochemical "grafting" 
procesS4

' which is different from that described in 
paragraph 11. This method makes it possible to pre
pare "grafted" copolymers starting from finished or 
semi-finished objects which, in some cases, may pre
sent appreciable technical advantages. 

CONCLUSIONS 

The irradiation of solid polymers may lead, in 
some cases, to the cross-linking (vulcanization) of 
these polymers. This cross-linking requires a sub
stantially smaller dose in the absence of air than in 
its presence. 

In the presence of air, some of the bridges formed 
very likely are oxygen bridges, which break down at 
higher temperatures. The radicals so produced can 
initiate the polymerization of an added monomer and 
1 ad to the formation of grafted copolymers. 

We have here two possible utilizations of ionizing 
radiation which even now lend themselves to indus
trial development. 
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Radiolytic Oxidation of Organic Compounds 

By Nathalie Bach, USSR 

The production of useful compounds by chemical 
reactions taking place under the action of radiations 
is one of the important branches of atomic energy 
utilization. In this respect the action of radiations on 
organic compounds is a particularly promising field. 

The specificity of ionizing radiations action is 
manifested in the formation in an irradiated system 
of a large number of free radicals with excess of 
kinetic energy and of molecules excited to various 
levels at all temperatures, down to the very lowest. 
Charged particles (ions) may also play a certain 
part in the reactions but this part is usually much 
Jess important due to the shortness of their lives. 

Molecular oxygen is a very efficient acceptor for 
most organic radicals. Reactions involving the forma
tion of peroxide radicals possess the advantage that 
their final products are easily identified and can 
readily be quantitatively determined. A study of radi
ation chemical processes in organic systems in the 
presence of molecular oxygen allows us to ascertain 
the role of the primary radicals in the basic mech
anism of these processes, and at the same time opens 
new ways of producing oxidation products of prac
tical interest from chemically inert substances. 

Molecular oxygen plays an important part in the 
radiolytic oxidation of organic compounds not only as 
such, but in aqueous solution as well. In the latter 
more complicated case the efficiency of the radiation 
energy absorbed may be substantially increased by 
the presence of inorganic components, particularly by 
ions of variable valency. 

In the present report are discussed the results of 
experimental studies of the radiolytic oxidation of 
various systems, carried out in the Soviet Union. 
Attention is focused mainly on elucidation of the na
ture of the primary radiation chemical reactions, 
under conditions when the action of radiation on the 
oxidation products formed is still of minor impor
tance. 

The chemical individuality of the end products of 
radiation chemical processes depends primarily on the 
nature of the active particles formed under the action 
of the radiation. These primary uncharged particles 
may be divided into three groups: 

(a) Free radicals resulting from the ionization 
of molecules and showing no tendency to combine 
into the initial molecule at the moment of their 
formation. 
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( b) Free radicals, formed as a result of the 
dissociation of an excited molecule and showing a 
marked tendency to recombine into the initial mole
cule, particularly in the liquid state. Radicals of this 
type play a substantial part in radiation chemical 
processes only in the presence of acceptors which 
bind one of them, freeing the other for subsequent 
reactions. 

(c) Excited molecules, which decompose into 
molecular products or react with other molecules 
without dissociating into radicals. 

Free radicals may react with non-excited molecules 
of the substrate, initiating chains or may enter into 
non-chain reactions with each other. The non-chain 
mechanism is also characteristic of reactions between 
excited molecules which do not dissociate into radi
cals. 

Experimental data show that the predomination-of 
reactions of one type or another in chemical svstems 
subjected to the action of radiation depends ~n the 
structure and properties of the irradiated compounds. 
The general regularities governing this relationship 
are one of the important problems of radiation 
chemistry. 

Some information on the primary radicals of the 
first type can be had from mass-spectrometric data. 
Jn the great majority of cases these data are obtained 
with electron energies not exceeding 100 ev, which is 
much lower than the energy of the ionizing particles 
dealt with in radiation chemistry. It should, how
ever_, b~ ta~en into account that a considerable part of 
the 10111zation acts occurring under the action of high 
energy ionizing particles are due to secondary elec
trons with energies not over several hundred volts. 
The influence of the electron energy on mass-spectra 
has been studied by Tunitsky and co-workcrs1 within 
a range of 20 to 1000 v. Experimenting on a number 
of halogen substituted hydrocarbons, they showed 
that as the energy of the electrons increases up to 
1000 ev th~ an~ount oE low-mass fragmentary ions, 
whose contn but1on to the spectrum is relatively small, 
?ecreases_ somew_hat, thus causing a corresponding 
mcrease m the importance of the main ions. The 
change in the relative quota of the latter does not 
exceed a few per cent. It is thus permissible to use 
mass_-spectrometric data for drawing conclusions re
gardmg the nature of the primary ions formed in 
radiation chemical processes. 

With their charge neutr.alized the radical ions be
come free radicals, which may retain the structure 
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of the initial ion if the conditions for energy dissipa
tion are favourable. Mass-spectrometric data may be 
used also, as shown by Stevenson 2 to draw conclu
sions as to the structure of the free radicals formed 
simu}taneously with ions when molecules dissociate 
under impact. 

Data on possible reactions involving molecules ex
cited to energy levels too low for ionization and on 
their dissociation into radicals may often be obtained 
from studies of photochemical processes. 

The radiation chemical processes considered below 
include both reactions involving primary radicals and 
reactions with the participation of excited molecules. 

THE ACTION OF IRRADIATION ON INDIVIDUAL 
ORGANIC COMPOUNDS IN THE PRESENCE OF 

MOLECULAR OXYGEN 

There are almost no data in the literature on the 
action of irradiation on individual organic compounds 
in the presence of 0 2• The only system studied in 
some detail is the system chloroform-oxygen.3 In the 
studies reported here the objects selected were hydro
carbons of various structure: n-heptane, isooctanc 
(2,2,4-trimethylpentane), cyclohexane, toluene, ben
zene, acetic acid and ethyl and benzyl alcohols. 

Irradiation was carried out with 75 kv X-rays at 
a dose rate of ,-..,lQQO r per sec with an electron beam 
of 900 kv at a dose rate of 10"- 1018 ev/cm3 per sec 
and with y-rays from Co60 at a dose rate 0£ 30 r per 
sec. The dose rates were detem1ined by ferrous ion 
dosimetry. · 

The experiments were carried out in glass cells of 
various types in an atmosphere of 0 2, and in some 
cases N2 and H 2, at different temperatures. Reaction 
products appeared both in the liquid and in the gase
ous phase. The liquid was analyzed for peroxides, 

·carbonyl compounds, acids and water. Based on dif
ferences in the kinetics of this oxidation and the reac
tion with titanium it was possible to determine three 
types of peroxides: R1 OOR2 , ROOH and H 20 2! 
Quantitative determinations mainly characterized 
functional groups; in some cases individual com
pounds were identified. The gas phase was analysed 
in the studies of ethyl alcohol and acetic acid. The 
amounts of H 2, CO, CH., and CO, liberated were 
determined, as well as 0 2 absorbed. 

In general it may be stated that under the action 
of ionizing radiations, both peroxides and the end 
products of oxidation including carbonyl compounds, 
acids, phenol (in the case of benzene), etc. are formed 
in all systems. The products are··for the most part 
similar to those produced in photochemical and auto
oxidation reactions, but the differences in the rela
tive yields and, in some cases, in the nature of the 
compounds formed are specific for the action of ioniz
ing radiation. 

In this connection the peroxide compounds are the 
most characteristic. A typical picture of the formation 
of peroxides is shown in Fig. 1 for n-heptane. 

It can be seen that di-substituted peroxides of the 
type ROOR are formed in largest amounts ; con-

centration increase shows no tendency to diminish 
within the range of doses studied. In Table I are 
given the peroxide yields for all the hydrocarbons 
studied calculated from the initial slopes of the 
curves. 

R100R2 
ROOH 
Hz02 
Total 

Table I. Rodiotion-Chemicol Yields 
· (molecules per 100 ev) 

n-ht f>laxe isooC'tane 
Cj-CJo .. 

he.rone tofuen.c 

2.2 1.3 0.2 1.2 
1.2 0.7 1 0.4 
0.3 0.3 0 0.2 

peroxides 3.7 2.3 1.2 J.8 

btti::ene 

0.2-0.3 
0 

0.2--0.3 

0.5 

The predominant type of peroxide in all the hydro
carbons with the exception of cyclohexane is R1 OOR,. 
This is an essential difference between the radiation 
chemical process and photochemical or auto-oxida
tion reactions. Jn the latter cases only hydroperoxides 
are formed;~ whereas peroxides of the R 1 OOR~-type 
can usually be obtained only synthetically from hy
drogen peroxide. Another characteristic feature is 
the independence of the yield on temperature and 
intensity of irradiation in the case of the radiation 
chemical formation of peroxides. 

When hydrocarbons are irradiated in the presence 
of oxygen, all three classes of peroxides are formed 
as a rule. The same is true of acetic acid 6 but not of 
ethyl alcohol.7 In the latter case peroxides of the 
RlOOR2 type are absent, and the only peroxides 
found are hydrogen peroxide or oxyethylhydro
peroxide. 

The formation of carbonyl compounds and acids in 
saturated hydrocarbons may be illustrated by Fig. 2, 
which shows the data obtained for n-heptane at 0°, 
25°, and 60° under the action of X-rays with dose 
rates from 6 X 10" to 6 Xl011 ev/cm• per sec. 

The amount of acids formed is much srnaller than 
in the case of carbonyl compounds. During the ini-

J 

2 

z 

0 """"----'-,-,--- --',:-,:-----'~-
~-,u ,.9 1-1010 ~s-101° 

ev/cm3 

figure 1. Peroxide compounds in n-hep!ane Jrradia!ed undor satura
tion with o~ygen: (I) R,OOR,; (2) ROOH; (3) H,O, 
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fig•re 2. Formation of carbonyl compounds (1) and ocld, (2) in n, 
heptono irradiated under soturolion with oxygen. Elo<tron flux: 
3 X 1010-6 X 10" ••/cm' per sec. X-roy1: 6 X IO~-10'" ev/ cm• 

tial stages of irradiation the yield is constant and 
depends neither on the temperature nor on the in
tensity of irradiation. It may be concluded from 
Figs. 1 and 2 that the formation of peroxides, car
bonyl compounds and acids commences simultane
omly from the beginning of irradiation. The slope of 
the curves changes only after the absorption of a 
certain amount or energy. In the case of peroxides 
the yield decreases due to decomposition reactions; 
with acids at 60°. on the contrary, additional amounts 
begin to form apparently as a result of secondary 
reactions of aldehyde oxidation. 

The total yield of similar oxygen-containing prod
ucts forn,ed under the action of irradiations in hydro
carbons of various structures is a measure of their 
susceptibility to radiolytic mdd:ition. Characteristic 
y ield values are given in T able II. 

Table II. Total Yield of Oxidation Products 
(molecules per 100 ev) 

n•utl~•" fsoorlon( eycloh~.ro.Jf,• b•HttlU' 

Peroxides 3.7 23 1.2 0.5 
Carbonyl 

comoounds 2.0 1.2 0.6 0.45 
Acids 0.4 0.6 0.2 0 

Total 6.1 4.1 2.0 ~1.0 

These data show that the difference in behaviour 
between saturated hydrocarbons and benzene is much 
less in the case o[ mddation reactions than in de
composition processes leading to gas evolution. The 
same is true for polymerization reactions. 

The simultaneous appearanc<' of the various reac• 
tion products from the beginning of irradiation may 
be due to their being formed independcnUy or to 
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their being derived from the same Jaliile priniary com
pound and transformed in different ways. In the case 
or the oxidation reaction this primary labile product 
is the peroxide radical R02• Owing to the relative 
inertness of hydrocarbons, R02 reacts predominantly 
wilh other mdicals, formi ng di-substituted peroxides 
as follows: 

(1) 

and not with the hydrocarbon molecules according to 
the reaction 

which would lead to the development of chains. 
A reaction alternative to ( 1 ) involving the radical 

RO, is its isomerization and subseque.nl decomposi
tion according to the well known schemes of carbonyl 
compounds and alcohol forma tion in the case of alkyl 
and alkeae radicals C.Tlz •• 1 and C,,H~.+ With the 
alkvlidene biradicals RCH the addition of molecular 
oxygen may result in lhe formation of acids accord
ing to the scheme : 

0-6 
.. ./ 

RCH + 0~ ➔ RC 

"-· H 

0 0 
/ "" // ➔ RC--O ➔ RC 

"- "-H OH 
(3) 

The isomedzation of tl,e peroxide 

0 
/ "

RC - O 

"-H 

into the acid is promoted by an increase in tempera
ture.8 In this case the acid is formed independently 
of the aldehyde. 

A reaction between oxygen and excited molecules. 
resulting in the direct Cormation of a hydroperoxide 
by "introduction" of oxygen without detachment of 
hydrogen atoms, is also possible. Thi!: is apparently 
how the hydroperoxide is fo rmed in the cases cited 
above, since the low yield ·values and the independ
ence on the temperature and intensity make the 
chain mechanism corresponding to scheme (2) im· 
probable. J n the mechanism suggested above the num
ber of radicals necessa ry to obtain the observed 
yields must be supplied by the ionization acts. An 
estimate on the basis of the number of ion pairs 
formed per 100 ev known for the vapour state, and 
of the per cent of radical ions as derived from mass
spectrometric data shows that in the case of hydro
carbons the number of primary radicals formed is 
high enough for the reactions considered to take place 
with the yields observed. 

The behaviour of acetic acid in this connection is 
similar, its molecule being stable towards radiolytic 
oxidation.8 Table III shows the initial yields of the 
products in the presence of oxygen compared to those 
obtained without oxygen. 
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Table Ill 

Hydrogen peroxide :ind acetyl 
hydropcroxide 

R10OR2 (acctyl peroxide) 
ROOH (methyl hydroperoxide) 
Formaldehyde 
Acetone 
Total gases liberated 
Carbon dioxide 

Yield, mo/ecukz t>er .l00 n, 

In ,,.~,,r,.,.« IV,11,,..., 
0 0~ 02 

0.36 
018 
1.1 
1.1 
0.45 
2.4 
2.4 

0 
0 
0 
0 
0.45 
5.4 
2.4 

It is a characteristic feature that if the acetic acid 
is saturated with oxygen no methane, hydrogen or 
carbon monoxide form during the initial phase o[ ir
radiation, though these gases constitute more than 
half of the total gases liberated when oxygen is :-ib
sent. This points to the conclusion that the radicals 
which lead to their format ion react very efficiently 
with oxygen to form peroxide radicals. A parallel 
analysis of the liquid and gaseous phases shows that 
in the beginning, when the peroxides arc accumulat
ing, the formation of CO, i~ balanced by the absorp
tion of oxygen, so that no liberation of gas is ob
served. At a definite dose the peroxides begin to 
decompose, liberating CH. and additional CO2 and 
upon furlher irradiation a steady state concentration 
of peroxides is established. This e-'<plains the induc
tion periods in the evolution of gases observed on 
irradiation of different organic systems in the pres
ence of oxygen. 

The picture presented by alcohols when subjected 
to oxidizing radiolysis is substantially different from 
that of hydrocarbons and acetic acid. As already men
tioned. in the case of ethyl alcohoF the total amount of 
products formed is considembly higher. Data on the 
yields obtained under various conditions are given 
in Table IV. If the concentration of oxygen is kept 
constant the yields remain constant throughout the 
range of doses studied up to .-1.5 X 1021 ev/cms. 

As can be seen from the table, irradiation of o>..--y
gen-frec :ilcohol also leads to the formation of a con
siderable amount of radiolysis products, including 
aldehydcs, water, hydrogen. In the presence of oxy
gen the yields of all these products increase and new 
products-acids and peroxides-are formed. 

The considerable increase in the amount of hy
drogen liberated is particularly striking. 

In this case the total yield of products can no 
longer be obtained by the free r:idicals formed due lo 
ionization, and the participation of excited molecules 
in the reactions dnnot be disregarded. 

The increase in the yield of hydrogen from 6 to 
12 molecules per 100 ev can be explained most sim
ply by assuming that hydrogen is formed by two 
different mechanisms: as a result of molecular dehy
drogenation of excited molecules in the absence of 
oxygen with a yield G = 6, and secondly in the pres
ence of oxygen as a result of the reaction between 
H atoms and alcohol molecules, also with a yield 

G = 6. The liberation of molecular hydrogen in the 
radiolysis of air-free alcohol is accompanied by the 
formation of aldehyde, but since the yield of the 
latter is much lower than that of hydrogen, this reac
tion is evidently not the only one leading to the 
molecular dehydrogenation of alcohol. Considering 
that the behaviour of excited molecules must be simi
lar in radiolysis and photolysis it may be supposed 
that, as was sI-iown by Farkas and Hirschberg for 
the photochemical decomposition of ethyl alcohol in 
aqueous solutions.° Ketene is formed beside the alde
hyde according to the reactions: 

CH~CH20H ~ CH3CHO + H: ( 4) 
and 

CH3CH2OH ➔CH,= CO+ 2H: (5) 

Assuming, in accordance with the energy of the 
quanta in the photochemical c.,cperiments, that the 
necessary excitation energy is 6 ev, we find thal to 
an absorption of 100 ev, with the simultaneous forma
tion of ----4 ion pairs requiring ........ 50 ev for the .work 
of ionization and dissociation, about 8 molecules of 
alcohol can become sufficiently excited for reactions 
( 4) and ( 5) to take place. 

The excited molecules may also decompose ac
cording to the scheme: 

CH1CH20H--+(CH3CH20H)*➔CH3CHOH+H 
(6) 

hut in the liquid phase in the absence of acceptors 
the radicals easily recombine. In the presence of 0> .. -y
gen a peroxide radical is formed and an atom of 
hydrogen is liberated, allowing the following reac
tions to develop: 

H 
. I 

CH~CI-IOH + 0 2 ➔ CH8C-O-O- (7) 
I 

OH 

H + CH,CH20H -t CH3CH.OH + H 2 (8) 

H 
I 

CH~C-0-0- + CH3CH20H -t 

I 
OH 

(9) 
H 
I . 

CH 3C-OOH + CH3 CHOH 
I 
OH 

Reactions (8) and (9) in which the radicnls form 
without the action of radiation lead to the develop
ment of chains and result in an increase in the yield. 

Oxyethylhydroperoxide 

H 
I 

CH3C-OOH 
I 

OH 
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c-.an decompose into acetaldehyde and hydrogen per
oxide, or into acetic acid and water. This mode of 
aldehyde formation is confirmed by the equality of 
the initial yields of acetaldehyde and peroxide formed 
in the presence of oxygen. The latter value is found 
by subtracting the yield of aldehyde in oxygen-free 
alcohol G = 1 from the total yield G = 3.6, and mak
ing use of polarographic data showing that the alde
hyde appearing under these conditions is a mixture of 
90 per cent acetaldehyde and 10 per cent formalde
hyde. The fact tl,at two different mechanisms of 
aldehyde formation exist, with and without the pai-
ticipation of oxygen, is confirmed by the different 
behaviour of the corresponding systems when the 
temperature is varied. In the presence of oxygen the 
reaction is temperature dependent, while no such de
pendence is obsci-vcd in the experiments without oxy
gen, as can be ~een from Figs. 3 and 4. 

Table IV 

•.Af0Jcc1,lu per 100 i!V 

2x101• 1011 2.9X10" 2.9X 1011 

P eroxides 6.0 3.6 2.3 0 
Aldehyde 7.5 4.2 3.6 1.0 
Acid 3.6 4.8 7.2 0 
Water 4.8 7.2 2.1 

H2 12 6.0 
co 1.8 0.3 
CH4 0.9 0.2 
CO2 0.1 0,03 

Oi absorbed 11 .3 0 

The yield of water increases with the yield of acid, 
but since from stoichiometrical considerations such 
a relationship should hold for any reaction leading to 
the transformation of alcohol into acid with the par
ticipaLion of molecular oxygen, this fact cannot be 
regarded as confirming a definite mechanism. I n the 
experiments with oxygen the :yields of both aldehyde 
and acid depend not only on the temperature, but 
also on the intensity of irradiation. This may be con
sidered as due to the participation of chain reactions 
in some phases of the process. 

The available experimental information is as yet 
insufficient to choose between the possible reaction 
mechanisms. In particular it is necessary to obtain a 
satisfactory balance between the oxygen-containing 
reaction products and the oxygen absorbed, and to 
identify all the final products not functionally but 
individually. 

The much larger part played by the alcohol mole
cules in radiolysis and radiolytic oxidation, as com
pared with that or hydrocarbon and acetic acid mole
cules, is doubtless connected with the inc1·ease in the 
reactivity of the hydrogen atoms in the - CH,OH· 
group in comparison with the methyl group. A fur
ther increase in the mobility of this hydrogen re
sulting in a corresponding growth in,the yields of the 
oxidation reactions may be expected · if the methyl 
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group in ethyl alcohol is substituted by an unsaturated 
group. 

Proskurnin and Barelko 10 have shown that if a 
phenyl group is present in the alcohol (i rradiation of 
benzyl alcohol) a very large yield of oxidation prod
ucts is obtained, leaving no doubt as to the chain 
mechanism of the reaction. 

Combining iodometric and polarographic methods 
they showed that under the action of radiation on 
benzyl alcohol, through which oxygen is continu
ously passed, peroxide compounds were formed con
sisting in equal parts of hydrogen peroxide and un
hydrolyzed organic peroxides. With the intensity 
used ( Co60 y rays, ,-...,22 r per sec) the initial yield 
under the action of the irradiation was ,_,50 mole
cules per 100 ev. 

From the point of view stated above this means 
that the peroxide radical formed in the benzyl alco
hol according to the scheme : 

C0 H,CH2OH ➔ (C0H0 CI·I2OH )' 

➔ c.H.c:HoH + H (10) 

fI II 
I I . 

C.H,C· + 0 2 ➔ CcHsC-O-O (11) 
I I 

OH · OH 

reacts readily with an unexcited alcohol molecule as 
follows: 

H 
I 

c .H ,C-0-0- + c .H.CH,OH ➔ 
I 

OH 

H H 
I I 

c.H.C-OOH + c .H.C· 
I I 

OH OH 
promoting the development of chains. 

(12) 

Thus, in the case of the radiolytic oxidation of ben
zyl alcohol the presence of a benzene ring not only 
fails to decrease the yield, in comparison with ali
phatic compounds, as is the case with. hydrocarbons, 
but actually increases it pronouncedly. 

As is well known from the studies of a number of 
authors," the stability of aromatic compounds under 
radiolysis is very high and is interpreted as being due 
to a distribution of the absorbed energy among the 
conjugate bonds followed by deactivation. There a re 
no grounds to assume that this effect is absent in 
benzyl alcohol. It probably causes a low y ield of pri
mary radicals, but the essential point in the system 
considered is the fact that the reaction proceeds at 
the expense of chain development and does not re
quire a large number of initiating radicals. In this 
case it is precisely the presence of the phenyl radical 
that ensures a favourable course for the non-radiation 
phase of the process. 
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figure 3. formation of aldehyde upon irradiation of ethyl alcohol in 

the presence of oxygen at 25°C ond 50°C 

The examples cited show that in reactions of radio
lytic oxidation, even more than in pure· radiolysis, the 
individual properties of the irradiated molecules, de
pending on their structure and on the presence of 
definite functional groups, play a decisive part in de
termining the trend of the various processes and the 
yields. 

THE ACTION OF IRRADIATION ON HIGH 
POLYMERS IN THE PRESENCE OF OXYGEN 

The changes which take place in the mechanical 
properties of high polymers under the action of irra
diation were explained in a number of papers pub
lished in recent years12 as being due to ruptures of 
the C-H bonds and a subsequent recombination of 
the free radicals to form new bonds between the 
molecules cross-linking or to rupture of the C-C bonds 
(destruction). Charlesby found that the changes ob
served when polyethylene is irradfated in the presence 
of air are connected with oxidation reactions which 
take place at the surface. 13 

It is of substantial interest to establish the func
tional nature of these products, since it is necessary 
to ascertain the character of the new bonds that form 
in order to determine their role in the changes that 
take place in the physical properties of the polymer. 

Karpov and Slovokhotova 14 studied the red and 
ultraviolet spectra of thin films of polyethylene sub
jected to irradiation by fast electrons under vacuum 
and in air. Definite changes are observed in the 
spectra, which increase regularly with the dose of 
energy absorbed. Analysis of the absorption bands 
has shown that, besides the appearance of double 
bonds and branched chains and the transition from 
the crystalline to the amorphous state, irradiation in 
the presence of air leads to the formation of carbonyl, 
carboxyl and ether groups. The latter account for the 
increase in the rigidity of the polymer by cross-link
ing it ·with "oxygen bridges". The main mechanism 
of the formation of these oxidation products is the 
same as in the case of low molecular hydrocarbons, 
i.e., it is based on the addition of molecular 0)..")'gen 
to the free radicals formed under the action of the 
irradiation and the subsequent transformations of 

the peroxide radicals. The particular course of these 
reactions in polymers is connected with the limited 
mobility of the macromolecules. 

RADIOLYTIC O XIDATION OF ORGANIC 
COMPOUNDS IN AQUEOUS SOLUTIONS 

In the absence of oxygen, organic compounds in 
aqueous solution are oxidized by irradiation at the 
expense of the· OH radicals formed in the water to
gether with H atoms in the processes of ionization 
and excitation. It is also of interest to use molecular 
oxygen for oxidation by saturating the solution dur
ing irradiation. 

The oxidation of inorganic compounds under the 
action of irradiation is often markedly increased by 
the presence of oxygen. It is generally assumed that 
this effect is due to the participation of HO, radicals 
in the oxidation processes, these radicals forming as 
a result of the addition of H atoms according to the 
reaction : 

. (13) 

The existence of HO, radicals in the gaseous 
phase has been proved experimentally by mass-spec
trometric 15 and infra-red spectral16 methods. These 
are sufficient grounds to postulate that these radicals 
exist also in the liquid phase. 

H02 is a good oxidant for ions of variable valency, 
particularly for ferrous ions owing to the ease of 
electron transfer following the well known scheme : 

Fe2 • + H02 ➔ Fes. + H02- ( 14) 

and 

H02-+H+➔ H202 (15) 

Fe2
+ + H20,, ➔ Fe3• +OH· + OH (16) 

according to which the relatively weak oxidant H02, 

formed at the expense of atomic hydrogen, is trans
formed by the ferrous ions into a stronger oxidant OH. 

vVeiss and Stein have show11 11 that the irradiation 
of oxygen-free aqueous solutions of benzene results 
in the formation of phenol, diphenyl, terphenyl and 
hydrogen. The occurrence of these products is ex
plained by the formation of phenyl radicals as a result 

/J"---- ....L..- .J..........JL.........L __ 

2 II Ii 8 I/J,l/)60 

ev/cm3 
Figure 4. Formation of aldehyde upon irradiation of oxygen-free 

ethyl alcohol at various temperatures 
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of the reaction between ben.zene and the OH radicals 
and the subsequent intercombination of C6H 6 radi
cals with OH. Thus, the consumption of OH radicals 
correi;pon<ls to the total yield of phenol and di- ( ter-) 
phenyl, OH radicals being required for each mole
cule of the product. Stein and Vveiss demonstrated 
that in the presence of oxygen the yield of phenol 
increases to twice its usual value. However, at the 
same time the yield of diphenyl falls, and the total 
yield remains almost unchanged and equal to C = 2. 
Thus, although the presence of oxygen results in a 
certain redistribution of OH radicals between the 
phenyl radicals and benzene after a mechanism which 
is not clear as yet, the total quanti ty of primary water 
radiolysis products engaged in the reaction does not 
increase. The yield of the phenyl products, approxi
mating 2 molecules per 100 ev, corresponds to the 
consumption of about 4 OH radicals, i.e., all the 
radicals formed as a result of the ionization processes 
in water on absorption of 100 ev. As to the HO 
radical. these data show that it does not take part in 
the oxidation at all. 

Proskurnin and Barelko attempted to increase the 
utilization of the primary water radiolysis products 
in o:xidation reactions by increasing the oxidizing 
power of the HO, radicals towards organic, in par
ticular aromatic compounds.18 They showed that if 
ferrous ions are introduced into aqueous benzene so
lutions the yield of phenol in the presence of oxygen 
increases by about 2.7 times, while in the absence of 
oxygen ferrous ions do not influence the reaction at 
all. 

This effect may be explained"-16 by the reactions 
between H02 and Fe2

+. In this case each H atom 
g ives rise to one OH radical and the phenol yield 
should increase twofold. Actually the yield increase 
is much larger. In this connection the authors con
sider the possibility of the activation of HO2 by Fe2• 

ions according to the reaction: 

HO! + C6H 6 + Fei+ + H• ➔ 

C,H.OH + Fe3 • + H,O (17) 

which results in the formation of 1 molecule of 
C.H,.OH for each hydrog-en atom, i.e., in a three
fold increase of the yield compared to that of the 
reaction in the absence of ferrous ions. 

The efficiency of the ferrous ions depends on their 
concentration between 10-• and 10-3 1)1 and reaches a 
maximum value at 10-3 M. The phenol yield is also 
increased by ferric ions, though not so effectively. 

The radiolytic oxidation of organic compounds in 
aqueous solutions can thus be sensitized by cations of 
variable valency, which are themselves oxidized dur
ing the reaction. T his method is of general interest 
and can be applied to numerous systems. 

\/\Then the molecule contains a benzene ring and a . . 
side chain it is important to know .whether oxidation 
displays any particular trend. This problem was 
studied by Proskurnin and Barelko for aqueous solu
tions of benzyl alcohol.'0 They showed that the ir ra-
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diation of 5 X 10-' to 5 X 10-2 M solutions, through 
which a continuous stream of oxygen is passed gives 
rise to hydrogen peroxide, benzyldehyde and phenol, 
the yields being 3, 1.6 and 1.2 molecules per 100 cv 
respectively. As can be seen., the yields of oxidation 
reaction involving the benzene ring and the side chain 
are close in value. Contrary to the radiolytic oxida
tion of pure l1enzyl alcohol, large yields of peroxide 
corresponding to a chain mechanism arc not observed 
in this case. The simultaneous appearance of hydro
gen peroxide, which was identified polarographically, 
and benzaldehyde, may be explained by the hydro
lytic decomposition of initially formed oxyhydro
peroxide according to a scheme similar to that for 
ethyl alcohol : 

C6H$CH2OH +OH ➔ C6H$CHOH + H 2O ( 18) 

I-f 
I 

CGH$C-O-OH + CGH$CH2OH ➔ 
I 

OH 

H 
I . 

C0H~C-OOH + C6H,CHOI-I 
I 

OH 

(20) 

(21) 

(22) 

The OH radical reacts with the benzene ring with 
an almost equal probability, oxidizing it to phenol 
according to the mechanism described above. Oxida
tion of both ring and side chain in the same molecule 
was not observed. 

The particular behaviour of benzene derivatives 
observed in the radiolysis of pure substances and 
manifested in a stabilization of the molecules owing to 
redistribution and dissipation of the absorbed energy, 
does not appear in dilute aqueous solutions, since the 
energy is absorbed by the water and not by the 
solute. The reactions develop in this case mainly as 
a result of interaction of the solute with the radicals 
H and OH, and only to a minor extent as a result of 
the transmission of excitation energy to the organic 
molecule. 
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The development of the application of reactions of 
radiolytical oxidation of organic compounds in aque
ous solution is connected with the utilization, not 
only of all the free radicals in H and OH appearing 
in the ionization disintegration of H 20, i.e., -4 pairs 
of H+OH per 100 ev, but of the molecule excitation 
energy as well. 

Proskurnin and collaborators demonstrated that 
the radiation energy is very efficiently utilized when 
solutions of potassium nitrate containing glucose are 
irradiated. 19 The nitrate is reduced to nitrite at the 
expense of a tomic hydrogen, and at the same time 
the glucose is oxidized at the expense of the OH 
radicals. J t was found that for every 100 ev of ab
sorbed energy 12-13 molecules of water were in
volved in the reaction. The use of conjugate oxida
tion-reduction reactions for the production of definite 
products in aqueous solutions under the action of 
radiations is one of the different methods of radiolytic 
synthesis. 

REACTIONS IN MIXTURES OF ORGANIC COMPOUNDS 
UNDER THE ACTION OF RADIATION 

Methods of synthesis under the action of rndiation 
may not only be used to obtain oxidation products. 
Irradiating mixtures of organic compounds may lead 
to the formation of new compounds, which often rep
resent derivatives of one of the components formed 
by the introduction of a radical detached. from an
other of the constituents. Thus, Zimin and co-workers 
showed 20 that aniline is formed if a mixture of 
ammonia and benzene is irradiated under a pressure 
of 10 atm. They studied the dependence of yield on 
the composition of the mixture and found that the 
results are best at an equimolccular ratio of the com
ponents. The aniline yield, which under such condi
tions equals about 0.4 molecules per 100 ev, increases 
in the presence of insignificant amounts of oxygen, 
corresponding to the introduction of ~0.1 % of air 
into the system, to ,_,z molecules per 100 ev. In this 
case the oxygen apparently plays the part of a sta
bilizing acceptor as is the case in the oxidation reac
tions discussed above. Liberation of radicals pro
motes the synthesis. 

Similarly, irradiation of carbon tetrachloride and 
benzene mixtures results in the fon11ation of benzene 
trichloride according to the reaction: 

CCI. + C0H. ➔ C6H 5CCl3 + HCI (23) 

Irradiation of a two-compone~t mixture may give 
rise to radicals due to the dissociation of the two 
kinds of molecules as a result of both ionization and 
excitation. Nikitina and Bagdasaryan showed •1 that 
a satisfactory quantitative treatment of the effects ob
served under irradiation of mixtures cannot be car
ried out if only the radiolytic products formed as a 
result of direct absorption of ener,gy by each of the 
components are considered separately. Energy trans-

fer from the excited molecules of one of the compo
nents to molecules of the other must also be taken 
into account. 

The opportunities for intercombination of radicals 
and for the participation of excited molecules in the 
reactions are much larger in mixtures than in one
component systems. The available experimental data 
on the formation of aniline and benzene trichloride 
are, however, as yet insufficient to pennit considera
tion oi reaction mechanisms in some detail. 

The examples given in this report of the produc
tion, under the action of radiation, of new comp(!uttd<; 
in organic systems as a result mainly of oxidation, 
but also of direct substitution, are. demonstrative of 
an interesting field of the utilization of the energy 
of radiation for chemical purposes. The results ob
tained allow us to expect that a proper selection of 
objects and conditions should lead to chemical proc
esses under the action of ionizing radiation, which 
may be difficult to realize with other agents usually 
employed in overcoming the chemical inertness of 
systems. 
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Organics as Reactor Moderator-Coolants: 
Some Aspects of Their Thermal and Radiation Stabilities 

By R. 0 . Bolt and J. G. Carroll,* USA 

The idea of cooling a nuclear reactor with a hydro
carbon has great appeal. An important advantage is 
that these compounds generally are not corrosive to 
construction metals. Hydrocarbons also exhibit low 
residual radioactivity from neutron capture, thereby 
permitting a minimum of coolant shielding external 
to the reactor. Moreover, hydrocarbon species of 
interest for the coolant use have low vapor pressures 
at useful temperatures, which would allow a reduc
t ion in the size (and cost) of reactor pressure vessels. 
The aforementioned features have resulted in the 
serious consideration of organics for reactor modera
tor-coolants. 

Broad areas needed further definition before the 
attractive aspects of organic compounds for the re
actor use could possibly be realized. Thus, a search 
for the best organic structures to withstand ma..'<:imum 
temperatures and radiation dosages was rendered 
necessary. 

Information was needed on the effects of these ir
radiation variables on radiation damage to such mate
rials and on the.ir rates of decomposition under 
selected conditions. Data on the identity of products 
of irradiation were desired. Also of primary concern 
was the relation of deposition on heat transfer sur
faces to coolant composition and conditions of 
operation. 

These p roblems were studied in strictly thermal 
and in irradiation tests under various conditions. 
The majority of the experimental work was with 
capsules or small cells in which selected materials 
were exposed and subsequently analyzed to determine 
changes in physical properties and to establish the 
nature of the products formed. In a study of deposi
tion characteristics, data were a lso obtained from 
circulating Auid loops exposed to high temperatures 
both alone and in a reactor. 

The information obtained in the experimental work 
is discussed in sections to follow under Thermal Sta
bility and under Radiation Stability. 

The presentation of the data concludes with a treat
ment of the Sig11.ificance of the Results in Reactor 
Design. 

* California Research Corporation, Richmond, California.' 
IncludinR" work done by : W. K . Ar.derson, S. Greenberg 
L. W. Fromm, Argonne National Laboratory: R. 0. Bolt; 
J. G. Carroll, B. J. Fontana, J. R. Wri&'ht, California Re
search Corporation: E. L. Colichman, R. F. Fish, R. H. J. 
Gercke, North American Aviation, Inc. · 
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THERMAL STABILITY 

Introduction 

From purely thermodynamic considerations, all 
hydrocarbons are unstable at hjgh temperatures with 
respect to decomposition into their component ele
~ents . . On this basis also, increased instability with 
mcrcas1.ng. molec~lar weight is predicted.1 Probably 
more s1gruficant 1s the fact that the latter is to be 
expected ·on the grounds of statistical mechanics. 2 

~ctuall3:, organic materials do not tend to decompose 
into their elements on pyrolysis. Instead, they stop at 
a~ intermediate point where the solid product is a 
lugh condensed a romatic.3 These observations suggest 
that the problem of stability at elevated temperatures 
is basically a kinetic one. There would appear to be 
some hope, then, for finding an ideal structttre of 
maximum stability to thermal attack. 

1:he present work on the thermal stability of or
game compounds was undertaken in order to estab: 
lish : ( 1) the best types of chemical structures and 
o rganic combinations for subsequent irradiation stud
ies ; (2) the upper temperature limits beyond which 
the most promising organics could not be used for 
reasonable periods of time ; and (3) the de.,.ree of 
pyrolyti~ breakdo~vn of the best organic compounds 
and their tendencies to deposit decomposition prod
ucts on heat transfer surfaces. Aromatic hydrocar
bons were favored in the work because it has long 
been known that this class of organics is most stable 
to high e nergy radiation.' Some data are available on 
the thermal cracking of aromatic hydroca rbons 5, 6 

but the conditions g iven are too varied to a llow int~r
comparis~ns of stabilities or of applications to pro
posed c_nv1ronments. Initial studies of the temperature 
effect m the new research were made on biphenyl 
and naphthalene. This approach was followed because 
t~e available thermodynamic information already 
cited led to the conclusion that the simplest $truc
tu res probably would be the most stable. 

Approach 

In the p resent pyrolysis work, samples were e,x
posed in containers from which air had been removed. 
This allowed the study of the role of temperature 
without oxidat ion effects. The latter were eliminated 
because of their well known unfavorable influence 
on the decomposition of organics. The main cr i-
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terion of thermal stability was gas evolution. The 
gaseous products of pyrolysis were recovered and 
anal}'.zed by mass spectrometric methods. Results are 
reported as ml of gas per gram of organic charged. 
The data are also presented, for theoretical use, as 
moles of gos (hydrogen and C1 to C5 hydrocarbons) 
per mole of original material. Experience has shown 
that, as the value of this latter index approaches 
unity, extensive damage to the organic is indicated. 

A second criterion used in the capsule tests was 
residue formation. This material was the relatively 
nonfusible or nonvolatile fractio n of the pyrolysis 
mixture. In most cases, this was insoluhle in the 
mixture and was recovered by a simple manual 
method. T n other cases, the residue was soluble and 
was recovered through the use of single-stage, high
vacuum ( 1 micron pressure), "molecular" distilla
tions. The residue values arc regarded as a less satis
factory index of stability than gas evolution. How
ever, they may be of more practical interest in evalu
ations for reactor coolant use. 

The tendency of organics to deposit carbonaceous 
matter on heated surfaces was investigated with a 
fluid circulating loop. The hot organic was pumped 
in a simple closed hydraulic circuit past an element 
maintained at a clesired surface temperature. The 
element was examined for deposition at the end of a 
test. Less significant information on this subject was 
derived from casual observations in the capsule tests. 

The data presented in the following section typify 
some 400 pyrolytic tests on about 40 different aro
matic hydroca.rbons. Most of the materials studied 
were of high quality commercial grade and were used 
without further purification. Others were synthesized 
·and purified by crystallization or distillation. 

Results 

Initial Survey 

The first step in the work on thermal stability was 
to screen the aromatic class of organics so that the 
most promising members might be chosen for more 
intensive study. Table I gives results on a few se
lected compounds. The amount of decomposition was 
estimated by observing the color change and the 
amount of residue formed and by measuring the 
pressure of the gas generatetl. 

Data in Table I attribute superior thermal stability 
to biphenyl, the three terphenyl is~mers, and naphtha
lene. The polyphenyls were certainly more promising 
than any of the fused ring aromatics, except naph
thalene. It was noted, however, that partially pyro
lyzed naphthalene tended to form a hard, brittle 
residue, resembling coke, in a separate phase, while 
the polyphenyls reduced to resins which, though non
volatile, tended to remain in solution. Such informa
tion is pertinent to the choice of an organic for ·the 
reactor coolant use. 

Several substituents for hydrogen atoms in the 
naphthalene structure were studied in order to note 
any stabilizing influence of such groups. Included 

Table I. Thermal Stability" of Selected 
Aromatic Compounds 

Compo11.nd 

A. Polyphenyls 
1. Biphcnyt; o-terphenyl, 

111-terphenyl, P-tcrphenyl 
2. p-quaterphcrryl 

B. F11sed Ring Aromatics 
1. Naphthalene 
2. Antbracene, Phenanthrene. 

Chrysene, Pyrene 
C. Other Materials 

1. 2,2'-binaphthyl 
2. 1,1'-binaphthyl, tetraphenylsilane, 

tctrabenzylsilane 

Rcfati111 
t/urmal stability 

Good 
Fair 

Good 

Poor 

Fair 

Poor 

* Tests in Vycor capsules; 10 microns initial pressure; 
465°C ; various times. 

were alkyl side chains as typified by the methyl
naphthalenes and acenaphthene. Fluoronaphthalenes 
were also pyrolyzed to ascertain the contribution 
of the C-F bond. In these and other instances·, the 
substituents markedly reduced thermal stability as 
indicated by larger quantities of gas and/or more 
copious formations of residue. 

Selection of the Best Class 

Additional tests were made to compare naphthalene 
and biphenyl as representatives of their respective or
ganic classes. In one such comparison, the two com
pounds were exposed for two different periods of 
time at 493°C. These results are summarized in 
Table II. 

Table II. Thermal Stability* of Typical Polyphenyl 
·and Fused Ring Compounds 

Gas ttolutU>n 
Time> Per cmt 

Compo,md h01<rs ml/gram n1oles/molc rt.rid•et 

Naphthalene 24 3 O.Ql8 0.1 
72 121 0.69 63 

Biphenyl 24 4 0.02 1.4 
72 21 0.13 41 

* Stainless steel (AISI Type 304) vessels; about 22 
kg/cm2 initial N2 pressure ; 493°C. 

t Recovered by vacuum distillation. 

For the shorter exposure, naphthalene was more 
interesting on the basis of both gas evolution and 
residue formation. However, for the longer term, it 
showed less stability than did biphenyl. Because an 
organic chosen for use as a moderator-coolant must 
exhibit stamina at the highest possible temperature 
for extended periods, biphenyl was considered su
perior to naphthalene. This preference extended 
generally to polyphenyls as the most desirable single 
class of aromatic hydrocarbons. 

Tests were next conducted to study the tempera
ture sensitivity of the polyphenyls. Exposures at 
different temperatures strikingly illustrated the de
pendence of stability on temperature. Typical data 
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Table Ill. Dependence of Stability* of 
Polyphenyls on Tempera ture 

ComJ,<>-und 
Temjeralure~ 

•c 
Gu evolu tiqn 

,nl/g,om Mole/mq/e 
Per cent 
residuet 

I. Biphenyl 526 28 0.18 77 M 
510 16 0.10 (2-4) M 
493 4 0.02 1.4 D 

z. o-terphenyl 510 37 0.37 92 M 
493 9 0.08 39 D 

3. ; -tcrphcnyl 510 27 0.27 98 M 
493 7 0.06 56 D 

* Stainless steel (AISI Type 304) vessels; about 22 
kg/cm2 initial N2 pressure; 24-hour exposure. 

t M = manual recovery, D = vacuum distillation recovery. 

for three polyphenyls are shown in Table III. F rom 
these and similar data, it was concluded that about 
490°C is the highest practical temperatnre at which 
these organics may be used for a reasonable period 
of time. Fused ring aromatics, including naphthalene, 
were increasingly less stable than the polyphenyls at 
the higher temperatures. 

Role of Additives 

lt is generally accepted that a free radical mech
anism predominates in the thermal decomposition of 
hydrocarbons} A fruitful approach to the problem 
of increasing the thermal stability of these materials 
would appear to be that of arresting pyrolysis through 
the use of chemical inhibitors. The thermal stability 
of the inhibitor itseH would then become a concern. 
Several additives were tried in various Auids, but 
none was found to be beneficial. The type of effect 
observed is noted in Table IV for several inhibitors 
contained in biphenyl. The lack of inhibiting effect 
of nitric oxide is surprising in view of its known 
behavior in this regard with paraffins.6,' Acridine is 
known to function as an inhibitor in catalvtic 
cracking/ but it was not effective in the present st~dy. 
Iodine is known to act in certain situations as a 
radical chain stopper and in others as a radical reac
tion accelerator.9 It was found to augment the py
rolysis of biphenyl in the present study. F rom these 
and similar results, the possibility of finding a bene
ficial additive did not appear hopeful. 

Circulating Loop Tests 

·work of part icular interest in the thermal part 
of the reactor coolant study was conducted with bi
phenyl in a fluid circulating loop. Figure 1 is a 
simplified sketch of the system used. In this closed 
circuit, biphenyl was pumped through a reaction 
chamber at a bulk temperature of 315°C. A nichrome 
ribbon heating element within the chamber was main
tained at an estimated surface temperature of 42O°C. 
A heat flux of about 22 caljsec/cm2 (292,000 
BTU/hr/ft2

) was delivered to the fluid from the heat-· 
ing element under the test conditions used. This heat 
flux is in the range expected from fuel elements in 
the reactor coolant application. 

The nichrome ribbon was inspected for deposits 
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after 145 hours of operation. No deposit was in evi
dence; only a slight darkening was observed which 
was attributed to the sustained operation at 420°C. 
No deposits appeared on the surface of the strainer, 
which comprised a 100-mesh screen. A sample of 
the pyrolyzed biphenyl was carefttlly distilled to 
separate starting material from polymeric product. 
By this means, it was shown that about 10% of the 
biphenyl had been converted to other materials, 
probably higher polyphcnyls. 

During the course of the experiments with the 
loop, it was learned that certain improper operating 
conditions produced heavy boiling on the surface of 
the ribbon element, causing its temperature to rise 
rapidly. This heavy boiling over long periods pro
moted vapor phase and liquid phase cracking of 
the organic, both of which encouraged carbon de
position. Short periods of surface boiling did not 
seem to cause deposition. 

Table IV. Effects of Additives on 
Thermal Stability* of Biphenyl 

Gas C'1fOlution 
Additiv,, 

weight f,er rent Comf>o•nd 
- ------ Per ceri: 
C'tn3/9ram MtJll!/niole residuef 

None 21 0.13 41 
l.5 Nitric oxide 23 0.15 81 
2.4 Thianthrene 21 0.14 61 · 
2.4 Trlphtnylmcthane 113 0.7 'l7 
2.4 Iodine 164 1.09 69 

• Stainless steel (AISI Type 304) vessels; about 2Z 
kg/cm2 initial N2 pressure; 493°(; 72-hour exoosure. 

t Recovered manually. 

Although these experiments were somewhat limited 
in scope, they demonstrated certain levels of poly
phenyl performance in a circulating system. For the 
specified time, biphenyl was observed neither to 
undergo excessive pyrolysis nor to promote catas
trophic deposition on heat transfer surfaces. For 
the high heat fluxes used, these tests established 
that this type of organic could be used at tempera
tures which are considered attractive for the reactor 
coolant application. 
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Figure 1. Flow diogram of thcr-mal te)t loop 

Hellum 
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Conclusions 

Based on the formation of gas and residue, poly
phenyls show less damage from extreme high 
tempe°ratures than other types of aromatic hydro
carbons. About 490°C seems to be an upper limit 
beyond which the use of organics is not feasible for 
reasonable periods of time. Selected additives hold 
little promise of exfending this thermal ceiling. At 
somewhat lower temperatures, a simple polyphenyl 
demonstrated acceptable levels of deterioration and 
surface fouling tendencies when pumped past a 
surface transmitting a high heat flux. Strictly from 
the standpoint of thermal stability, polyphenyls hold 
promise for use as coolants in an atomic reactor and 
warrant emphasis in studies on radiation stability. 

RADIATION STABILITY 

Background and Purpose 

Early investigators,• using 170 kv cathode rays, 
indicated that aromatic hydrocarbons are more stable 
to radiation than aliphatic hydrocarbons. Their work 
also suggestec~ by showing less evolution of gas 
for biphenyl than benzene, that the higher poly
phenyls are perhaps the more stable. Other workers111 

have pointed out that molecular symmetry and 
resonance are responsible for the enhanced radiation 
resistance of benzene molecules. Various aspects of 
the relation of organic structure to the primary and 
the secondary radiation decomposition mechanisms 
were also investigated.11- 14 A detailed radiolysis 
study14 on hydrocarbon mixtures shows that benzene 
tends to protect less stable aliphatic hydrocarbons. 
This same report confirms the high order of stability 
of aromatic compounds previously noted in earlier 
'ivork.4 

It was shown in the previous section that poly
phenyl materials, such as the terphenyls, exhibit 
unusually high resistance to pyrolysis. The effect of 
combined thermal and radiation exposure compared 
to thermal exposure alone is of interest. For 
f>-terphenyl, Fig. 2 shows graphically that the 
temperature effect is eclipsed by the radiation factor. 
To appraise this decomposition due to radiation in 
the light of the background of thermal and radiation 
studies already cited, new irradiation tests were 
undertaken. It was hoped that these tests might 
determjne the choice of organic structures most 
nearly suitable for service as reactor coolants and 
their limiting conditions of temperature and radiation 
dosage. Supporting analyses were provided to gain 
an insight into the mechanism by which the most 
stable organic materials decompose in the presence 
of radiation. A continuing search for evidence of 
fouling of heat transfer surfaces was also maintained 
during the work. 

Approach 

The new work on radiation stability included 
stntic or capsule tests in reactors to study effects of 
exposure to varying temperatures and radiation 
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Figure 2. Relative damage to p•lerphenyl at 400°C from thermal and 
rodialion exposures 

dosages. An especially e..xtensive survey was made 
of the terphenyl isomers with 1 Mev electrons in a 
Van de Graaff electrostatic generator. Also, dynamic 
tests were made with a circulating loop in a reactor, 
and rough correlations between damage to organics 
in static and in dynamic tests were established. 
Analyses of many of the samples available from 
this research contributed information on the compo
sition of irradiated products. This was then related 
_to possible modes of deterioration and to methods 
of purifying the degraded organics. These items are 
all discussed in turn in the sections to follow. 

In the pr_esent description, polymer formation and 
gas evolution were employed as criteria of damage. 
Polymer formation was measured both indirectly by 
viscosity change and directly by careful vacuum 
microdistillation of irradiated samples. In the latter 
case, everything boiling above the original starting 
material was assumed to be polymer. Corrections 
were made, based on ultraviolet analyses, for con
taminants in either the distillate or residue. Viscosity 
determinations were made by the Zeitfuchs method. 15 

Evolved gas was collected for rnass spectrometric 
analysis, and the total gas pressure under standard 
conditions was measured. 

All of the irradiations were conducted in the 
nearly complete absence of oxygen because of the 
harmful effect of this agent on organic materials in 
the presence of radiation. Figure 3 illustrates this 
with n-butylbenzene. In both instances portrayed, 
the organic fluid was blanketed with helium; how
ever, in one case, air entered through a leak in the 
system to produce the major efTect noted. Air dilutio'n 
was confirmed by infrared analysis, which revealed 
oxidation products in the more viscous sample. Figure 
3 is typical of the fashion by which decomposition of 
organic materials is accelerated by oxygen in the 
presence of radiation. 

Screening Tests in a Nuclear Reactor 

Stainless steel capsules were employed in this 
work. These containers were of 22 ml capacity and 
were charged with lO ml of sample at room tempera
ture. The sealed, oxygen-free vessels were contained 
in ovens ( 18 to an oven) which were inserted in a 
reactor. Automatic temperature control was provided. 
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Figure 3. Acceleration of radiation damage to n•butylbenzene ot 
1A0°C due to air 

After the exposure, the containers were allowed to 
decay in radioactivity for a few days and then were 
opened to measttre total gas pressure generated and 
to recover the products. . 

The irradiations were conducted in the Brook
haven Reactor (Hole E-25). Vvork was undertaken 
to determine the important components of the com
bined flux existing in this facility. For fast neutrons, 
neptunium-237 and uranium-23816 fission monitors 
were employed. Small aluminum disks, containing 
about 0.5% cobalt, were used to measure slow and 
resonance neutrons by e-'<posures in the bare or 
cadmium shielded condition. The gamma flux in the 
Brookhaven facility was measured with a simple 
calorimeter which consisted of a lead rod insulated 
everywhere but on one end. The temperature differ
ence between two points in the rod depended upon the 
heat input from gamma radiation. 

By these means, the resonance neutron flux (about 
0.5 ev to 0.6 Mev) was determined to be approxi
mately 10% of the subcadmium slow neutron flux 
(below about 0.5 ev) . Similarly, the fast neutron 
flux (above about 0.6 Mev) was shown to be 
approximately 25% of the subcadmium slow neutron 
flux. W'ith the assumption of 1 Mev as the average 
energy of a reactor gamma photon, this flux was 
found to be about 45% of the subcadmium slow 
neutron flux. As these ratios hold for the various 
positions used in this particular facility, the combined 
reactor dosage or integrated flux will generally be 
expressed in terms of the more easily measured slow 
and resonance neutrons, even though these com
ponents are not the major contributors to damage. 
Thus, where dosage is shown as slow plus resonance 
neutrons/cm2, "• (bare Co)/cm2, gamma radiation 
and fast neutrons were also present in the ratios cited. 

Effects of Irradiation Variables 

Knowledge as to the basic roles of temperature 
and radiation dosage in the damage of organics is 
of primary importance in any situation in which such 
materials are to be used under varied exposure con
ditions. This is particularly true of the proposed 
reactor coolant application. Here the meaningful 
selection o[ exposure temperature and dosage even 
for screening test work depends upon this knowledge. 
Thus, work on this facet of the problem preceded 
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the main search for materials of optimum stability 
for the projected use. 

Figure 4 illustrates the role of temperature in 
radiation damage to a typical aromatic compound, 
naphthalene, at a single radiation dosage. It is seen 
that polymer formation, as indicated by viscosity 
change, remains essentially constant up to about 
400°C. For the radiation dosage shown in Fig. 4 
(representing a 10-day exposure in the E-25 Brook
haven facility), an abrupt dependence of damage 
on temperature occurs above 400°C. At 425°C, 
samples were completely coked. 
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Figure 4. Role of tempen:aturo in radiaiion damage to naphthalene 

Figure 5 illustrates effects of both temperature and 
radiation dosage. The data for butylbenzene show 
the general shape of the log viscosity-dosage curve 
for a given temperature. The straight line out to 
about 3 X 1018 n, (bare Co) /cm2 should be noted 
as s~ould_ the accelerated damage, as measured by 
the v1scos1ty change, after that point. A similar situa
tion exists for the biphenyl irradiations at various 
temperatures. This again shows the lack of influence 
of exposure temperature on damage in terms of vis
cosity change in the region below about 380°C. The 
difference in slopes of the butylbenzene and biphenyl 
curves reflects the greater stability of the latter. 

Figures 4 and 5 illustrate the sensitivity of stability 
to temperature in the 400-500°C range and the 
relative temperature independence of damage below 
~his range. These effect: have been observed generally 
m compara~I: tests _with the most stable organics. 
In the sensitive region, temperature and radiation 
dosage have proved to be interdependent variables 
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in relation to damage; thus, to reach a given point 
of damage, dosage may be increased while the 
temix:rature of exposure is lowered and vice versa. 
However, the ultimate reactor dosage possible at 
any temperature without complete decomposition is 
in the range oE 10 to 12 X 1018 n. (bare Co )/cm2• 

The approximate straight-line relationship between 
the log function of viscosity and reactor dosage out 
to about 3 X 1018 nk (bare Co )/cm2 was used in the 
scree11ing work with various organics. Dosages near 
this value were employed to avoid a region of 
accelerated damage :is indicated by the viscosity 
change method. Threshold temperatures above which 
the particular organics were temperature sensitive 
were then determined at these dosages. 

Temperature Limits for Practical Application 

Many different aromatic compounds, some contain
ing elements other than carbon and hydrogen, were 
screened in this temperature threshold work. Table V 
summarizes typical data and illustrates the general 
superiority of the polyphenyl class of hydrocarbons. 
It is noteworthy that susceptibility to radiation dam
age does not appear to increase in higher members 
of tlle homologous series, as was predicted and 
shown (sec Table l) in the thermal work. 

The performance of materials containing sulfur, 
as typified by dibenzothiophene, is particularly strik
ing. Unfortunately, the radioactivity inducedjn sulfur 
compounds by neutron capture is undesirable in a 
reactor coolant However, the stability of sulfur (and 
seleuium) compounds to radiation damage prompted 
interest in using these and similar compounds as 
stabilizing additives in other organics. Small quan
tities ( up to 5%) of these additives were found to 
be of value in this regard. Further investigation re
vealed mixtures of hydrocarbons which exhibited a 
similar improved stability. This finding was of par
ticular interest to the coolant application because it 

Tobie V. Typical Temperature Thresholds'" 
for Aromatic Compounds in o Reactort 

F1ised ri11g 
Nnphthakne 
Phenanthrene 
Chrysene 
Pyrene 

Polyflhmyl 
Biphenyl 
o•tcrphenyl 
m•tcrphcnyl 
/Herphenyl 
11i--quinquepbenyl 

Other 
Carba:role 
Amylbipbenyl 
Oiphenylacetylene 
Dibenzothiophcnc 

Thru/wld '""'J>eratur,, •c 

400 
415 
415 
400 

400 
415 
4 15 
450 
445 

400 
370 
415 
455 

• Approximate point above which damage is temperature 
sensitive at the test dosage. 

2 t Radiation dosage: about 2.5 X 1018 " • (bare Co)/cm . 

Table VI. Mixtures of Organics for 
Improved Radiation Stability* 

A. l. Biphcnyl (0.5% phthalocyaninc) 
2. Biphenyl (5% triohenylmethane} 

B. 1. Terphenyl eutectict 
2. Te.rpbeayl eutectic+ ( So/o thiant1uene) 

C. 1. Pbenanthrene (30o/o)-o•terphcnyl (70?o) 
2. Phc11anthrenc (30o/o)-o•terphenyl (70%) 

(5% naphthacene) 
3. Phen:mthrcnc (2370)--o·te,;phenyl (77%) 

(5% dibenzyl selenide) 
D. Dibenzothiopbene 

425 
440 
440 
4S5 
425 

440 

45S 
455 

• Radiation dosage: about 2.5 X 1018 " • (bare Co)/cm2• 
t Approximate point above which damage is temperature 

sensitive at the test dosage. 
f 50% meta, 25% ortho. 25% para by weight. 

furnished a means of improving stability of organic 
materials without increasing the induced radioactivity 
due to sulfur, selenium, etc. . 

Table VI contains data on the most promising 
mixtures of organics for the reactor coolant use as 
determined from the temperature screening tests. 
The performance of phenanthrene is of interest since 
the thermal stability work had predicted poor re• 
sistance for this compound. It can be seen (with 
reference to Table V as well) that certain mixtures 
showed stability which was better than that of the 
components alone. Also, small percentages of certain 
additives improved less stable materials to a markedly 
g reater extent than would be expected from a 
straight dilution effect. Thus, "protection" of the 
more susceptible compounds actually took place. 
From these data, it appears possible for the best 
organic combinations to operate at an upper limit 
of 440-450°C at the screeniug dosage of about 
3 X 1011 n, (bare Co )/cm•. 

Work with 1 Mev Eleclrons 

Within the preferred polyphenyl class, the ter
phenyl isomers possess boiling points ( ortho, 332°C: 
meta, 36J°C ; and para, 376°C; compared to 255°C 
for biphcnyl) of particular interest for the reactor 
coolant use. They also are prepared more easily than 
higher members of the series and therefore are less 
costly. For these reasons, the terphenyls were maqc 
the subject of an intensive study with electron radia
tion from a Van de Graaff electrostatic generator. 
W ith this machine, it was possible to secure large 
energy inputs in relatively short times. It has already 
been established that damage suffered by organics 
as a result of electron bombardment generally differs 
from that resulting from reactor e.xposure in degree, 
not in kind.11 

Jn the research with the Van de Graaff machine, 
I Mev electrons were beamed at 15 to 25 micro
amperes into an organic specimen contained in a cell 
as shown in Fig. 6. Dosimetry was conducted for 
cells of this sort by substituting an electrically isolated 
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Figure 6. Steel exposure cell for electron irradiations 

aluminum plug for the organic in the sample com
partment and measuring the electron current ab
sorbed. By this procedure, it was determined that 
for 1 Mev electrons 55o/o of the total electron beam 
was entering the cell of Fig. 6. 

F igure 7 compares the performance of the terphenyl 
isomers at 400°C by the rate of polymer formation 
criterion. The superiority of the para compound was 
thus demonstrated, together with the approximate 
equivalence of the ortho and meta isomers. The 
tendency of the three materials to approach one 
another in stabil ity at higher dosages reflects the 
increasing stability of the m- and o-terphenyls with 
increasing dosage. This indicates that products 
formed at this dosage are predominantly more 
resistant to radiation than the starting materjaJ. 

Figure 8 shows the effect of increasing tempera
ture on the radiation resistance of p -terphenyl. The 
improved stability at the higher dosage values is 
illustrated for this isomer at 450°C. The higher 
equilibrium values for rate of polymer formation 
at the higher temperature show that the range of 
400-450°C is in the temperature sensi tivity region 
for p-terphenyl. 

The per cent polymer values equivalent to the 
rate points of Fig. 8 are shown in Fig. 9. The 
polymer produced by irradiation was a mixture of 
species comprising four or more phenyl groups. In 
the exposures of Fig. 9, the polymer was definitely 
not coked. 

The effect on stability of adding a small amount 
of p- to m-terphenyl is illustrated in Fig. 10. The 
stability of the mixture containing 4.35% by weight 
of the para isomer was much closer to that of the 
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figure 7. Relative radiation resistance of terphenyl isomers at 400°C 
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more stable component than would be predicted from 
percentage composition. The physical properties of 
the mixture compared to those of the components 
are also of practical significance. Thus, the melting 
point of the mixture ( 110°C) is only slightly higher 
than 1hat of m -terphenyl (89°C) and is much below 
that of the high melting para compound (213°C) . 
Similar improved radiation stability has been ob
served for other combinations. For example, 5% 
p-quaterphenyl in m-terphenyl showed stability much 
closer to that of the very res istant p-quaterphenyl 
than to that of m-terphenyl. 

Dynamic Tests in o Reactor loop 

In screening tests already cited, the temperature 
in the capsules was maintained by an external oven. 
No internal heat, except that from the absorption of 
radiation, was provided. These conditions resulted 
in no deposits on the capsule surfaces for the varied 
types of exposure used in the work until temperature 
thresholds were exceeded and the entire sample was 
reduced to coke. Although this lack of deposition was 
encouraging, information was needed on the tenden
cies of organics to deposit on heated surfaces in a 
dynamic system in a reactor. Work was undertaken 
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Figure 8. Effect of temperature on radiation stability (rate of poly
mor formotion) of p--terphe"yl 

with a fluid circulating loop to secure such informa
tion. Here, test conditions could be more carefully 
controlled to permit observations before the occur
rence of the massive coking which was the end point 
in capsule tests. Confirming evidence on the degree 
of radiation damage to organics as a function of 
neutron dosage was also possible from the loop 
experiment_s. 

A hydraulic system similar to that of Fig. l was 
used to circulate the lowest member of the polyphenyl 
series, biphenyl. The reaction chamber consisted 
of concentric stainless steel tubes arranged so that 
the test liquid passed down into the irradiation zone 
through the annular space between the inner and 
outer tubes and returned through the inner tube. 
An aluminum sheathed immersion heater was placed 
in the center of the inner tube. Heat generation from 
this source was limited by space and design con
siderations to about 0.11 cal/sec/cm2 ( 1500 
BTU / hr /ft2

). Although this was far from the 22 
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cal/sec/cm2 (292,000 Btu/hr/£t2
) used in the thennal 

loop, it made possible a preliminary s tudy of the 
deposition problem in reactor equipment. 

Two runs were completed, Run I for 25 hours 
and Run II for 74 hours, at average operating tem
peratures of 190-196°C. Samples were taken peri
odically for analytical work, and the heater was 
removed from the reactor for ·visual observation at 
the end of each run. 

ln the 2 5-hour experiment, no deposition of any 
sort was observed on the heater. H owever, because 
of equipment limitations, there was no heat genera
tion in the portion of the heater in the ma,,dmum flux 
region. In Run II, this was corrected, ar1d heat 
gc-ner:ition took place even in this region. In this 
longer test, the entire length of the heater showed 
adherent black deposits which were more concen
trated in the maximum flux zone. During the 74-hour 

· nm, two periods of essentially static ( no flow) 
operation occurred. ln both of these, observed bulk 
temperatures increased appreciably, and it is very 
probable that a large rise in the temperature of the 
heater surface also took place. Vvith this likelihood 
during the periods of no coolant Aow, the deposi tion 
cannot be attributed to irradiation alone. I t may be 
concluded, therefore, that carbonization of biphenyl 
on heat generation surface.s durlng irradiation may 
occur, but ~uch deposition certainly cannot be con
sidered as catastrophic. 

Table VII summarizes the dato on polymer forma
tion from the dynamic runs in comparison with 
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Figure 10. Improved rodiotlon $lobilily of terphenyl mixt ures at 
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similar information from static i rracliations. The 
reasonable agreement between the two is important 
as it attests to the validity of evaluation techniques 
and supports the appraisal of the temper ature effect 
previously made . 

Structural Changes on Irradiation 

A general idea of the products Conned in the 
irradiation of the most stable aromatic materials is 
important in the present study. Such information 
relates directly to the design of a purification system. 
By means of this system, the composition of the 
organic coolant might be kept more constant di.iring 
irradiation, and lhe tendency to form deposits on 
he.-it transfer surfaces thereby reduced. How the 
organic materials change is also of concern for a 
better understanding of the over-all problem. The 
present section is concerned with a discussion of these 
items. 

Table VII. Comparative Radiation Damage to 

!Biphe nyl in Static and Dynamic Systems 

Capsule ,~,, Loop..,"' 
I 

Loo/I""" 
II 

Temperature of exposure, •c 355 190 196 
Per cent polymer formed 21 3.4 11 
Naitron dosage, n,,t* X 10" 7.6 1.2 4.5 
Per cent polymer /1018 nvt* 28 28 25 

• Neutrons > about 0.5 cv. 

When materials such as biphenyl or the terphenyls 
change under the influence of radiation, considerable 
ga~ is formed. Liquids and solids of both higher 
and lower molecular weight than the s'tarting ma• 
terials also are formed. In the present study, the 
higher molecular weight products are those which 
have been termed "polymer." They are present in 
irradiated materials generally in much larger amounts 
than the lower molecular weight products. The gas 
evolved consists p rimarily of hydrogen with smaller 
amounts of low molecular weight hydrocarbons. A 
typical gas sample analysis from clcctro11 irradiation 
of biphenyl showed 98 mole per cent hydrogen, 1.5% 
methane, and 0.4% ethane. Traces of propane, 
butane, and toluene were also present. 

Several of the irradiated polyphenyl and fused ring 
compounds were analyzed insofar as possible with 
infrared, ultraviolet, and high temperature mass 
spectrometric methods. These methods are less re
liable as the exposed materials become more damaged. 
In this situation, the best approach is to fractionate 
the samples care fully and then to analyze the frac
tions. The many types of unsaturated materials 
present contribute high backgrounds which interfere 
in the ultraviolet, while the many products compli
cate the infrared method. The mass spectrometric 
procedure is limited by volatility considerations, 
although this limitation can be lessened to a certain 
degree with a heated inlet manifold. 

By these analytical means, samples of biphenyl 
From the reactor loop experiment described in the 
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previous section were analyzed qualitatively. The 
polymer fraction was found to be predominantly 
polyphenyl materials, including terphenyls and 
quaterphenyls. Mono- and dialkylaromatic com
pounds were also present. Alkyl groups attached to 
aryl nuclei amounted to one, two, and three carbon 
atoms each and contained unsaturation. These 
products all typify materials formed by free radical 
reactions as expected in a radiation environment. 
Indeed, this probably explains the effectiveness of 
inhibitors, such as those containing sulfur, in im
proving the rcsist:mce of less stable compounds. 
Such additives are known to interfere with the free 
radical mechanism by acting as chain stoppers.9 

The analytical results indicate that the decomposi
tion of aromatic materials by radiation apparently 
proceeds by the two main routes of "ring doubling" 
and "ring cleavage." This is illustrated for biphenyl 
in Fig. 11, where R represents an unsaturated alkyl 
group. 

0 000D ring doubling (predominant) 

6 ~ 0-• ,,., ,1,w,,. 

ngure 11 

The quaterphenyl can then undergo additional dou
bling, loss of rings, or ring cleavage as a result of 
further irradiation. The unsaturnted alkylaromatics 
can proceed in like manner; however, with these ma
terials, further polymerization would be expected as 
the principal reaction in the same manner in which 
styrene derivatives fom1 high polymer in the presence 
of free radicals. 

This simple scheme explains the reaction products 
found through analytical work. It also explains why 
the rate of decomposition with some materials de
creases with increasing radiation dosage. Here, the 
doubled-up products formed by the predominant reac
tion are more stable to radiation than the starting 
materials. 

The finite rate of decomposition of even the best 
organic materials in the presence o[ radiation and 
the final end result of complete coking make the use 
of a purification system a necessary part of the reactor 
coolant scheme. The identity of the reaction products 
indicates that this purification may be accomplished 
either by a distillation or by an adsorption technique 
on a side stream of coolant. Both of these means have 
been found satisfactory. 

Conclusions 

From the work on the radiation stability of organic 
materials, certain conclusions can be drawn pertinent 
to the reactor coolant use. These are listed as fol
lows: 

1. Polyphenyls, particularly the terphenyls, are the 
preferred class of organics for exposure to maximum 
radiation dosage at elevated temperature. 
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2. The radiation stability of aromatic mixtures has 
been shown in many instances to be markedly better 
than that of any of the individual components. Addi
tives further enhance the stability of the mixtures. 

3. Radiation damage is due directly to the inter
related variables of irradiation temperature and 
dosage. Below about 400°C, damage to the most 
stable materials is independent of temperature. Above 
this point, marked dependence exists. 

4. Regardless of exposure temperature, a dosage 
of about 1.1 X 10u neutronst (bare Co)/cm2 con
verts the best organics to coke. 

5. For a neutron dosage (bare Co) of 3 to 4 X 
1018/cm2

, a log function of viscosity is approximately 
a straight line function of radiation dosage. In this 
dosage range, it appears possible to use the best or
ganic combinations at 440-450°C. 

6. Radiation degrades polyphcnyls by two proc
esses: "ring doubling" (predominant) to form stable 
products and "ring· cleavage" to form undesirable 
products. 

7. Due to the predominant ring doubling process 
and the improved stability of doubled-up polyphenyl 
molecules, certain polyphenyls become more stable 
with increasing radiation dosage. 

8. Deposition tendencies on heat transfer surfaces 
have not been thoroughly investigated. However, rea
sonable estimates from static and from dynamic tests 
indicate that they will not prove to be insurmount
able problems. 

SIGNIFICANCE OF THE RESULTS IN 
REACTOR DESIGN 

The effect of radiation on organic materials, \Vhich 
is of most importance in reactor design, is the forma
tion of compounds of higher molecular weight than 
the starting material. These products have a direct 
bearing on the over-all operation of the reactor be
cause at some point in the radiolysis process they 
become sufficiently unstable to deposit a residue on 
heat transfer surfaces. The flow of heat to the coolant 
is thereby impeded. The utilization of organics as 
reactor coolants is then a problem of balancing the 
removal of degraded products against the addition o[ 
fresh organic. Deposition, on the one hand, must be 
avoided, but the make-up requirements, on the other 
hand, must not become prohibitive on an economic 
basis. 

The deposition on heat generating surfaces is a 
function of at least two principal variables in the 
reactor: the temperature of operation and the radia
tion dosage delivered to the organic. The average 
dosage can be reduced by increasing the make-up 
rate, but the temperature cannot likely be reduced 
because this must be high enough to permit an oper
ationall)' competitive plant. In this regard, it has 
been established that, even in the absence of radiation, 
490°C is about the upper limit of usefulness of the 
best organic materials. Exposure to radiation would 

t Defined in section entitled "Screening Tests in a Nuclear 
Reactor." 
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decrease this figure to 400--450°C in the reactor ap
plication. Only a few organic species, such as p-ter
phenyl .and certain mixtures, are able to withstand 
the corti.bined effects of both radiation and tempera
tures of this order ; most materials would give much 
poorer performance. In the 400-450°C region, the 
best organic coolants would be about 30% converted 
to polymer by a neutron* dosage of 1018/cm•. It is 
believed that such a radiolysis mixture would not 
exhibit deposition tendencies, although this point has 
yet to be established firmly. 

Beyond the stage of about 30% polymer formation, 
deposit-free operation would necessarily require that 
certain polymer constituents be removed continuously 
and replaced with fresh organic. The make-up rate 
would be about 10% to 15% of the material in the 
flux zone for each 1018 neutron*/cm2 dosage incre
ment. This lowered rate of decomposition over that 
existing initially reflects the increasing stability of 
the high molecular weight polyphenyls formed dur
ing irradiation. 

F rom the foregoing, it is seen that nuclear reac
tors moderated a nd cooled with organic materials 
appear to be entirely feasible. This has been shown 
strictly from the chemical approach. The next steps 
in applying this basic information, together with 
economic concepts, to prototype reactor designs re
quire a nuclear engineering approach. These steps are 
currently being taken. 

• Greater than 0.5 ev. 
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Experience with Heavy Water Systems in the NRX Reactor 

By R. F. S. Robertson, Canada 

Before the NRX reactor was brought into opera
tion in 1947 it was feared that the D 2O would prove 
unstable under the intense ionizing radiation. It was 
expected that about 9000 litres of electrolytic gas (at 
NTP) would be generated per hour with the reactor 
operating at 30 megawatts. Experience has shown 
these fears to be groundless and we now know that 
under the proper conditions the net decomposition 
rate of the D20 is negligible. 

This paper will discuss the radiation stability of 
the D 20 in NRX and in two large scale irradiation 
experiments in which D,0 was recirculated in a 
closed loop. It will be shown that experimental re
sults are in accord with presently accepted theories 
of the radiation chemistry of water. 

EXPERIENCE IN NRX' 

Figure 1 shows a schematic representation of the 
D20 system in NRX. The reactor vessel, or calan
dria, holds about 15,000 litres of D20 under normal 
operating conditions. A cont inuous flow of about 25 
litres per minute is maintained to the storage tanks, 
the D,O being pumped from there back to the calan
dria. A fraction of the return flow (about 5 litres per 
minute) is fed through ion-exchange columns to re
move ionic impurities. These columns also serve as a 
filter. The ion exchange resins used at present a re 
a mixture of a strong base anion exchange resin and 
a strong acid cation-exchange resin. In another circuit 
the D20 is pumped through heat exchangers and 
back to the reactor at about 900 litres per minute. 
·with the reactor operating at 40 megawatts the tem
perature of the DzO is kept at about 50°C. 

At any place in the NRX system where there is a 
free surface the D.O is in contact with an atmos
phere of purified helium. The helium system (not 

shown in Fig. 1) is provided with a purification unit 
in which any gaseous impurities may be removed by 
adsorption on active charcoal at liquid nitrogen tem
peratures. This unit is operated intermittently when 
analyses of the helium show too high a concentration 
(> 0.2%) of gaseous impurities such as nitrogen or 
when fresh helium is added to replace that lost 
through leakage. There is also a recombination unit 
consisting of a bed of alumina impregnated with pal• 
ladium tl1rough which the calandria helium is blown 
at about 300 litres per minute. This unit is operated 
continuously. 

The operation of NRX may be divided into three 
periods. Table I shows the pH, specific conductivity 
and composition of calandria gases normally observed 
during these periods. It can be seen that the addi
tion of the ion-exchange resins improved the purity 
of the D2O considerably. This improvement in purity 
was also reflected in the concentrations of such ions 
as Cl- and NQ3- which fell from values of 1 to 3 parts 
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Table 1. Operating Conditions of .D2O in N RX 

July 1947 
to Feb. 1949 

Feb. 1949 
to Dec. 1952 

Feb. 1954 
to present 

Rcoc t,,r 
,P<r..uer 
(/.fa,) 

Slowly 
raised 

to 
10Mw 

JO 

40 

DoO 
temp 
•c 

~ 40°c 

~<I0°C . 

- so·c 

tH 

Specific 
('l'llf.d,,ct,.vity 
ol,n-X cm-1 

Sta rted >5 X lo-<' 
at 6 

gradually 
fell to 4 

5.5 1 to 2 
X 10-0 

5.8 O.S X 10-" 

D:02 
cor.ce,~ 
t,vlio" 

1-4 ppm 
(30-120,.J() 
0.5--4 ppm 

(15-JZ0µM) 

556 

ComJ,osilion of 
cohndno Jle 

%D2 1%02 o/.N2 

~1% <0.2% 

~0.3o/o <0.05% ~ 0.1'}1, 

<0.2o/o <0.2% <0.1 o/o 

R,ma,ks 

No ion exchange 
resins present. 
D20 distilled once 
in Dec. '48 when pH 
dropped to 4. 

Ion exchange resins added 
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per million (ppm) to less than 0.1 parts per million 
when the resins were installed. 

In August 1948 a measurement of the decomposi
tion rate of the D20 at 10 megawatts power showed 
that about 2 grams were decomposing per hour. 
This corresponds to an evolution of about 2 litres of 
electrolytic gas per hour. In January 1951 with the 
reactor at 26 megawatts the decomposition rate was 
found to be 0.8 gm DzO per hour, a factor of 8 less 
if calculated at the same reactor power. This drop in 
rnte may be attributed to the improved DzO purity. 

D,0 2 concentrations fluctuate considerably but are 
never greater than 5 ppm ( 150 µ.M) and are u~n
ally less than l ppm ( 30 p.lvl). 

EXPERIENCE WITH LOOPS 

In the centre of NRX there is a vertical irradia
tion position about 6 inches in diameter which ex
tends the full depth of the calandria. This position, 
known as the "Central Thimble", is of such a size 
that quite large scale assemblies may be irradiated 
in a high thermal neutron flux (5 X 10" n/cm2/ sec). 
Such an assembly consists of a prototype fuel rod, 
inserted in the central thimble, and cooled by a stream 
of D20 ( or H,0) recirculating in a dosed loop. 
Many such loop experiments have been performed 
in the central thimble. two of which will be de
scribed here. 

The first of the experiments, usually referred to as 
the "Cold Loop",2 was a joint US, Canadian experi
ment and was primarily a performance test of a fuel 
element for a proposed US reactor. The second 
experiment, the "NRU Loop" 3 was primarily a 
performance test of a fuel rod for the new Canadian 
reactor, NRU. In both experiments we were able to 
obtain valuable information regarding- the stability 
of D 2O under reactor irradiation. 

Figure 2 shows a schematic representation of the 
circulating system normally used in loop circuits. A 
pump recirculates the D 2O through the test section 
inserted in the central thimble. Since in most cases 
the test section consists of a fue l rod, the D2O is 
passed through a heat exchanger to keep the tem
perature in the range 60-70°C. The total volume of 
circulating D~O is usually 200-300 litres passing 
through the test section at about 600 litres per min
ute. A fraction of the ffow, usually 0.5 lo 2 litres per 

minute, is by-passed through ion-exchange columns 
to maintain the D 2O purity. The surge tank acts as a 
reservoir to accommodate any fluctuations in the D20 
volume because of changing temperature. This unit 
may also be used to apply any desired pressure to 
the circuit. In both experiments the test section, 
which contained aluminium-sheathed uranium rods, 
was made from alu01inium. The remainder of the cir
cuit was fabricated from stainless steel. 

The Cold Loop 
This loop operated with a mean D00 temperature 

of about 60°C. A continuous flow ( ,-....()_5 litres per 
hour) was maintained through the surge tank, the 
liquid phase of which was continuously purged by a 
stream of pure helium at a known flow rate. From 
analyses of the effluent helium the production rate of 
gases such as 0~ and D2 in the loop could be meas
ured. At the start of the experiment, because the 
proper ion-exchange resin was not available, the spe
cific conductivity of the D20 was high (.--40 X 1~ 
ohm-1-cm-'), nnd the Cl- ion concentration was 
found to be S parts per million (3 X 10-5 M). At this 
time the D2 evolution rate was found to be about 
380 cm3 D! (STP) per litre D20 per day ( 1 cm3 

gas/I == 45 ,,_ mols/1) . The 0: evolution rate was 
found to be just half this. When proper resins were 
added to the circuit the specific conductivity fell rap
idly to less than l X 10-0 ohm:...1-c.n,-1, and the D 2 

evolution rate icll to about 6 cm5/ l/day. Conductivity 
and D2 evolution rates remained at these values for 
the remainder of the e.-xperiment. After the de.an up 
of the D2O the 0 2 evolution rate fell to and remained 
at an unme:isurably low value of less than 0.1 cm3/ 

I/day. D,02 concentrations were high when gas evo
lution was high, but fell to below 0.1 ppm (3 ,,.M) 
when the proper resin was installed. Table II shows 
the results obtained under steady conditions. 

The NRU Loop 

This loop operated with a mean D 20 temperature 
of about 70°C. The flowing D20 was sampled and 
analysed directly for dissolved gases, and gas accu
mulation rates could be measured directly. Data are 
presented in Table II. The normal D. accumulation 
rate was found to be about 1 cm8/1/day. On a bypass 
in this loop there was a unit in which dissolved gases 
could be stripped from solution by a stream of helium. 
When this unit was operating the D2 concentrations 
fell to a steady value of ,......1 cm3/l ( 45 µ.M). Know
ing the Row rate of D2O to the stripper, a production 
rate for D2 of 7 cm3/1/day could be calculated. 
Throughout this experiment 0 2 concentrations re
mained at 0.1 cm3/l or kss, and D,O2 concentrations 
were normally below 0.2 ppm (6 µM) . 

During one part of the e.-xperiment H, was in
jected into the flowing D:O lo a concentration of 
12 cm3/I. A stoichiometric amount of 0 3 was in
jected into the loop and the resulting gas concen
trations followed with time. It was found that two 
minutes after the 0 2 addition the D, concentration 
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had fallen to 7 cm3/l and eight minutes later it was 
0.6 cm3/I. Since the D20 was recirculated about 
twice per minute, the complete recombination must 
have occurred in under 20 cycles of the D20 through 
the test section. 

The results of the tests in NRX and in the loops 
may be summarized as follows: 

1. If the purity of the D,O is maintained at a high 
level ( specific conductivity ,......,1 X 10-11 ohm-1-cm-1 ) 

radiation decomposition is negligible. 
2. U nder these conditions a slow accumulation of 

D , may be observed in the D20. If, by some means, 
D? is continuously removed from solution, the re
sulting D2 formation rate is higher. 

3. 0 2 and D2O 2 concentrations are always ex
tremely low. 

4. If the D 2O is allowed to become impure, evolu
tion of electrolytic ·gas at quite a high rate will be 
observed. 

5. If H 2 and 0, are injected into D,O under irra
diation extremely rapid recombination will take place. 

DISCUSSION 

We will now show tl1at the observed experimental 
results are in agreement with currently accepted 
theories regarding the radiation chemistry of water. 
An excellent review has been given by Allen.4 

Under reactor irradiation we believe that two re
actions are occurring simultaneously; the "Forward 
Reaction," the net result of which is the formation of 
D,, D2 O2 and 0 2 and the recombination reaction in 
which the decomposition products are recombined to 
form water. 

The forward reaction may be represented by 

(F) 

This reaction is usually referred to as reaction F. 
The D2O2 undergoes partial decomposition to 0 2 • 

Concurrently, free radicals D and OD are also be
lieved to be formed. 

(R) 

The radicals D and OD are very reactive species, 
and the recombination reaction is brought about by 
their reaction with the D2 and D2O 2 by a chain 
reaction, 

D2 +OD ➔ D20+D 

D 20 2 + D ➔ D,O + OD 

D,O, + D, ➔ 2D,O 

the net result of which is recombination of D 2 and 
D,O. to reform D2O . 

The yield of reaction F thus determines the rate of 
the forward reaction while the yield of R determines 
the rate of the recombination reaction. These yields 
are usually expressed in terms of G, the number of 
molecules decomposed (or recombined) per 100 ev 
of energy absorbed. The magni~µde of Gn and Gp 
depend on the type of ionizing radiation. In water 

Table II. Operating Conditions of D20 in Loops 

Volume D20 
Volume under 

irradiation 
Reactor power 
Mean temperature 
pH 
Specific conductivity 

Cold /(){Jp 

300 litres 

15 litres 
30 Mw 
oo·c 

6.0 
0.5 X J0·6 

ohm- •-cm·1 

Stripping 
No stripping 

D2 acmm11lation rates 
6 cm•Jt/day 
not measured 

negligible 02 evolution rate 
02 cone en trations 
D202 concentr:itions 

not measured 
~0.1 ppm 
(~3 i,M) 

NRU loop 

235 litres 

11 litres 
30 :Mw 
70°C 
5.7 

1-2 XI~ 
ohm-1-cm-1 

7 cm3/ l/day 
1 cm3/l/day 
negligible 

<0.1 cm3/I 
~0.2 ppm 
(~6 µM) 

irradiated by y rays Gn is much greater than GP and 
hence no net decomposition is observed, but low 
steady state concentrations of D2 , D2O 2 and 0 2 occur. 
Under bombardment by heavily ionizing radiation 
such as a particles, reaction F predominates and 
hence a net evolution of D2 and D2O, is observed. 
In a D2O moderated reactor the effective radiation 
is a mix!ure of y and fast deutcrons (recoils from 
fast neutron interactions) . Evidently the yield Ga 
from the y irradiation is enough to counterbalance 
the yield GP from the deuteron bombardment. That 
is, excess of D and OD are produced, large enough 
that any D 2 and D2O2 produced along the deuteron 
tracks are recombined to D2O. Hart• bas shown that 
in water under y irradiation, of the H,O molecules 
decomposed, 80% will be by reaction R and. 20% 
will be by reaction F. For water irradiated in a 
heavy-water moderated reactor Hart finds the same 
relative yields of reactions R and F. 

The existence of the recombination reaction was 
strikingly demonstrated in the NRU loop experi
ment where H 2 and 0 2 added to the loop water were 
recombined very rapidly. The existence of the re
combination reaction may also be demonstrated in 
another manner. If some reactive substance is added 
to the D 2O which will remove free radicals from so
lution, then the recombination reaction will be stopped 
and the net effect of the forward . reaction may be 
observed. Halide ions are known to be efficient scav
engers for D and OD and it is known that the pres
ence of only a few parts per million in solution is 
sufficient to cause a rapid decomposition of water 
under reactor irradiation.6 It will be recalled that 
when the high decomposition rate was observed in 
the cold_ loop the specific conductivity of the D2O was 
high and about S ppm of Cl- ion were observed in 
solution. Assuming an energy absorption rate of 
about 0.2 watts per gram by the D2O under irradia
tion, the yield of the forward reaction may be calcu
lated to be about 0.3 molecules of D 2 produced per 
100 ev of energy absorbed, i.e., G = 0.3. The usually 
accepted yield of the forward reaction for water under 
y irradiation is G = 0.5.1 
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The processes postulated above account in the main 
for the radiation stability of the D2O in NRX, but 
do not completely explain some experimental ob
servatio~. First, D~ concentrations may not remain 
steady, but increase slowly with time and second, the 
required material balance 

[D2) = [D201) + 2[02] 

is never observed, D 20 2 and 0 2 concentrations being 
much smaller than D2 • To explain this we must 
assume two more reactions. 

The first is the reaction between D20 and the 
metal surfaces, 

M+ DiO ➔ MO + D2 

In NRX and the loops M is undoubtedly Al since 
the corrosion rate of stainless steel at these tempera
tures is negligible. In the NRU loop an aluminium 
corrosion rate of about 0.3 mg/dm2/ day (4 X l(}-4 
cm penetration per year) can be calculated from the 
D2 accumulation of 1 cm'/1/day. This is in good 
agreement with the measured rate of Al corrosion in 
distilled water at 70°C. 

The second ·rcactfon is the removal of 0 2 from 
solution by various processes 

X + 0 2 ➔ removal of oxygen 

The most probable process is formation 0£ Al,O8, 

but other processes such as CO2 formation, NO3-

formation, etc., undoubtedly occur. 
On the basis of the above reactions one would ex

pect, when D,O is irradiated in a metnl system, a 
net build-up of D, in solution and low steady state 
concentrations of D20? and 0 2 • This condition was 
found in the NRU loop. Conditions will be changed 
if another reaction occurs in which D2 is removed 
continuously from solution, for c..-cample uy operation 
of the gas stripper in the NRU loop. Because D~ is 
being removed, the recombination chain is heing in
terfered with and the effect of the forward reaction 
will be more apparent. A steady state D2 concentra
tion will be observed but the net rate of D, removal 
from the system may be high. In the NRU loop 
under normal conditions D, collected in solution at a 
rate of about 1 cm'/1/day. When D, was removed 
in the stripper a steady state D2 concentration of 
1 cm'/1 was observed but the net D2 evolution rate 
from the system was 6 cm'/1/day. 

In NRX, Dz escapes from solution to the helium 
and one would e.xpect a steady D, accumulation 
there. The reason why D2 concentrations do not in
crease in the helium but stay at low steady values is 
probably due to the fact that D 2 is removed in the 
recombination unit by reaction with 0 2 which may 
enter the helium system through small air leaks in 
the blowers, etc. 

EXPERIMENTS AT HIGHER TEMPERATURES 

An extensive co-operative programme between 
Canada, USA and Great Britain is now under way 
at Chalk River, in which several large scale loop ex-

periments are under irradiation in NRX. These loops 
are similar in principle to those already described 
but are operated with light water, H 20, up to tem
peratures of 300°C and under pressures of about 130 
ahnospheres. Stainless steel is used throughout as a 
construction material. The following observations and 
interpretations have resulted from the operation of 
these loops : . 

1. At high temperatures water is no less resistant 
to reactor radiation than at lower temperatures pro
vided it is kept pure. Actually there is reason to 
believe that water should show even less radiation 
decomposition at higher temperatures. Reactions F 
and R are believed to be temperature independent 
but the rate of the radical catalysed recombination 
reaction increases with increasing temperature. 

2. Higher rates of H , evolution are observed, and 
dissolved 0 2 concentrations are vanishingly small. 
Peroxides are unstable at these temperatures. 

3. An additional reaction, the thermal recombina
tion of H2 and O, becomes iinportant at these tem
peratures. This is believed to be surface-catalysed. 

4. At high temperatures an entirely new problem 
arises. This is the problem of mass transfer in which 
corrosion products from the metal piping are selec
tively deposited in some regions. Deposition may de
pend on small differences such as temperatttre and 
electro-potential gradients and on small amounts of 
dissolved or suspended materials. In a reactor it has 
been found also to depend on the radiation intensity. 
The deposition may be so great that flow channels 
may be obstructed and heat transfer rates decreased. 
Recause of the selective nature of this deposilion the 
normally observed corrosion rates of stainless steel 
in pure water at these temperatures, low though they 
are, produce enough corrosion product to produce 
this effect. 

The corrosion product is nonnally Fe30◄ contain
ing varinble amounts of Cr20 3 and NiO in solution. 
The mechanism of its deposition is not yet under
stood and deserves active investigation. At present it 
appears that the most promising way to prevent this 
deposition is to decrease the corrosion rate of the 
stainless steel. Promising corrosion inhibitors are now 
heing sludied. 
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Effect of Radiation on Heterogeneous Systems 
of Air or Nitrogen and Water 

By J. Wright, J. K. Linacre, W . R. Marsh and T. H. Bates,* UK 

Heavy water and light water are both used exten
sively in reactors as moderators and coolants, and it 
is found that close control of purity and acidity is 
essential to avoid excessive water decomposition and 
excessive corrosion of metals in the water circuiL 
Thus, it is undesirable for the pH to remain below 
about 5 for prolonged periods in a system containing 
aluminium, whereas for steels at high temperatures, 
modern boiler practice indicates that pH 10 leads to 
minimum corrosion. This control cannot be achieved 
by using buffered systems since excessive radiation 
decomposition of the water would result from the 
high salt concentrations. and it is usual to maintain 
the required purity and acidity by passing a frac
tion of the circulating water through a suitable ion
exchange unit. Any regular production of acid or 
a lkali is important in the operation of such a system. 

Air may leak into the reactor system, and its com
plete exclusion during periods of maintenance and of 
fuel rod changing often presents practical engineering 
difficulties. In view of the well-known effects of elec
trical discharges on wet and dry air, it is clearly im
portant to see whether acid is produced by the effect 
of reactor radiation on the heterogeneous system of 
air and water. 

From a practical point of view, three questions may 
be asked. 

I. Is the rate of acid production in a given reactor 
system so high that it will govern the size of ion
exchanger unit required to maintain a given water 
purity? 

2. Since some systems have no free surface within 
the reactor itself, while others have a mixture of g:is 
and water under radiation, what are the relative con
tributions to acid production of air in the gas phase 
and air in solution ·r 

3. Is it possible to replace the expensive helium 
normally used in the gas space of low temperature 
water reactors by nitrogen? (Air would normally he 
unacceptable because of enhanced corrosion in the 
presence of oxygen.) 

In the course of studies designed primarily to an
swer these questions, the systems showed features of 
interest in themselves, and some 0£ the work described 
below was carried out froro a more basic standpoint. 
Investigations are still in progress, but much of the 

• Atomic Energy Research Establistlmcnt, Harwell. 
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data required for practical application to reactor sys
tems is now available. 

EXPERIMENTAL 

Nitrogen and water, and air and water samples 
have been irradiated in the Harwell pile, B.E.P.O. 
Samples were prepared from specially purified waler 
which had been distilled first from alkaline potassium 
permanganate solution and then from acid potassium 
dichromate solution to remove organic impurities, and 
fi nally distilled from a silica flask and stored before 
use in silica vessels. Nitrogen was freed from small 
amounts of oxygen by passage through a column of 
kieselguhr impregnated with activated copper 1 and 
maintained at 160°C, resulting in an oxygen content 
less than 1 part per million. Air was washed · suc
cessively with concentrated sulphuric acid, concen
trated alkali, and purified water, before admission to 
the irradiation vessels. 

In all the work described below, the irradiafion 
vessels were sealed silica tubes of 2.0 cm diameter 
and approximately 50 ml volume. These tubes; con
taining a !mown quantity of air or nitrogen ancl a 
known volume of water. were irradiated for various 
times in one of the vertical experimental holes of the 
Harwell pile. The thermal neutron dose to which the 
tube was exposed was determined from the activity 
of an accompanying cobalt foil which was measured 
against a standard cobalt foil of known activity. From 
the thermal neutron dose it was possible to calculate 
the energy deposition in any component of the sample 
by using the results of a separate investigation• in 
which energy deposition in various materials has been 
mE>.asurecl calorimetrically as a function of thermal 
neutron dose in various positions in the reactor. 

Chemical changes resulting from irradiation were 
determined by analysis of solutions as soon as pos
sible afte1· removal Crom B.E.P.O. This minimum 
time was dictated by the radioactivity of the alu
minium containers in which the tubes were held, but 
determinations of the more labile species, such as 
hydrogen peroxide, were usual1y completed within 
3 hours of the encl of irradiation. Hydrogen peroxide 
was measured hy the catalysed liberation of iodine 
from potassium iodide ;9 nitrate was determined 
colorimetrically, using the phenol-disulphonic acid 
reagent;' Ncssler's reagent was used for ammonium 
ion · by a method adapted for the use of a spectro-
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photometer ;5 and hydrogen ion was determined from 
the pH of the solution as measured by a glass elec
trode. Tests for hydroxylamine and for hydrazine 
were m8:de using the resorcinol-potassium periodate 
test 6 for the one and paradirnethylaminobenzalde
hy<le 7 for the other, but neither substance was found 
in any of the experiments. H yponitrous acid, which 
w?uld have been detected in the test for hydroxyla
mme, was also absent. The accurate determination of 
nitrite in acid solutions containing excess hvdro0 en 
peroxide is difficult because of reaction bet\;cen the 
two substances, but any nitrite which might have 
been present at the end of irradiation would have 
been detected by the color imetric method using 
N -1-naphthylethylenediarnine dihydrochloride and 
sulphanilamide.8 No nitrite was ever observed when 
the irradiation vessel contained liquid water during 
irradiation. 

RESULTS 

For doses up to 1018 thermal neutrons per cmi, the 
only products found in solution after irradiation of 
systems containing water and air or nitrogen were 
nitric acid and hydrogen peroxide. The hydrogen
ion concentration calculated from the measured pH 
agreed, within experimental error, with that cor
responding to the observed nitrate ion concentration. 
At higher doses, ammonium ion was formed in the 
nitrogen-water case but not in the air-water systems. 
Nitrite, hydrazine, and hydroxylamine were not 
found in concentrations greater than about 2 micro
molar under any conditions so far studied. 

In order to obtain reproducible results for hydro
gen peroxide production, it was necessary to take 
~xtreme care over the condition of the silica surface. 
and pre-irradiation of the vessels filled with water 
was essential. Such pre-treatment had no effect on 
the nitrate yield which was reproducible and quite 
independent of the value obtained for hydrogen per
oxide. Since the present paper is concerned primarily 
with the nitrogenous products, it is sufficient to note 
that the hydrogen peroxide concentrations obtained 
at the higher doses were comparable with the ob
served nitrate concentrations and considerably greater 
than the nitrate concentrations at the lower doses. 
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The yield of nitrate is shown as a function of dose 
for the air-water and nitrogen-water systems in F ig. 1 
which includes also some points showing the pro
duction of ammonium ion in the case of heterogen
eous systems of nitrogen and water. The results il
lustrated in this figure were obtained with tubes filled 
so that the ratio of gas volume to liquid volume was 
about 2, and have been corrected where necessary 
to correspond precisely with the value of 2.0. 

The concentration of nitrate was found to depend 
markedly on the ratio of gas volume to liquid vol
ume, and Fig. 2 gives results for the two systems 
air-water and nitrogen-water at a comparatively low 
dose where the ammonium-ion production in the 
nitrogen-water system was negligible. The cor
responding diagram for a higher dose, showing also 
the behaviour of ammonium ion is given in. Fig. 3. 

DISCUSSION 

It will be seen that all three curves in Fig. 3 extrapo
late to zero concentration at low ratios of gas ,,olume to 
liquid volume, indicating that there is no appreciable 
reaction in the complete .absence of a gas phase. At 
the lower doses, the nitrate concentration is a linear 
function of the ratio of gas volume to liquid volume 
to a first approximation, and this suggests that the 
yield of the radiation chemical reaction is constant if 
the calculation is based on the energy deposition in 
the gas phase only while the much greater energy 
deposition in the liquid phase is ignored. Both sys
tems give essentially the same results at low doses 
corresponding to a G value (nitrate ions produced • 
per 100 ev of energy absorbed by the gas phase 
alone) of about l. l. This agreement in initial yield 
for systems in which the oxygen concentration dif
fered by a factor of more than 1~ suggests that the 
nitrate does not arise from the reaction of nitrogen 
and oxygen in the gas phase, but rather between 
nitrogen and water vapour. 

In the air-water system, the linear relation between 
the nitrate concentration and the gas to liquid volume 
ratio persists to higher doses, but linearity breaks 
down in the nitrogen-water case at the point where 
ammonium ion production becomes appreciable. The 
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form of the curves in Fig. 3 suggests that there is 
competition between the processes leading to nitrate 
ion and those leading to ammonium-ion production. 

The relationship between nitrate and dose indicates 
that this product arises from substances already pres
ent at the start of the i rradiations, but the asymptotic 
nature of the amJnonium ion curve with respect to the 
dose axis in Fig. 1 shows that this is a secondary 
product which must await the formation of some 
intermediate substance. It is natural to suppose that 
appreciable ammonium ion production occurs only 
after hydrogen has accumulated in the gas phase. 

A closer examination of the relationship between 
the absolute amount of nitrate produced and the vol
ume of gas under irradiation, indicates that the two 
are not related strictly linearly. The departure from 
linearity is small but real, and is associated with the 
fact that the diameter of the tubes used in these ex
periments is comparable with the range of the pro
tons produced by the nuclear reaction, N14 ( n,p) C1', 
which makes a major contribution to the total energy 
deposition in the gas phase. This observation is re
ceiving further study, but does not materially affect 
the application of the above results to practical reactor 
systems. 

APPLICATION TO REACTOR SYSTEMS 

It is clear from the results outlined above that cal
culations of acid production in a reactor system 
should be based on the energy deposited in the ir
radiated gas. The yield, G = 1.1, corresponds to 0.11 
micromoles of nitrate for every watt-second of energy 
absorbed in the gas. In order to deal with the case of 
small nitrogen impurities in helium, we shall assume 
that the yield is independent of nitrogen partial pres
sure at all concentrations of practical interest. It will 
also be necessary to assume that all energy absorbed 
by the main constituent, helium, is available by energy 
or ionization transfer for the essential steps which 
lead to nitrate formation. 

In the general case of a reactor containing a total 
of V litres of water in the whole circulating system, 
and a gas space in which energy is deposited by radia
tion at the rate of w watts, the rate of acid produc-
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tion is 0.1 l w micromoles per sec or 4 X ·1()-< w moles 
per hr, and the rate of increase of acid concentration, 
P, is given by 

'W 
P = 4 X l(}-<17 gm-moles/litre per hr ( 1) 

If the rate of flow of water through the ion-exchange 
unit is f litres per hour, and the acid concentration 
is c gm-moles/litre at time t, the rate of acid re· 
moval will be f c gm-moles per hr, and the rate of 
decrease of acid concentration, r, is given by 

r = ~ gm-moles/litre per hr (2) 

The net rate of change of acid concentration in the 
system, dc/dt, is then 

de fc 
dt=P-r=P-77 (3) 

which, on integration and applying the condition that 
no acid is present when the reactor starts up (c = 0 
when t = 0) gives 

(4) 

The steady-state concentration finally reached is 
pV /f, which, substituting for p, gives 

'W • 
Cmas = 4 X 1()-4 / gm-moles/btre (5) 

By adjusting f, the amount of the total circulating 
water which goes through the ion-exchange unit 
every hour, this concentration must be brought to a 
value acceptable from corrosion considerations. 

As a typical example, we may consider a water
moderated reactor into the 6 X JO• litre helium cir
cuit of which there leak 350 litres of air when the 
reactor fuel elements are changed. The gas composi
tion when the reactor next operates will be 86.2% 
He, 13.2o/o H 20, 0.5% N2 , 0.1 % 0 2, and, if the 
gas space under irradiation is 600 litres, and the 
thermal neutron flux into this space is 6 X 10" 
11-cm-•-sec-1, the total rate of energy deposition into 
the gas may be assumed to be about 1 watt. With a 
flow rate through the ion exchanger of 100 litres/hr, 
Equation 5 indicates that the steady-state concentra
tion of nitrate will be 4 micromolar and, starting with 
a neutral system, the pH will fall to 5.4, and remain 
at this 'l[alue until all the nitrogen is consumed. In 
the present case in which 12.4 moles of nitrogen 
were admitted, and conversion to nitrate is only 
2 X 10-• moles per hour, we must consider continu
ous production for as long as the reactor operates. 
Most anion exchange resins have capacities in the 
region of 1 gram equivalent per kilogram, so that a 
unit containing about 2 kg would have satisfactory 
performance for several months without regeneration 
so far as nitrate production was concerned. The flow 
rates and si?:e of ion exchanger required to de,! with 
this system are not excessive. 
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It is worth noting that the n itrogen conversion in 
a reactor system of the type considered above is only 
aliout 5 cm' per hour. Quite apart from any admis
sion 0£ ai r which may occur as a result of fuel rod 
charge :-:1nd discharge, any steady leakage into the 
system at a rate gre.ater than S cm3 per hour during 
operation would lead, ultimately, to the same water 
conditions as those calculated above. The lenk rate is 
seldom the controlling factor in rate of acid produc
tion. 

If we consider using pure nitrogen in a reactor of 
the above type, the energy deposition in the gas space 
increases to about 7 watts, partly as a result of the 
greater density, but also because of the marked in
crease in the energy contribution made by the nuclear 
reaction, N 14 ( 1i,p) ci•. Jn order to maintain a pH 
above 5, the flow rate through the ion exchange unit 
would need to be 280 litres per hour, which is still 
reasonnble, but an ion exchange unit holding at least 
7 or 8 kg of anion resin is now required for three 
months' continuous operation, and this is beginning 
to approach the limit of convenient size. As a limit
ing case, a reactor in which 10 ft:3 (280 litres) of 
nitrogen was exposed to a thermal neutron flux of 
]019 n-cm-~-sec-1 would produce nitric acid at a rate 
of 0.022 moles per hour, flow rates of 2200 litres per 
hour (8 gallons per minute) would be required to 
maintain a pH above 5.0, and an ion-exchange unit 
containing 16 kg of anion resin would need to be 
replaced every month. . 

In high-pressure water systems it is often desira
ble to limit the number of free surfaces, and the 
reactor part of such a system may contain no gas 
space in the r.idiation field. Nitric acid production in 
such a system should be quite negligible. In practice, 
'however, local boiling may occur at the surfaces of 
the fuel elements, and any nitrogen in solution would 

be brought into the gas phase and react to form 
nitrate under the inAuence of the intense radiation at 
these positions. Th.is behaviour cannot be predicted 
quantitatively with the data at present available, and 
more work is needed on such systems. 

CONCLUSIONS 
Nitric acid production in water reactors to which 

nitrogen has access may be considerable, and could in 
certain cases control the size o[ ion exchange unit 
required. It is possible to reduce the rate of acid 
formation by restricting the volume of gas in the 
radiation field, since reaction occurs only as a result 
of energy deposited in the gas phase. If the gas space 
is restricted in this way, it is possible to use nitro
gen itself as "blanket" gas in place of the more ex
pensive helium. 
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Radiolysis of Water in the Presence of H2 and 0 2 ~u: to 
Reactor Radiation, Fission Fragments and X-Rad1atlon 

By P. I. Dolin and B. V. ErshJer, USSR 

Radiolysis of water is an umlc::sirable p rocess. ac
companying the operation of reactors, espccsally 
heavy-water reactors. The rate of this process should 
depend considerably on the concentration of H., 02 
and impurities dissolved in the water, on the temp~ra
ture and on other factors. The present paper gwes 
the results of several investigations aimed at deter
mining, on the one hand, the influence of these fac
tors on the rate of radiolysis in an operaling reactor 
itself, and on the other hand, at verifying the mech
anism of radiolysis in solutions of H 2 and Oz, 

THE RATE OF THE RADIOLYSIS OF WATER DUE TO 
THE ACTION OF FAST NEUTRONS ANDY RADIATION 

UNDER STATIONARY REACTOR OPERATION 
CONDITIONST 

The explosive mixture that is formed in a reactor 
as a result of radiolysis demands special apparatus 
and :1 gas circuit that ensure removal o{ it -from the 
liquid. This complicates the design o[ the rc.ictor . 
Since the size of this circuit depends on the rate of 
radiolysis, this value is of obvious interest. A deter
mination of this value was the aim of the present 
investigation. 

To a first approximation the rate of radiolysis 
should be J)roportional to the amount of rndi:ition ab
sorbed by the water, and, consequently propartional 
to the reactor power. It may easily be seen, however, 
that the coefficient of proportionality K, which may 
be called the specific rate of radiolysis, is itself a 
function of power, and, in addition, depends on the 
design of the apparatus. 

Indeed, as is well known, the specific rate of the 
radiolysis of water diminishes with concentration of 
dissolved H 2 and 0,, and at certain concentration 
values it becomes equal to zero ( details are given 
belnw).1

• 2 Therefore, in the absence of impurities, 
this rate for water circulating in a reactor must de
pend upon the concentration of H, and 0 0 in the 
water, and diminishes with the concentration. The 
steady-state concentration that is established with 
time depends on the rale of degasification of water, 
i.e., upon the type of apparatus; in addition, it will 
obviously vary with the power, and K will thus be 
dependent on the power. 

Original language: Russian. 
• This work was conducted in 1050 by },J. P. Anilcina, 

B. A. Medzhibm•sky, and B. V. Ershler. 

The character of this relationship may be predicted 
qunlitativcly. Indeed, tl1e speed o( the Lransition of 
an explosive mixture from the liquid to the gas 
phase of the reactor, all other condit!ons ™;ing equal 
(i.e., given the same speed for the c1rculat1on of the 
liquid and of the inert gas), is proportional to the 
concentration of D2 + ¾O, in the liquid. O n the 
other hand, the total rate o( fom1ation of D2 + Y,O, 
should rise with the power. Since in a steady state 
both of these rates must be equal, the steady-state 
concentration of D2 + ¼01 being establisl1ed in 
the circulating water should also rise with the power. 
From this it follows that the specific rate of radioly
sis of water in an operating reactor should fall with 
the power. There a re no data in the literature that 
confirm this important conclusion. 

EXPERIMENT Al 

The investigation was performed on the heavy
water reactor of the Academy of Sciences. In it, 
degasification of the liquid resnlts from its circulation 
through a closed liquid circuit including a heat ex
changer. During circulation, the liquid comes in con
tact with a st ream of helium. The latter circulate_c. 
through a gas circuit which has a chamber for the 
catalytic burning of the explosive mixture. Circula
tion of the gas may also be achieved when the cham
ber is not operating. A more detailed description of 
the equipment is given in the report of A. I. Alicha
now ct al.3 

The liquid and gas in the equipment was first care
fully freed of 0 2 and D, with the aid of water and 
helium circulation when the chamber was working. 
Simultaneously the content of D, .+ }102 in the 
liquid was determined. When the l:itter fell suffi
ciently, the reactor was started up, and, after :i defi
nite power was established, the water was periodi
cally analyzed for the D: + ¼02 in it. The typical 
curv1:s of gas accumulation in the liquid with oper7 
ation time thus obtained arc given in Fig. 1. Herc 
the Y-axis is the content of the explosive mixture 
in the liquid, and the X-axis the time from the be
ginning of the c..xperiment. The initial horizontal 
sections of these cunres give the detonating mixture 
content in the liquid prior to the beginning of opera
t ion oE the equipment. The curve rises the moment 
the power is turned on .. The cun •es show that gas 
accumulation in the liquid is at first linear with time, 



RADIOLYSIS OF WATER BY REACTOR RADIATION 565 

<ii 
> 

§ 
~ 
w 

.... 
0 

-:::::. 
E .... 

t7 

ts 

1,3 

o.s 

.f I ?Time, 
·hours 

z J q 5 7 

Time, hours 
figure l. Voriatian af explosive mixlure cancenl,ation in liquid 
with time at a power of ,o kw (lower curve) and 100 kw (upper 

curvft) 

and then it slows down and the gas concentration 
tends to a de.finite limit, the value of which rises with 
power. 

T able I gives data on the values of saturated con
centrations of an explosive mixture measured in such 
C..."<periments at various power levels. 

As n1ay be seen from Table I , the process of radi
olysis ( depending- upon the power and given estab
lished operation conditions) takes place in the pres
ence of extremely varied quantities of the dissolved 
e."<plosive mixture.t 

In evaluating the influence of this factor on the 
specific rate of radiolysis, one should simultaneously 
consider lhe accumulation of the explosive mixture 
in the liquid and gas phases of the equipment. Curves 
showing such accumulation, obtained at 42, 50, and 
105 kw (when the combustion chamber was not 
working), are given in Figs. 2, 3, and 4. 

The lower curve shows the quantity of explosive 
mixture (in liters) in the gas circuit of the equip
ment, the second curve shows its quantity (in the 
same units) in the liquid of the equipment, and the 
third curve shows the total quantity. 

From the lower curves it may be seen that ac
cumulation of the explosive mixture in the gas at first 
proceeds slowly, after which the rate of accumula
tion increases, and after a period becomes constant. 
By the time this constant <;peed has been established, 

j The _stc:i.dy-~nt~ nlucs of concenlratlons of explosive 
tmxturc in the hqu1d depend of course on the efficiency of 
the sys!em used to remove the gas from the liquid, i.e., on 
the design of the equipment. The figures given in Table I 
refer only to the design we studied. 

Tablo I. The Saturation of an Explosive Mixture in 
the Liquid under Vorious Operation Conditions 

38 
50 
so 

100 
450 

36 
36 
60 

'. 40 

* 

Co,1111111 of t.rJ>losivt 
tnf.rtt4,-s 

;,. liquid ( ••iJliliter, of gas/ 
l~O miflilit,r.r of :.vat,r) 

0.85 
1.10 
0.78 
l.69 
3.1 

* The temperature varied considerably during the ex
periment. 

accumulation of the c»-plosive mixture in the liquid 
has virtually ceased. T t is this slate that corresponds 
to a steady-state condition. 

Table II gives the values of the coefficient K found 
from such cun•cs, i.e., the quantity of explosive mix
ture forming per kwh in a reactor under steady-state 
conditions at various powers. 

Table II. The Dependence of the Specific Rate of 
Rodiolysis K (the Rote of Explosive-Mixture Formation 

in the Reactor in liters/kwh) on the Power 

P~r i~ km 20 SI) 100 WO 400 

K 
(formation rate 
of D, + ½O, 0.070 0.052 0.0~8 0.029 0.016 

in liters per kwh) 

As may be seen from the table K decreases sharply 
with power. 

From the initial slopes o[ the uppermost curves in 
Figs. 2, 3 and 4, calculations may be also made o{ 
K for a more or less degassed liquid. The results of 
such calculations a re given in Table III. 

The values of K given in the last column of this 
table depend only slightly on the power, as was to 
be expected. These values are the maximum possible 
values since they are measured in degassed water. 
The mean value of this specific rate, 0.4 liters/kwh, 
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figure 2. Acaimulation of explosive mixtvre 1ft liquid and gos ot 
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cumulation 
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Tobie Ill. Rote of Explosive-Mixture Formation in 
Liters/kwh in Equipment with Degassed Liquid 

K, s~cific 
Acctm1uWi0>N artumaloti~n 

r-de~ rott of 
T~mJ,cttduh, Pou.•r i~ D2+ Oe Di + ;;,.o, 

•c "'" /ltl!YS/JitrUr titers kw/t. 

35 so 22 0.44 
55 42 17.S 0.42 
40 105 36.S 0.35 

should correspond to "initial yield" of gas during 
radiolysis, the yield determined iu ordinaiy labo
ratory e>..7?eriments with degassed water.1 

As the data of Fig. 2 show, the actual specific rate 
of formation of the explosive mi..--cture in the reactor 
investigated was considerably below this value. ~t 
20 kw, it is 0.18 of the maximum, and at 400 kw 1t 
is only 0.04 of the ma.-cimum. 

THE RADlOLYSIS OF CONTAMINATED WATER 
AT ELEVATED TEMPERATURES 

Since power rea~tors opera~e at elc~te~ tempera
tures and since their construction material 1s stainless 
steel, the problem of the radiolysis of wat~r under 
such conditions is a matter of interest. T he literature 
docs not contain any relevant data, with the ex
ception of the important work ?f Hochanadel_• in 
which it is shown that back-reactions of the rad1oly
sis of pure watc;:r are accelerated in the case of a 
temperature r ise from 30 to 65°C. In the present 
work. a,qualitative study was made of the influence 
of temperature on saturation pressures of the explo
sive mixture. These pressures arise under the action 
of reactor radiation and fission fragments in water 
contaminated with certain i111purities. 

S ince radiolysis of water in the reactor takes place 
chiefly through the energy of fast neutrons, use was 
made in these experiments of a neutron converter 
which increased the portion of fast neutrons in the 
ampoules undergoing irradiation. The converter was 
a section of a thick-walled cylindrical uraniwn pipe 
120 mm in length with an inside diameter of 32 mm 
and an outside diameter of 72 mm. The converter was 
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lowered into the experimental hole of the reactor. 
The specific rate of the radiolysis o[ water in the con
verter, as a numl,er of measurements showed, was of 
an order above the averoge for the reactor, 

Experimental Part 

The degassed solutions being investigated were put 
into small ampoules shown in Fig. 5. The ampoules 
were scaled in a vacuum. In each ampoule, a notice
able g:is space (about ¼ oi the total volume) was 
left. The ampoule was then placed in a small alu
minium test tube of diameter 12 mm and length 100 
mm. A spiral that could be heated by an electric 
current was wound a round the test tube, which was 
then placed in the above-mentioned convt!rlt!r. The 
temperature in the test tube could be raised to 300°C 
and could be measured by a thermo-couple. After 
e.xposure, the ampoule was cooled, and the pressure 
of the accumulated detonating mixture was meas
ured by the method of Allen and co-workers.• 

f,guro 5, Ampoule for experlmeors in Irradiation at olevoted lem• 
porotures 
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F igure 6 gives the results of experiments conducted 
with 0.001 !if, 0.01 M, and 0.1 M HO at a tempera
ture of 40-50°C. Here, and later, the value of the 
pressure in the ampoule in atmospheres is plotted as 
a fu nction of exposure time in hours. The po_wer of 
the apparatus during these experiments was con
stant (200 kw) and, therefore, the exposure gives 
the dose value (in conventional units) directly. The 
curves show the usual inhibiting influence of impuri
ties on back-reactions. The influence is seen in the 
'increase, wilh impurity concentration, of the satura
tion pressure of the explosive mixture. I n 0.1 M HCl. 
a steady state was not attained at 50°C, even when 
the pressure of the explosive mixture reached 19 
atmospheres. 

Figure 7 shows the influence of temperature on 
the formation of an explosive mixture in 0.01 M HCI. 

5 Z<llll-

3 

0 

1 .01 M.HCl 

100°e 
t 

1 No heating 

ID 
Time, hon,, 

figuro 7. lnfluenco of temperature on rodiolysis of hydrochlorlc acid 
solvtion 

The initial section of the curve corresponds to irra
diation at 50°; here we find the usual linear growth 
of pressure with time as in Fig. 6. T he arrows show 
the heating start time. Section b shows that in pass
ing to a temperature of Z()()°C the pressure begins to 
diminish with exposure. On section c the tempera
ture again becomes SO"C and the pressure rises; and 
finally on d section. the temperatur e goes up to 100°C 
and the pressure again diminishes. Such inhibition 
of the radiolysis of contaminated water produced by 
temperature, was observed in the case of all the im
purities that we studied. 

Technically, the most important impurities are 
those of iron, manganese. chromium, and uranium 
which may get into the water of the apparatus. 

Figur e 8 gives data for solutions of 0.01 M iron 
sulfate to which 0.1 and 0.5 N suliuric acid is added 
to eliminate hydrolysis. In the fi rst case, the pres
sure reached 3.5 atmospheres, but fell off noticeably 
at 100°C; as the temperature rose to 200°C it fel l to 
0.3 atmosphere; in this case, iron hydro.xide was 
precipitated. 

5 

E 
;; J 

z 

I! _ ,IQ 

T ime, boun 
Figure 8. Influence of temperature or radiolysh of wate r In tho 
presence of ions of iron: (curve 1) 0 .01 M FeSO, + 0.1 N H.SO,; 

(curv• 2) 0.01 M FoSO, + 0.5 N H,SO, 

In a more acid solution, the temperature could be 
raised to ZO(J° C without hydrolysis; in this case also 
the pressure in the ampoule fe!J. 

Figure 9 gives the datn for a 0.002 M solution of 
chromium sulfate and for a 0.0025 M manganese 
sulfate in the presence of 0.1 N sulfuric acid. As may 
be seen from the curves, heating to 200°C sharply 
reduces the pressure in the presence of chromium and' 
noticeably in the presence of manganese. 

Figure 10 gives the results for a 0.1 M solution of 
uranyl sulfate. At 40°C there is an increase ir1 pres
sure, and at 180°C it falls sharply. The same may 
be observed in the case of 0.1 M solutions of boric 
acid (dotted line). 

Curves of pressure increase, obtained for the 0.1 
M solution of uranyl sulfate are also of interest when 
irradiation of the ampoule was conducted without the 
converter, i.e.. directly in t he experimental hole. 
Under these conditions heating up to 200°C did not 
even slow down the pressure rise of the mixture 
(H2 + ,¼02 ) in the ampoule, although the pressure 
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jlJ 

T ime. ho!US 

Figure 9. lnAuence of temperature on radiolysis of water in the 
presenco of ions of manganese: (curve 1) 0.002 M Cr.(50,)s + 0 .1 

N H,SO,; (curve 2) 0.0025 M M,SO, + 0.1 N HoSO, 

reached 30 atmospheres (Fig. 11 ). It should be 
noted that under these conditions the radiolysis of 
water in the ampoule is dt1e, to a great extent, to 
the energy of fission fragments. 

The difference in the radiolysis of solutions con
taining uranium, when they are irradiated in the 
converter and also without it, is due to the fact that 
the uranyl-ion produces a double action in radiolysis. 
On the one hand, it inhibits back-reactions as any 
mixture does ; on the other hand it accelerates ra
diolysis through fission. This latter process in gen
eral increases saturation pressures. Judging from the 
behaviour of such solutions during irradiation in a 
converter, when the fission process is relatively slow, 
the inhibiting action of the uranyl-ion on the back
reactions of radiolysis of water is light. This is con
firmed also by experiments at low temperature in the 
irradiation of ampoules with a solution of uranyl 
fluoride, containing H 2 and 0 2 at a large pressure. 
These ampoules were wrapped in cadmium foil so 
that the fission process in them was virtually ex
cluded. The initial pressure of H2 in these experi
ments was five atmospheres, and of 0, two atmos-

/i 

/0 , /oh. JO 
Time, ours 

fi9u ro 10. Influence of lemperalwo on tho radiolysis of waler in lhe 
presenC'e of boric acid and uranyl-ion in ihe converter: (curve 1) 

0.1 M uron~I sulfat♦: (2) 0 .1 M boric add 
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pheres. As may be seen from Fig. 12, the pressure 
even in a 1 M solution of uranyl fluoride during 
irradiation at 50°C falls, though slowly, to a value 
close to that reached under these conditions in an 
ampoule with pure water. 

The experiments described above are not quanti
tath•e. However, they show very convincingly that 
when the water is contaminated with iron, manga
nese, and chromium ( to a value of 100 mg per liter), 
the saturation pressures of H, + ¾02 in the liquid 
at temperatures above 200° will be of the order of 
one atmosphere. Since such extreme contamination 
of water is excluded in operation conditions, the 

30 

20 

,o 

10 20 JO #0 30 50 7/J 80 
Time, hows 

Figure 11. Radiolysi, of 0.1 M solullon or uronyl sulfore in the ex• 
perimental hole (outsida the converter) 

saturation pressures of the explosive mixture will be 
extremely small in heterogeneous power reactors 
with a temperature above 200°C. The behaviour of 
solutions of uranium is also of practical interest in 
the case of heterogeneous power reactors, since when 
the shield shell breaks the metal may get into the 
water. The course of radiolysis in solutions contami
nated with uranium is more complicated, since in 
such solutions it is due partly to the energy of y-rays 
and fast neutrons, and partly to fission fragments. 

The data of this work showed that an explosive 
mixture of a stoichiometric composition does not 
inhibit reactions of radiolysis due to fragments even 
at a pressure of 30 atm and a temperature of 200°C. 

However, the results of the irradiation of concen
trated solutions of uranyl fluoride in ampoules 
wrapped in cadmium foil show that the uranyl ion 
is a but relatively slightly effective impurity with re
spect to its inhibitory influence on back-reactions of 
radiolysis proceeding under the action of fast neu
trons. 
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THE MECHANISM OF THE RADIOLYSIS OF WATER 
IN THE PRESENCE OF H, AND 0 2§ 

D 2 and 0 2 dissolved in water influence consid
erably__the process of gas generation in a heavy-water 
reactor. As is shown above, D 2 and 0 2 may, in tech
nical conditions, lower the rate of this process by 
one order. It was in connection with these observa
tions that the present investigation of the radiolysis 
of aqueous solutions of H 2 and 0 2 was begun. 

The influence of dissolved 0, and H, on the ra
diolysis of water was studied by many investiga
tors,1•2••,s especially by Allen, who proposed an 
extremely fruitful theory of radiolysis. 

However, data concerning the influence of dis
solved 0 2 on the saturation pressures of H 2 , as well 
as the influence of acidity on the rate of direct reac
tions of· radiolysis is lacking in the literature, appar
ently because of the difficulties of such measurements. 

We worked out a method of determining the quan
tity of hydrogen being formed in the radiolysis of 
water in the presence of oxygen in a cell nearly totally 
filled with the solution, without the cell being opened. 
One end of the cell (Fig. 13) was a tightly-drawn 
glass membrane capable of being bent in the case of 
pressure variation in the cell. The degree of bend of 
the membrane was determined by measuring changes 
in the length of the gas bubble placed in the gas
measuring tube soldered to the other end of the cell. 
An analysis of the gas as to the p resence in it of a 
detonating mixture was done within the cell itself, 
without its being opened by a spark passed between 
platinum electrodes soldered into the lower part of 
the gasometric tube. The gas bubble was equilibrated 
with the liquid phase by energetic shaking. 

A sectional X-ray tube working on a voltage of 65 
kv and with an anode current of 200 ma served as 
the radiation source. 

Irradiation was carried out in equal intervals of 
15 minutes each. After each of the first five intervals 
of irradiation, the gas bubble was exploded in order 
to determine the detonating mixture. Subsequent ir
radiation was done without exploding the gas. The 
results obtained are represented graphicallj• in Figs. 
14 and 15. 

The curves in Fig. 15 have a small horizontal pla
teau due to the fact that after the first intervals of 
irradiation the gas in the bubble was exploded. After 
a certain total dose, the quantity of hydrogen re
moved from the liquid phase into the bubble (after 
the regular irradiation period) became constant. The 
partial pressure of hydrogen fluctuated in a certain 
range but remained, on the average, constant. As 
irradiation without explosion of the gas continued, 
the pressure of the hydrogen a~ain increased until it 
reached a constant, so-called limit value, depending 
on the concentration of the dissolved oxygen. The 
initial yield of hydrogen may easily be found from the 

§ This work was conducted in 1951-53 by P. I. Dolin, and 
S. A. Brusentseva with I . D. Kudryavtsev and A. A. Orlova 
participating. 
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Figure 12. Recombination of explosive mixture d uring irradiation of 
ampoulu with solutions of uranyl fluoride wrapped in cadmium foil: 
(curve 1) 1 M uranyl fluoride; (2) 0 .01 M uranyl fluorido; (3) woter 
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Figure 13. Coll memb rane: (M) membrane, (T) gas-mea,uring tube, 
(3) platinum electrodes, (1') 901 bubble) 
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Figure 14. The dependence of the quantity of evolved hydrogen on 
the do.re, given oxygen content In the water in the following con, 
centrations: (1) 0.23 X 10-• mole/liter, (2) 0.53 X 10-• mole/liter, 
(3) 0.98 X 10·• mole/liter, (4) 1.34 X 10·• mole/liter, (5) 1.88 X 
10 .. mole/liter. The resulrs obtained from Ca'° radiation are marked 

with stats 
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Figure 15. The dependence of the pressure of the evolved hydrogen 
upon tho doS-O ot c-oncontrotions of oxygen given in the precoding 

figure 

initial slope of the curve value in Fig. 15 at the end 
of irradiation. These values, together with the value 
of the steady-state concentration of hydrogen perox
ide, are given in Table IV. 

Table IV 

Equilibd·mn 
Iuitiol )+fold Presmre Slcad)•~state 

CtJ1icc1,.t.ratiou Eq11ilibrium of H~ of H2 eonec.,,tralWn 
of 02 pressure of 02, moki;ules ll2 (m•• t>I of Hi02 

m/liter a.lffl<>sphe-res per JOQ cv mercury) (M /httr) 

0.23 X l o-3 0.20 0.26 138 0.28 X IO-' 
0.53 X. lo-3 0.41 0.31 160 0.41 X 10-3 

0.98 X 10-3 
0.70 } 

190 0.70 X 10-3 

1.34 X 1()-3 1.00 from 0.32 220 0.93 X 10-3 

1.88 X 10-3 1.39 to 0.35 270 1.14 X lo-3 
5.76 X 10-3* 4.24 370 1.40 X 10-3 

* The experiment was carried out in a glass sphere. 

The data of Table IV show that in the concentra
tion range of oxygen from 0.23 to 5.76 X lCr' M the 
initial yield of hydrogen increases only by 30%, 
whereas the saturation pressure of hydrogen in
creases by three times and the steady-state concen
tration of hydrogen peroxide by five times. 

At gas pressures above two atmospheres, the ex
periments were conducted in glass spheres. Gas anal
ysis in this case was conducted in a gas analysis appa-

mm/Hg 
1/00 

/00 

mol/ml 
0'-------,'-------2'------J--.JIJ._.,. __ 

Figure 16. Th• dtpondence of tho scturoiion pressure of hydrogen 
on the concentration of oxygen. The e,cperimentol results in spheres 

oro dc;i9n"ted by poinh, in cell me-mbrboes by crcnet 
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ratus by burning hydrogen on a platinum contact. 
Measurements were taken when the dose was sufficient 
to reach a steady state. The oxygen concentration 
range in which the experiments were conducted cor
responded to an equilibrium pressure of from 1 to 23 
atmospheres. 

The results of these e.'Cperiments are given in Fig. 
16. From the figure it may be seen that the initial 
portion of the curve corresponds to a linear depend
ence of the saturation pressure of hydrogen on the 
concentration of dissolved oxygen. For this range of 
oxygen concentrations there also exists a linear de
pendence between the saturation pressure of hydrogen 
and the steady-state concentration of hydrogen per
oxide, as may be seen from Fig. 17. In the case of 
higher concentrations of oxygen, the saturation pres
sure of hydrogen passes through a maximum and 
then diminishes without however reaching zero even 
in the case of an oxygen concentration corresponding 
to a pressure of 23 atmospheres. Interesting results 
were obtained from exper!ments when a solution mix
ture of oxygen and hydrogen in water was irradiated. 
As Hochanadel ·• showed, the initial yield of hydrogen 
peroxide evolution is in this case higher than for a 
solution of oxygen alone. 

mm/Hg 
JQQ 

204 

(HzOJ 
0'---- ----'-------:?--/0-½.,:-:-

Figvre 17. The dependence of sa turation pr~ssure of hydrogen on 
the ,teady concenlrotion of hydrogen poroxide 

We measured the yield of hydrogen peroxide in 
water containing a saturated mixture of 0 2 and H 2 

in various ratios. The results are given in Fig. 18. It 
may be seen from these results that the initial yield 
of hydrogen peroxide does not depend upon the 
ratio of concentrations of 0 2 and H 2 and is equal to 
3.5 molecules/100 ev. This means that a maximum 
quantity of OH radicals and H atoms is used in the 
formation of hydrogen peroxide. It should be noted 
that the initial yield of H 20 2 is 11 times higher than 
the initial ;yield of hydrogen. 

The experimental dependence of the pressure of 
the hydrogen being formed upon the dose, and the· 
connection between the initial yield of hydrogen, its 
saturation pressure and the steady concentration of 
hydrogen peroxide for concentrations of oxygen cor
responding to the initial linear section o{ the curve 
in Fig. 16, may be found theoretically if we take the 
following mechanism of the radiolysis of water: 

2H20 -- -:'" H,02 + H, 

H2◊ --- OH + H 

(A) 

(B) 
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H202 + H ➔ H 20 + OH 

H, + OH ➔ H 20 + H 

H + 0, ➔ HO: 

(1) 

(2) 

(3) 

OH + H 20 2 ➔ H 20 + H02 (4) 

H 02 + H02 ➔ H,02 + 0 2 (5) 

In this scheme, reactions A and B give molecular 
and radical products of the radiolysis of water dis
tributed throughout the whole volume; 1 and 2 are 
so-called back-reactions, and reactions 3, 4, and 5 
suppress the back-reactions and carry out the mutual 
transition between 0 2 and H 20 2 • These reactions 
together with others were proposed by Allcn5 to e.,c
plain the radiolysis of water. Here, we limit ourselves 
to those reactions that are most probable under the 
given conditions. 

From this mechanism it is easy to obtain the fol
lowing kinetic equation by using the method of steady 
concentrations for intermediate products and taking 
account of the fact that the yield of hydrogen perox
ide is much greater than that of hydrogen: 

d[H2l _ K,.J _ K:K»IrH2l (1 ) 
di - K. [H202] •I 

or in the integral form: 

where the various K's are constants of the respec
tive reactions, J is the dose, t the time, and [H:02) , 1 

is the steacly-stllte concentration of H 2O2 • 

From Equation 2 it may be seen that with the 
growth of dose ft, the concentration of H 0 or its 
pressure tends to the limit 

(3) 

A comparison of results computed Crom Equation 2 
with experimental results (the H, concentration was 
recalculated to its corresponding pressure) is given 

mol/ml Hz added --<>----ot-

Figuro 18. lhe dc,pendtnce of the concentration of H:02 cvohcd 
on tho dose in solutions of o mixture of 02 and H, in woler. lhe 
lnitiol concentrollon is: (1) 0 • 0.135 X 104 M/liter, H2 0.695 X 
10·• M/liter, (2) 0. 0.178 X 10·• M/Htor, H, 0.674 X 10·• M/liter; 
(3) 0 0 0.475 X 10·• M/liter, H, 0 .-448 X 10·• M/liter: (4) 0 , 0 .728 

X 10-> M/liter, H, 0.298 X 10·• M/ liter 

pHz 
mm/Hg 

f{J()// 
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HzSO~li
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figure 19. Tho dopendence of hydrogen pressure on the dose In 
,olutions of He.SO, aaturatcd with oxygctn. Solid curves de-scribe 
experiment res~lts, dottod lines the re,uhs colc-ulot•d from Equa-

tion 2 

in Fig. 15. The solid curves in the upper- part and U1e 
dotted curves in the lower p;trt were computed from 
Equation 2 i the points represent experimental re
sults. In comparing experimental results with cal
culated results the small horizontal plateaus on the 
experimental curves must be excluded; then the cal
culated curves coincide with the experimental curves 
with good accuracy. This result is a convincing cou
Ji rmation of the mechanism of the radiolysis of water 
given above. However, in the case of a high con
centration of dissolved oxygen corresponding to a 
maximum and to the falling branch of the curve in 
Fig. 16, Allen's mechanism is insufficient and must 
be supplemented. But we shall not dwell on that. 

Equation 2 also gives good agreement with experi
ment in solutions of H,S0, from I 0-5 to 1 N con
centration (Fig. 19) if account is taken of the fact 
the constant K,. and (H20:),t may in this case have 
other values than those in water because of the in
fluence of the SO/- ion on back-reactions. For 
10-5-10-8 N solutions of H 2504 the calculated curves 
folly coincide with the experimental curves, whereas 
for iD--1 N and 1 N the experimental and calculated 
curves do not diverge in the upper part more than 
7-10%. 

In solutions of KOH, beginning with a concentra
tion 10-3 N and higher, there is observed an increase 
in the initial yield of hydrogen as compared to pure 
water. 

Interesting results are obtained by considering the 
material balance between the absorbed and evolved 
oxygen, the hydrogen peroxide formed ; and the 
hydrogen evolved. 

The results of this consideration in solutions of 
H 2S04 and KOH arc given in Tables V and VI. 

From Table V it follows that the material balance 
in solutions saturated with oxygen is satisfied with 
an accuracy within experimental error for- 0.1 N and 
1.0 N solutions of H 2SO. only. Its greatest disagree
ment in excess absorption of oxygen is observed in 
alkaline solutions of high concentration. As was 
shown later in a Bedeker KOH preparation with 
which the experiments were performed, there are 
traces of organic impurities which inRuence the ab-
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Table V. Solutions of H2S04 and KOH Saturated with O xygen 

Sul«ti,m 
Co,ucn.troJionl>1i.tial yield of H2 
(Norma/ii:,,) (molecules/JO() ev) 

[H202J .1 Ex~~l.f dbscrption of 0: 
(MJliler) [-202+H2] C:M//;1er) (M/hter) 

Water 0.33 0.93 X 10-S 1.59 X 10-S 0.66 X lo-3 
H2SO_. 10--5 0.33 1.08 X t<rS 1.79 X 10"" 0.71 X 10-S 
H2S04 10-3 0.33 1.25 X lQ-3 1.97 X 10-S 0.72 X 10-3 

H2SOt Hr' 0.47 4.16 X 10-3 4.32 X lo-3 0.16 X 10-3 

H~SOt 1.0 0.67 5.00 X 10-' 5.24 X 10-S 0.24 X lo-" 
KOH lo-4 0.27 1.00 X 10-3 2.04 X 10-S 1.04X lQ-3 
KOH 10-S 0.58 1.02 X 10-3 2.10 X 10-S 1.08X 10-3 

KOH 10--~ 0.58 0.99 X 10--1 2.28 X l<r-3 1.29 X 10-3 

KOH 10-1 0.58 1.02 X 10-3 2.56 X lo-3 l.54 X 10-3 

~OH 1.0 078 0.93 X 10-3 4.12 X 10"3 3.19 X lQ-3 

Table VI. Solutions of H2S0• and KOH Saturated with Nitrogen 

Conctnfrtt;t1'0-n Initial yield "/c H2 (H202J ,t 
Sol"~hm (Norm{l lily) (molc<:u./es/1 0 ev) (l,f /lie,r) 

H-,evotved 
(~1/lirer) 

·O• tvolved Extess }f,, ge11er<Jted 
(~f/lil,r) ,(Jf/1,ter) 

H:SO4 lo-" 0.06 0.0 0.024 X l<r-3 0.024 X lo-" 
H2S04 1()-4 0.06 0.0 0.026 X J0-.3 0.026 X Hr" 
H2S04 lo-3 0.10 0.0 0.045 X 10-s 0.045 X 10-3 

H2S04 J()-2 0.18 0.04 X lo-' 0.10 X 10-S 0.060 X 10"" 
H2S04 10-1 0.5] 0.11 X 10- 3 0.31 X 10-S 0.20 X 10-.3 
H2S04 1.0 1.14 1.09 X 10-S 1.47 X 10-S 0.37 X 10-S 
KOH lo-4 0.15 0.0 0.05 X 10"" 0.05 X 10"" 
KOH lo-3 1.15 0.16 X 10-S 1.29 X 10-S 0.65 X 10-.3 0.48 X 10-S 
KOH 10-2 1.15 0.17 X lo-3 0.91 X lo-3 0.27 X 10-3 0.47 X ,10.., 
KOH 10-1 1.45 0.73 X 10-0 1.10 X lo-" 0.09 X Io-> 0.26 X lo-" 
KOH 1.0 0.71 0.83 X lo-3 0.76 X 10-3 0.0 0,07 X 10-S 

sence of material balance. However, even in experi
ments with KOH purified from organic impurities, 
absence of material balance towards excess absorption 
of oxygen is observed. 

during radiolysis. In concentrated solutions of H 2SO, 
(lCr-1 N and 1.0 N) a deviation of the balance is 
connected with oxidation of nitrogen; in alkaline 
solutions oxidation of nitrogen does not take place. 

In solutions of KOH saturated with nitrogen 
(Table VI) absence of balance is observed for those 
concentrations of KOH for which oxygen is evolved 

mol/1 

3 . 
ev/cm 

Figure 20. Oepondenc:o of conc:entra'tion of H202 on the dose: (1, 2 
ond 5) concentration of H. = 0.84 X 10·• M; (3) 0.42 X I 0 ... M, 
(4) solution saturated with air. Cfrcles desi~~ale experimental re-

sults, crosses dosjgnoto cal<,uloted results 

Deviation in the material balance may be e.x
plained by the accumulation in the solution ( during 
radiolysis of water) of a superoxide-like compound 
of the HO, type or of its complex with H 20 2 , and 
by the electrolytic dissociation of the radicals H0

2 
and OH in alkaline solutions. 

H02 µ H• + 0 2-

0H # H+ + O-

Apparently, these products are more stable in the 
dissociated form and therefore will participate more 
slowly in back-reactions. 

Allen and collaborators••••• were the first to study 
the reaction of H 2O2 with H 2 under the action of 
reactor radiation and y-rays from Co60 in a narrow 
range of H 20 2 concentrations. In our work, this 
range was considerably extended, and, in addition, 
the concentration of H 2 during the experiment was 
maintained by constant passage of H 2 bubbled 
through the solution. 

The experimental results are given in Figs. 20, 
21, and 22. An analysis of these data shows that the 
whole investigation range of concentrations of H

2
0

2 
is divided into four ·regions, for which the decompo
sition kinetics of H 20 2 are different. The empirical 
kinetics formulae found for these regions are given 
in Table VII. 

For region I, the empirical equation coincides with 
the equation deduced by Allen and Hachanadel :5 
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Tobie Vll. Kinefic Equations of Decomposition Reactions of H20 2 

R~gion c<>nctntratic,r 
,onge of H202 

:· (M/ liter) 

I 0.05-0.S X lo-3 

Kinetic 
equation 

d [H,0,] K, + K. 
d (tl) [H,O,] 

0.33 X 10-2 molecule 
ev 

Kz 

1.3 X 1010 molecule/ev 

II 0.5-2 X 10-3 d [H,O,] K = 4.26 mol./100 ev 
d (ti) 

III 2 X 10-3-J X 10-2 

Iv 10-•-us 

cl [H,O,] K, + K, [H,0,] 
d (ti) 

d [H,O,] =K + K [HO·] i 
d (ti) ' • ' ' 

_ d[H20,l = _ K.,J + K,K11l[H2 ] 

dt K,[H 20 2 ] 

and for regions III and IV deduced by Hart and 
Matheson.6 For region 11, the mechanism of back
reaction of Allen-Hochanadel must be supplemented 
by reaction ( 5) . 

The kinetic equation for region I coincides accu
rately, if we disregard its sign, with the equation for 
the direct reaction of the formation of hydrogen 
in the radiolysis of water. This permits comparison 
of the constant KA and of the ratio K 2K 8 /K, 
( entering into both equations) according to the 
results related to direct processes and back-processes. 
In both cases the constants KA practically coincide, 
and the ratio K,K8 / K, in the first case is- equal to 
2.2 pairs of radicals/100 ev, and in the second case 
of 2.7 pairs of radicals/100 ev. Such a coincidence 
of these values, considering the complexity of the 
experiments, is one more convincing proof of the 
correctness of the mechanism of water radiolysis 
µsed here. If we know the value of [H2O2],1, it makes 
possible the calculation (according to the back-reac
tion) of the value of the saturation pressure of hydro
gen in the direct reaction, given any dose. 

The measured results of the rate of the reaction of 
H 20 2 with H 2 in solutions of H 2SO, and KOH are 
given in Figs. 23 and 24. 

mol/1 
NP 

mol/1 

Figure 21. The dependehce of H,O, concentration on dose for solu
tions witb "Various initial concontrotion of H:0: ; concentration H2 = 

0.84 X 10-• M 

1.5 molecule 
100 ev 

17 molecule 
100 ev 

1.8 X 103 molecule/100 ev-mole 

GO molecule/100 ev-(mole) ¼ 

These results confirm the fact that an increase in 
the hydrogen yield during radiolysis in these solutions 
is connected with retardation of the back-reaction. 

There are no data in the literature concerning the 
influence of temperatu re on the radiolysis of water 
in a broad temperature range. We investigated 
radiolysis due to X-rays and a so-called mixed 
reactor radiation ( fast neutrons plus y-rays) at 

mol hnl 
IJ(lfl 

IZ!-IQ 
Figure 23. The kinetics of the reaction H,O, + H, in solution, o f 

H.SO,. Voriotions of H,O, concentrations with dose 

mol/1 
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0.2 

mol/1 

tQ~------
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Figure 22. Dependence of H202 concentration on dose . All solutions, 
with the exception of 1, are saturated with air 
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temperatures up to 280° in water saturated with 
oxygen in a solution of 10-s KBr. The experiments 
were conducted in quartz spheres. The dose cor
responded to that of the steady-state reaction. The 
results, recalculated to the quantity of hydrogen 
evolved in moles per cm3 of solution, are given in 
Figs. 2S and 26. 

As may be seen from the figures, the evolution 
of hydrogen ceases ( under the action of X-rays) 
at a temperature of 100°; and at a temperature of 
about 200° in the case of reactor radiation. In the 
presence of KBr, suppression of explosive mixture 
evolution is not achieved at 200° for X-rays and 280° 
for reactor radiation. 

The influence of temperature on hydrogen evolu
tion during radiolysis of water is connected with 
a reduction of the activation energy of the slowest 
back-reactions ( 1) and (2). Since the concentration 
of OH radicals and H atoms ( distributed throughout 
the body of the solution) in the case of "heavy" 
radiation ( fast neutrons) is less than for "light" 
radiation, given a comparable value of the dose 
power, a greater temperature rise is obviously neces-

mol/ml 
IU!tf5< 

Q,I 

ev/cm3 

Q - - -::a'=-2- -o.-::,1,':---,!IU~-4-4--

Figure 2.C. Tho kinetics ol rcer;tion H~.:, + H2 in solutions of KOH. 
Variation of H,O, with dose 
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Figure 25. D•pendcnce of the quantity of hydrogen evolved on 
temperature during Irradiation with X-rays: ( I?' water saturated with 

oxygen; (2) 10-• M KBr solution saturated with air 
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sary in order to accelerate the back-reactions in the 
same degree. In this case, the effect of an addition 
of KBr, which lowers the concentration of radicals 
in the body of the solution, is similar to changing 
from "light'' to "heavy" radiation. 

CONCLUSION 

The investigation of the radiolysis of moderator 
water in an operating reactor showed a one-order 
reduction in the fonnation rate of D2 + ¼ 0: per 
unit of power with the growth of the total reactor 
power; this is due to acceleration of back-reactions 
with growth of D2 and 0 2 concentrations in the 
circulating water. In other investigations it was 
shown that a temperature rise of 200°C reduces 
considerably the saturation pressures of H 2 and 0 2 

during the radiolysis of water proceeding from 
renctor radiation, but not, however, from fission 
fragments. 

Thus, saturation pressure values and the rate of 
radiolysis in the presence of various quantities of H, 
and 0 2 is of obvious practical interest; however, 
the existing data in the literature are insufficient 
for their determination. 

To verify these values and also the mechanism of 
the radiolysis of water, the latter was studied in 
aqueous solutions of 0 2 under the action of X-rays. 
It was found that the saturation pressure of H 2 at 
first grows linearly with an increase in the concen
tration of dissolved 0,; it then passes through a 
maximum after which it diminishes. These data 
show that the accepted schemes of the radiolysis of 
water for more concentrated solutions of 0 2 • arc 
incomplete. An equation has been introduced for 
calculating saturation pressures of H 2 in the presence 
of 0 2 in the region of a linear dependence of the 
saturation pressure of H, on the concentration of 0 2 • 

It is shown that in nlkaline solutions there takes 
place an accumulation of noticeable quantities of 
superoxide compounds. 

mol/ml 
!Iii~ 
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Figure 26. Dependence of the quantity of hydrogen evolved on 
tempercture from reactor radiotion: ( 1) in water saturated with air; 

(2) in 10-• M KBr solution saturated with oir 
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The Decomposition of Water by Fission Recoil Particles 

By J. W. Boyle,* C. J. Hochanadel,* T. J. Sworski,* J. A. Ghormley* and W. F. Kieffer,t USA 

The fission recoil particle is a relatively new radia
tion entity whose effects are to be studied and com
pared with those of y-rays, electrons, a-particles, etc. 
The primary purpose of this investigation was to 
obtain reliable values of gas yields for the reactor 
engineer since the efi'ects of fission fragments on 
water are of prime importance in the design of any 
aqueous homogeneous reactor. T he radiation chem
istry associated with the fi ssion process is of par
ticular interest because the rate of energy loss in a 
fission track is over an order of magnitude greater 
than that for any other known radiation. 

In this paper are presented initial yields of gas 
production for aqueous solutions of UO,SO . ., UO2F2 , 

UO2 (NO, ) 2 and U(SO.) 2 determined as a function 
of uranium concentration, isotopic enrichment, 
temperature and hydrogen ion concentration. Effects 
of the oxidation state of the uranium, of different 
anions, and of added solutes also have been con
sidered. 

EXPERIMENT AL 

The majority of irradiations were made on 0.5 ml 
samples of solution in fused silica ampoules drawn 
from 4-5 mm diameter silica tubing. The liquid 
occupied about half the ampoule volume. All samples 
were carefully degassed on the vacuum line before 
scaling. Each ampoule was provided with a tip 
which could easily he broken off in the vacuum line 
for gas analysis. Samples highly depleted in um 
were larger so as to provide more gas for analysis. 
Concentrated samples highly enriched in u••$ were 
much smaller to prevent any appreciable self-shadow
ing. Pile irradiations were made in a cooled hole of 
the Oak Ridge Graphite Reactor. Sample tempera
tures of 120°C and above were maintained by a con
trolled electric furnace. 

After irradiation the samples were allowed to 
stand for a period of about one day to allow decay 
of induced radioactivity and permit safe handling of 
samples during analysis. Yield values may be a few 
per cent low because the post irradiation back reac
tion induced by fission product activity predominates 
over the forward reaction. , v ith Br present the 
back reaction would be observed. 

Ampoules were broken open in a vacuum system 
and evolved gases were analyzed .using the Saunders-

* Oak Ridge National Laboratory. 
t College of Wooster, Wooster, Ohio.·· 
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Taylor,. semi-micro technique in which H 2 and O, 
were burned on a platinum filament. 

Peroxide in solution was determined both from 
the stoichiometric excess of H 2 and also by direct 
analysis using a spectrophotometric method to de
tect 103- formed by the oxidation of I- by peroxide.2 

The optical density was measured at 3750 A instead 
of 3500 A, the wave length of maximum absorption 
for the triiodide ion. At 3750 A the absorption of 
uranyl ion does not interfere as much as it does at 
3500 A. The molar e.,tinction coefficient at 3750A 
and 250°C was 17,500. The absorption followed 
Beer's law over the forty-fold range of concentration 
studied from Hr' to 4 X 10-3 M. 

Some irradiations were made in micro ampoules 
( only about 0.1 ml of solution required) which per
mitted measurement of total pressure without op~n
ing. The method of determining pressLtre in an 
ampoule by measuring the boiling temperature of 
the solution has been described previously.2 

Irradiations in a Co•0 source' at an intensity of 
about 4000 r per minute were made in pressure indi
cating ampoules (approximately 30 mm ID by 
50 mm over-all length). These ampoules also con
tained a platinum filament for combusting gases. The 
composition of the hydrogen-o:x.-ygen gas, and by 
difference the peroxide present in solution could be 
determined at any time during the irradiation 
sequence. 

RADIATION DOSIMETRY 

The energy absorbed in pile irradiated uranium 
solutions is contributed by fission recoil particles, 
beta-particles, fast neutrons and gamina-rays. The 
majority of the energy absorbed in most of the 
samples studied was from fission recoils. 

As a rough measure of relative dose, the product 
of pile power and irradiation time may be used. It 
was found, however, that for a given pile power 
and position, the thermal flux as determined by . 
monitors, varied as much as So/o. from day to day. 
A monitor ( ~25 mg of Al-Mn-Co alloy, 0.7% Mn) 
was included with each irradiation in order to 
measure relative dose. The Mn56 activity was meas
ured in a 4 .,,. ionization chamber after allowing short 
lived activities, such as 2.4 min Al28

, to decay for 
about two hours. It was assumed that the activity 
as measured with the manganese monitors was a 
relative measure of total dose. 
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Figure 1. Ca1orimetor for moosurin9 reactor radiation obso,bod irt 
water end uranium solutions 

The absolute measure of energy absorption in 
solution was based on adiabatic calorimetric measure
ments of rate of energy absorption in pure water 
and in uranyl sulfate solutions containing natural 
uranium at two concentrations. 

The fission energy absorbed in solution, as calcu
lated from activity induced in a manganese monitor 
irradiated with the calorimeter, agreed with the 
calorimetric measurement within 0.S'fo. The values 
for constants used in this calculation were cr1 for 
um = 549 barns. <fa for Mn55 = 13 barns, t,h for 
Mn56 _ 2.59 hr with the decay scheme proposed 
by Mitchell• and the energy absorbed in solution 
per fission= 173 Mev. 

The calorimeter, shown in Fig. 1, consisted of 
a cylindrical aluminum jacket in which was placed 
the water or solution contained in a silvered, thin
walled silica bulb insulated by a vacuum. The char
coal getter was baked out, the system evacuated and 
sealed off immediately prior to irradiation. Copper
con~tantan thermocouples were placed in both the 
sample and in th~ aluminum jacket and temperatures 
were followed with a potentiometer during irradia
tion. Typical time-temperature curves for sample 
and ·jacket during irradiation are shown in Fig. 2. 
TJ1e rate of energy absorption in the sample was 
calculated from the heat capacity of the sample plus 
silica bulb and the rate of temperature rise of the 
sample when the temperatures of sample and jacket 
were identical. This required 68 minutes irradiation 
time for 44.6 gm U /1 solution and JO minutes for the 
297 gm U/1 solution. The calorimetric data are 
summarized in Table I. It was assumed that energy 
absorption in the silica bulb was negligible compared 

with absorption in solution. However, some gamma 
and neutron energy was expended in the silica and 
for measurements on pure water this correction 
could amount to a few per cent. The result obtained 
for pure water is in good agreement with that ob
tained by Richard son,$ 0.0209 cal-ml-1-M w - 1-min-1 , 

using an isothermal method. The work of Richard
son also indicated that about 34% of the pile 
energy absorbed in H 20 is by gamma-rays and 
66% by neutron scattering. In estimating the ratio 
of fission energy to total energy absorbed in pile 
irradiated solutions, it was assumed that gamma 
absorption and neutron scattering was the same for 
solutions as for pure water. This assumption is 
obviously not strictly valid, but for this estimate a 
detailed and laborious calculation was not warranted. 

Yields reported for gamma-rays were based on a 
yield for ferrous sulfate oxidation of 15.6 Fe++ per 
100 ev which had been calibrated both by calorimeter 
and by ion chamber meast!rements.~ 

PRODUCTS OF IRRADIATION 

The products found were mainly those r esulting 
from the decomposition of water: H 2 and 0 , gases 
and peroxide. In all cases where the temperature 
of the sample was maintained at I00°C or above 
during irradiation, the H 2/02 was nearly 2/1, 
indicating that nearly all of the peroxide assumed 
to be intermediate to 0 2 production had been ther
mally decomposed. fn one series of samples (natural 
U02 SO,., 44 gm U/1), direct measurement of per
oxide gave a yield within 10'7'0 of the gas analysis 
yield for H 2• This was found to be trl)e only if the 
samples were frozen immediately after irradiation 
and analyzed quickly upon thawing. One hour's 
waiting between the thawing and analyzing further 
lowered the yield by 15%, indicating the significance 
of the room temperature decomposition of the 
peroxide. 
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Figure 2. Typicol timo-tomperoture curve, of colorimetric measvrc,.. 
· ments in the ~eottar 
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Table I. Calorimeter Results for Rate of Energy 
Absorplion in W.oter and Uranyl Sulfate Solut ions 

u•••, gm/I 0.0 
3.85 

38 

44.6gm Vil 
0.321 
J.70 

297 gm U/1 
2.14 
3.55 Pile power, Mw 

Temperature, •c 
Temperature rise, 0 C-min-1 

Weight solution, gm 
Weight si lica, gm 

0.076± .0015 
2.04 

37 
0.201±.002 
1.90 

33 
0.888±.009 
2.49 

Solution C,., cal-gm4 -deg· 1 

Heal capacity, cal-deg-1 

Energy absorbed, cal-min•• 
cal-mJ-1-min·1 

cal-mJ·1-M w-min•1 

0.25 
1.00 
2.09 
0.159 
O.D78 
0.0202 

In nearly all ampoules analyzed, a small amount 
of CO2 was found, probably resulting from oxida
tion of trace organic impuri ties in the solutions. 

In none of the investigations of uranyl sulfate or 
fluotide solutions was there any evidence for the 
decomposition of the solute species. It was found 
that during irradiation with Co00 gamma-rays, SO, 
could be swept out of 18 M H2SO, and 11 M H2SO, 
solutions, but none could be detected from 0.4 M 
H 2SO, or 297 gm U/1 UOiSO, solutions. On 
analyzing solutions after irradiation, during which 
there was no sweeping, no SO, was detected. These 
results would indicate that back reaction ( oxidation 
of SOJ is very rapid and therefore the steady state 
concentration of reduction products of the anion 
is very low. 

The gases found in irradiated ampoules containing 
uranium i11 the (IV) oxidation state were all de
ficient in 0 2 • After the ampoules had been opened 
and the gases analyzed in the usual manner, samples 
of the remaining solution were removed and analyzed. 
By comparing the resulting U(IV)/U(V[) ratio 
with the corresponding value for the solution before 
irradiation, the amount of U (IV) oxidation to 
U(VI) could be calculated. The values thus found 
for IO samples accounted for the difference between 
the observed amount of 0 2 gas and that expected 
from the stoichiometric ratio of ¾ the H 2 gas pro
duced. The fact that some 0 2 gas was found, even 
in the presence of sufficient U(IV) to completely 
remove it, can probably be explained by the de
composition of the peroxide intermediate into 0 2 gas 
and its diffusion into the gas phase bciorc it had 
opportunity to react with the solute U (IV) . This 
was tested by irradiating ampoules filled with solu
tion to leave a negligible amount of free gas space. 
The gases from these contained only 2.Zo/o of the 
stoichiometric amount of 0 2 gas, whereas in am
poules where the gas volume/liquid volume ratfo 
was about unity, the Oi gas was 17.2% of the 
stoichiometric amount. The solutions with little gas· 
space showed a correspondingly. larger amount of 
U(IV) oxidatio11. 

It was concluded from the stoichiometry found 
for H 2 , 0 2 and peroxide on irradiating uranyl solu-

0.44 
0.95 
1.89 
0.380 
0.212 
0.0572 

0.41 
0.73 
1.90 
1.69 
0.943 
0.265 

tions in the pile that U (VI) was the stable valence 
state under radiation and that at the steady state the 
concentrations of other valence states were very 
small. T hese studies with U ( I V) solutions con
firmed this conclusion. It was also shown that U (VI) 
was the stable form in irradiating solutions with 
gamma-rays. By spectrophotometric analysis, it was 
shown that 10--' M and 10-2 M U (IV) in 0.1 M 
H 2SO. irradiated with cobalt ,.-rays were oxidized 
completely to U (VI). 

Two sets of ampoules containing concentrated 
UO, (NO,), solutions were found to give other 
than the typical electrolytic ratio of hydrogen to 
oxygen. Natural UO2 (NO3 ) 0 (318 gm U/1) and 
8.8o/o enriched U0z(N03 ) 2, (420 gm U/1) were 
found to give relatively large amounts of non-con
densable gas which was inert to combustion with 
either added excess 0 2 or H 0 • Its identity as N2 was 
established by spectroscopic examination. In these 
cases H, and 0 2 were present in nearly equal 
amounts. Irradiated dilute UO,(N03) 2 solutions, 
highly enriched in U235, yielded only H 2 and 0 2 in 
stoichiometric amounts. 

These data suggest that nitrate ion was de
composed by pile irradiation when present in con
centrations of 318 gm U/l or greater. Such decorppo
sition of nitrate ion was not unexpected since it was 
known that during irradiation with X-rays or gam
ma-rays, both oxidii:ed and reduced forms exist 
at equilibrium.' It was surprising to note that nitrate 
was reduced all the way to N2 • A more thorough 
study of nitrnte radiation stability is in progress. 

FACTORS W HICH AFFECT H2 GAS YIELD 

The extent of net decomposition of water by 
radiation is most reliably indicated by the amount 
of H2 gas produced, since the oxidant from water 
decomposition is usually divided among a variety of 
products. T he yield of gas per energy input is ex
pressed in terms of the G value, defined as the 
number of molecules of H 2 gas produced by the ab
sorption of 100 ev of energy. It was found that 
Gu, depended on a number of variables; type of 
radiation, concentration of uranium, and pH of the 
solution. 
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Table II. Initial Rotes of H, Production from 

Reactor Irradiate d Uranium Solutions 

Co,u::entra.tiou Enn"chmtnt Fission e•ergy 
,gm U/1 gm U2UJ/ Total '""OY 

0.399 Enrichment over90% u2u 1.61 
4.03 Enrichment over 90% um 3.26 1.66 

18.6 1.63 0.906 2.90 1.48 
31U 0.274 0.619 0.95 
40.7 Enrichment over 90% U23' 2.42 1.53 

102.1 37.4 0.995 2.00 1.35 
105.2 38.9 0.995 0.10• 1.20 
108.4 40.1 0.99S 1.35 
202.3 0.063 0273 0.69 
202.S 37.6 0.995 1.61 1.11 
203.4 Enrichment over 90'70 u2» 1.11 
227.0 1.63 0.906 0.98 
310.4 0.096 0.364 0.62 
386.0 1.63 0.906 0.80 
431.3 37.8 0.99S 1.32 0.77 
436.8 3.10 0.949 0.73 
4772 0.148 0.467 0.56 
713.5 33.S 0.995 0.56 
796.0 37.4 0.995 1.03 0.49 

4.25 Enrichment over 90% U21' 4.25 1.63 
40.l Enrichmem over 90% U""~ 3.32 1.58 

118.8 37.1 0.995 2.98 1.36 
272.0 37.2 0.995 2.64 1.11 
377.0 39.3 0.996 1.35• 0.84 
405.7 42.3 0.996 2.41 0.95 

4.24 Enrichment over 90% u2u 1.63 
42.3 Enrichment over 90% U2!3 2.0S 1.5 

318.0 229 0.932 1.03 0.6 
420.l 36.9 0.99-1 O.GO 0.55 
42.2 Enrichment ovtr 90% u2ss 1.95 1.45 
92.S 35.1 0.996 0.1 1.25 

350.0 32.0 0.995 0.1 0.75 

The data which are pertinent to demonstrating the 
effect of variables on Gm are summarized in Table 
IT. These figures represent the average of from three 
to six determinations for each point. The results of 
individual experiments agreed within 2o/o or better. 
In cases where H2 gas yield was not linear with doses 
employed ( as discussed in the following section), 
the tabulated v:ilue is either for an extrapolated in
itial yield or for G1I1 obtained from samples contain
ing added Br ion. 

In 'Fig. 3 the yield of H 2 is shown as a function 
of energy input for various types of radia6 on. The 
fission energy contribution is >99.5% in the en
riched solutions, 90.6% in the natural uranium solu
tions, and only 27.8o/o of the total energy in the 
depleted solutions. The rest of the energy is con
tributed hy y-rays and fast neutrons. Fission energy 
as used in this paper only includes the energy from 
the fissioning taking place in the sample solution. 
Probably 95% of this energy comes from fission 
fragment recoils and the rest from radioactive fission 
products, prompt neutrons, etc. It is immediately 
evident from the graph that the hydrogen yield is 
less for lower ratios of fission energy to total energy. 

• pH was adjusted by adding acid. 

A leveling off with increased dose was observed 
for all solutions of pure U02SO. except those in 
which essentially all the energy was from fission. 
This suggests that a radiation-induced back reaction 
occurred in the former solutions. It has been shown 1 

that bromide ion effectively inhibits radiation-induced 
reactions involving H and OH free radicals. The 
dotted lines in Fig. 3 show that the yield in the pres
ence of Br does not fall off, but maintains the initial 
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Figur& 4. Effect of uranium concontrotion on hydrogen-gos yield, from irradiated UO,SO, solution, 

rate of gas production up to the highest dose given. 
The yield without Br for Co60 y-irradiations was so 
low that it could not readily be shown on the same 
scale as the other data of the figure. The linear R : 
yield for solutions in which fission contributed 99% 
or more of the total energy implies that the radical 
back reaction during irradiation is not :ippreciable at 
these doses. Therefore Br would not be expected 
to have much effect. 

It can be seen from Fig. 4 that the presence of 
increased amounts of uranium in solution lowers the 
Gn2 for all types of radiations here reported. The de
crease in yield by the solute is greater at lower 
solute concentrations and also at lower fission en
ergy /total energy ration. 

The data for UO2F 2 , UO2SO,,, and U(SO,) 2 so
lutions in which essentially all the energy is from 
fission fit the equation: C02 = 1.83 -k ( C) ¼; k for 
the three salts is respectively 0.043, 0.048, 0.059. 
( C) 1h is the square root of the uranium concentra
tion in grams of uranium per liter. The concentration 
effect is due to more than a change in the solution 
pH as is shown in Table II by a comparison of the 
GR, for UO2 SO, solutions of low uranium concen
trations with those for the UO2F 2 solutions of higher 
uranium concentrations but similar pH. 

The acidity of the solution was found to have an 
effect on Gu2 when uranium concentration and type 
of energy absorbed were not variables. A plot of the 
data in Table II shows that when H 2SO, was added 
toa UO2SO, solution (105 gm U/1-marked with*), 
to adjust the pH to a value equal to that for a com
parable solution of U ( SO 4 ) 2 , the Gn2 value for the 
acidified UO,SO. solution agreed with that for the 
U(SO. ) 2 solution. Similarly, aqueous HF was addeo 
to a UO2F 2 solution (377 gm U/1-marked with *) 
to lower the pH to a value equal to that for a 
UO2SO, solution of comparable uranium content. 
Agai11 a plot shows the Cn, values to agree. This im-

plies that the difference between the Ga2 for the Yari
ous solutions at the same uranium concentration is 
mainly due to a pH effect and is dependent neither on 
the species of anion present nor on the oxidation state 
of the uranium. It further implies that alterations in 
the chemical species of uranium by the different coin
plexing tendencies of the anions is not particularly 
important. 

The very low Ga 2 for UO2 (NO3 ) 2 at 420 gm U/1 
(Table II) may reflect the fact that there was nitrate 
decomposition which may have produced oxidi.:ing 
intermediates. These could have reacted with H 
radicals or dissolved H, gas. 

To determine whether the change in GH2 with in
creasing UO2SO. concentration is related to mass 
of solute material, two solutions were made consisting 
of mixtures of UO,SO-1 and Cs2SO •. Cs2SO, was 
chosen because ( 1) cesium is an alkali metal and 
would be e..'Cpected to behave as a chemically inert 
material; (2) its neutron capture cross section is low 
enough not to appreciably alter the fissioning charac
teristics of the solution; (3) the ratio of masses of 
Cs to SO. in Cs,SO. is 265.8/96 and the ratio of 
UO. to SO, in UO2SO, is 267.0/96,-so that in rela
tion to SO, the cation mass is very nearly equal. The 
results of irradiating these solutions compared with 
those [or pure UO2SO, ( calculated from the data of 
Table II) are presented in Table III. 

It can he seen that the addition of cesium as a · 
solute cation does not have the same depressing ef
fect on CH2 as the addition of an equivalent mass of 
uranium. This experiment has a second implication. 
The addition of such large amounts of sulfate ion 
would be expected to have considerable effect on the 
degree of complexing of the UOt• ion at these con
centrations. That the Cn2 is not thereby lowered 
lends further support to the conclusion that Gn2 is 
virtually independent of changes in the chemical spe•· 
cies of the uranium present iri solution. 
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Table Il l. Effect of Cesium Sulfote on the Hydrogen 
Yield from Reactor Irradiated Uranyl Sulfate Solutions 

I 

4:t)3 
6.74 
6.23 

II 

0 
155.3 
324.2 

0 
102.2 
213.3 

JV 

1.66 
1.63 
1.64 

V 

1.66 
1.32 
1.06 

I. Concentration of uranium (gm U/1), enrichment over 
90% um. 

II. Concentration of Cs2S04 (gm Cs2S04/l). 
III. Concentration of uranium equivalent to Cs2S01 (gm 

U/1). 
IV. GFI!? observed for solution of composition column I+ 

II. 
V. Gn2 calculated for solution of composition column I+ 

III. 

It was found that the forward reaction (the decom
position of water by irradiation with an initial rate 
measured as G:u,) was independent of temperature. 
F igure 5 shows that in highly enriched uranyl sul
fate, the rate of pressure increase is the same at 
lS0°C and 250°C. It also demonstrates that the pres
ence of bromide ion has only a small positive effect, 
where essentially all the energy is from fission. The 
rate of gas production is seen to be large compared 
with the rate of thermal recombination. This conclu
sion was also confinned by the identical H 2 yields 
measured by direct analysis for ampoules filled with 
highly enriched UO2SO, at a concentration of 40 
gm U/1 irradiated at 30°, 120°, 190° and 210°C. 
Figure 6 shows the contrasting behavior of irradi
ated ampoules containing natural uranyl sulfate (fis
sion energy /total energy = 0.925). In the Br con
taining ampoules where the radical back reaction is 
minimized, the rate of decomposition again is seen to 
be temperature independent. The slope of the line for 
~0°C agrees with that for 150° and 250° when the 
precaution of decomposing peroxides to produce 
gaseous 0 2 was observed. The variation with tem
perature of the slopes of the lines for the bromide
free ampoules indicates that the radiation-induced 
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24 hr 
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Figure 5. Pressure changes in capillary ampoules containing highly 
enriched U02SO, ,olvtions 

back reaction does have a positive dependence on 
temperature. 

DISCUSSION 

Water, when subjected to ionizing radiation, has 
been generally considered to behave as though two 
reactions are ·occurring simultaneously: 2 

:-H20:;::: H + OH 

2H20 ~ l-1 2 + H 20 2 

(1) 

(2) 

In reaction (2), H 2 and H 20 2 result from the com
bination of many of the H and OH radicals in the 
regions of high ionization density before these racli
cals have time to separate by diffusion and become 
available for reactions with solute molecules. Al
though these two reactions are written as if stoichi-

! .., 
a: 
:;, 
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a: 
0.. 
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100 

50 
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lPEROXIOE 
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!PEROXIDE 
DECOMPOSITION) 
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SAM( SOLUTION + 0 .02 M KB< 
00"'------5~0- ----- ~..L_o _ ____ J150 

PILE EXPOSURE (min) 

Figuro 6. Prouuro chon9os in copillory ompoulos containing natural 
UO.SO, solutions 

ometry applies, it is evident from this presentation 
that reaction (2) can be deficient in one or the 
other product and then reaction (1) would be defi
cient in the required corresponding product. An e..x
cess of H 20 2 over H 2 in reaction (2) has been 
clearly demonstrated for cobalt gamma radiation.8 

The addition of solutes such as Br inhibits the 
radiation-induced recombination of H 2 and H 20 2 and 
allows the yield of H 2 in reaction (2) to be mcas
ured.0 The relative yields for reactions ( 1) and (2) 
depend on the ionization density or energy density 
along the particle track; reaction (2) is favored by 
high ion density ( alpha particles and fission recoils) 
and reaction (1) by low ion density (fast electrons). 
The absolute yields for the products of reaction (2) 
are dependent upon the concentration of solutes re
active to H or OH radicals. For cobalt gamma radi
ation, the H 20 2 yield has been demonstrated 10, 11 to 
be dependent upon the concentration of Br and CI
while the H 2 yield has been demonstrated to be 
dependent upon the concentration of H 20~.12 
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The effects of the variables on H 2 yield reported 
here are consistent with this interpretation of the 
processes that occur. Varying the type of radiation by 
altering the um content of the solutions changed 
the yield as e:xpected. When type of radiation was not 
a variable, i.e., in solutions where fissions contributed 
more than 99% of the total energy, the yield was 
independent of intensity. When neither uranium con
centration nor type of radiation was a variable, the 
small differences accompanying changes in anion 
were traced apparently to differences in solution pH. 
For cobalt gamma radiation, an 18% decrease in H, 
yield has been found on going from pH 7 to 0.4.13 

The mechanism for this pH effect has not been 
elucidated. 

The most striking effect on the H 2 yield is the 
decrease with increased uranium concentration. This 
cannot be explained by changes in solution pH ; 
variation of pH from 2 to 0.1 for solutions contain
ing about 100 gm of uranium per liter decreased the 
yield only from 1.35 to 1.20 ( see Table II) whereas 
for solutions containing about 800 gm of uranium 
per li ter at an intermediate pH of 1.03 the H 0 yield 
was 0.49. The addition of comparable amounts of 
cesium sulfate to the solutions had no marked effect 
on the H 2 yield, indicating that this decrease in H, 
yield cannot be attributed to energy absorption in the 
mass of solute present. 

The mechanism by which uranium lowers the H, 
yield is not clearly understood. It was found for 
cobalt gamma radiation that uranium, which had a 
large effect on the H 2 yield, had little effect on 
reaction ( 1). This conclusion was based on the ob
servation that the yield for H 20 2 in water contain
ing dissolved H2 and 0 2 during irradiation was 
decreased by uranium (at any particular uranium 
concentration) by only about the same amount as 
the H. yield was known to be decreased. This indi
cates that the action of uranium occurs onlv in re-
gions of high energy density. · 
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The Effects of Reactor Radiation upon 
High Temperature Static Water Systems 

By J. R. Humphreys,* USA 

An important consideration in the design of a 
water-cooled, closed system reactor is the steady-state 
concentration of decomposition products which are 
generated in "·ater by reactor radiation. The hydro
gen and oxygen thus formed in a high temperatu,c 
power reactor may give rise to local boiling on the 
fuel element surfaces resulting in hot spot formation 
and bulk density variation in the core coolant. In 
addition to the heat transfer and control problems 
arising from local boiling, the presence of dissolved 
oxygen in the water can introduce a corrosion prob
lem. 

Previously reported work has shown that the con
centrations of the decomposition products of pure 
water due to reactor irradiation will rise to a steady
state level where the back reaction of the decom
position products is equal in rate to the radiation 
breakdown of the water. The variation iri the de
composition product concentrations at this steady
state condition with such variables as temperature, 
radiation intensity, and ionic impurities has been 
studied extensively at the lower temperatures, but 
very little work has been reported in the 300-500°F 
temperature range. 

An experimental program was devised to deter
mine the steady-state concentrations of the gaseous 
decomposition products of pure water systems at the 
higher temperature levels and to determine the ef
fects of temperature, radiation intensity, and systemic 
impurities on these steady-state concentrations. 

The reaction vessel used in this investigation con
sisted of a horizontal stainless steel autoclave with a 
120-crn3 capacity as shown in Fig. 1. Two ½ 0 -inch 
id capillary lines entered the autoclave at the top 
( vapor phase) and at the bottom (liquid phase). A 
schematic drawing of the pressure system, including 
the pile face manifolding and pressurizing arrange
ment, is shown in Fig. 2. The entire pressure system 
was fabricated of AISI type 347 stainless steel. 

A schematic diagram of the instrumentation and 
control of the experiment is shown in Fig. 3. Two 
platinum-platinum-10 per cent rhodium thermocou
ples were used to indicate the temperature in the 
autoclave. A platinum resistance element, positioned 
within the autoclave, actuated an ac bridge-controlled, 

"'Argonne National Laboratory. Including work done by 
Y. ~lomon, Westinghouse Electric Corpo~ation. · 
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proportional heater power supply for autoclave tem
perature control. System pressure was indicated by 
a bourdon tube-type, lS-inch Heise precision pres
sure gage. Its range was -15 to +800 psia; the 
minor scale divisions were one psi. 

For one portion of the experimental program the 
autoclave was surrounded by a cylindrical, uranium 
flux converter containing approximately 9 kilograms 
of natural uranium. The function of this converter 
was to transform part of the thermal neutron flux to 
fast neutron radiation by the fission of the u23• 

isotope. 
Neutron monitoring foils of neptunium in a nickel

cadmium sandwich for the fast neutron flux an<l 
cobalt in aluminum for thermal flux were mounted 
in the annulus between the autoclave and converter. 
Analysis of these foils indicated that the average 
cpithermal neutron flux was 2.05 ± 0.4 X 10' 2 neu
tron/cmi/sec at full reactor power with a thermal 
neutron flux of 2.7 ± 0.5 Xl012 neutrons/cm2/sec. 

An estimation of the average neutron flux to which 
the autoclave was exposed without the neutron con
verter was 1.2 ± 0.5 Xl012 fast neutrons/cm2/sec 
and 5 ::t: 2 X 10" thermal neutrons/cm2/sec. 

Three types of water systems wei-e exposed in this 
facility. They are designed Type A , Type B, and 
Type C runs. 

The Type A runs were those in which the auto
clave was completely filled with water and in which 
the autoclave was externally pressurized to insure a 
completely liquid phase. Type A runs were made 
only in the autoclave facility without the neutron 
converter. 

The Type B runs were those in which both liquid 
and vapor phases were p resent, usually in equal 
volume. Type B runs were made both in the finlt 
autoclave without the neutron converter and in the 
second auto.clave facility with the neutron converter. 

The Type C runs were those in which gaseous hy
drogen and oxygen were added to two-phase water 
system in the autoclave. Type C runs were also made 
both with and without the neutron converter. 

All water used in these experiments was first dis
tilled and then passed through an ion exchange col
umn. This was followed by a boiling step to remove 
dissolved atmospheric gases before irradiation. 

Autoclave total gas samples were taken at the con
clusion of each run and analyzed for H 2 , 0 2 , and 
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CO2 • For the Type A and Type B runs, this resulted 
in direct measurement of the amounts of gaseous 
decomposition products, H2 and 0 2, existing in the 
autoclave under steady-state conditions. T he sam
pling and analytical equipment used in this determi
nation are shown in Fig. 4. 

The data for all Type A and Type B runs are pre
sented in Tables I and II. The notation used for 
individual run consists of type of run ( A or B), 
general temperature level, and series number. For 
example, run B3-2 indicates a Type B, or two-phase, 
run at approximately 300°F, the second run in that 
series, without converter. Following the series num
ber, a C represents the use of the duplicate autoclave 
with the neutron converter. A notation P.D. indi
cates a "pile down" run. 

In Tables I and II hydrogen, oxygen, carbon diox
ide, and inert gas analyses are reported both as the 
total cm• (STP) of each gas found in the autoclave, 
and as concentrations, crn3 (STP)/liter volume. In 
the case of the Type B runs, the concentration of 
each gas was calculated for liquid-phase and vapor
phase concentrations, as based on the known solu
bility :factors• with the exception of CO2, for which 
solubility factors have not been reported for the 
higher temperatures. The inert gas was assumed to 
be nitrogen introduced by atmospheric contamination 
of the charge water or to atmospheric leakage during 
sampling. 

The values for material balance were reported as 
oxygen deficiencies, expressed both quantitatively and 
as rates. O>,.')'gen deficiency (O.D.) values were cal
culated by the following formula, using gas volumes 
corrected to standard temperature and pressure : 

0 D ( 3 0 ) _ (cm3 H2) - (cm3 CO2 ) .. cm,-
2 

(cm8 N2) + 4 -(cm3 CO2) - (cm3 0 2) (1) 

In correcting the material balance for the presence 
of carbon dioxide, it was assumed that the oxidized 
organic impurity was originally of the C"H'" type:· 
Little is known of the exact nature of the trace or
ganic impurities introduced by the ion exchange 
water treatment step. Neither the•·anion exchange 

resin ( quaternary amino groups) nor the cation ex
change resin ( sulfonated polystyrene) was chemically 
pure. Organic reagents and washes ·were undoubt
edly occluded in the active resins and contributed 
to the o rganic-impurity content of the water. Errors 
from assuming impurities of the. form CnH,. will 
therefore be greatest for the runs with the higher 
CO2 product concentrations. 

It was also assumed in these calculations that O>,.')'
gen was introduced with the nitrogen (inert) in at
mospheric proportions due either to incomplete de
gassing of the charge water or to leakage of air 
during charging or sampling. 

THE EFFECT OF AUTOCLAVE CORROSION ON 
DECOMPOSITION PRODUCT CONCENTRATIONS 

There is sufficient evidence to indicate that cor-
rosion of the reaction vessel played an important part 
in generating some of the gas found at the conclusion 
of these e.."<periments. As the corrosion of stainless 
steel is a metal oxidation process, the effect of this 
process is to increase the amount of hydrogen and 
to decrease the amount of oxygen present in the 
autoclave at the conclusion of a run. Two possible 
mechanisms for the corrosion process are: 

4Hi0 + 3Fe ➔ Fe30, + 4H2 (2) 

202 + 3Fe ➔ Fe80 , (3) 

Some evidence for both of these reactions is found 
in the experimental results. In out-of-pile and pile• 
down experiments with the first autoclave, hydrogen 
was detected in approximately the same quantities as 
in corresponding irradiation experiments. This find
ing indicates that water supplies the oxygen for 
oxidation of the autoclave walls, producing free hy
drogen by the first mechanism. 

Also, in these out-of-pile tests and pile-down runs, 
the final oxygen content was well belo\\' the 25 per 
cent of the inert content which must necessarily have 
been added with the inert (N2 ) as either air leakage 
or as incomplete gas removal of atmospheric solu
tion in the charge water. Since this condition is also 
characteristic of the irradiation experiments. in which 
higher concentrations of inert gas existed, oxygen 
consumption by the second mechanism is indicated. 



Table I. All-Liquid-Phase Irradiations, Analytical Results 

Gas conteut !Voter 
Time tu T ·ime aJ Total gos Oz ,,,~si-stivl-Ly, 

Tm11>, flux, temp, H2 0: CO2 !Hert content, de/icienc:, 1ne90/,~11 
RH-n no. OJ' /,r ,., 

,,,,s cm3/I cm3 r,n3/I c:m3 cmS// cm3 cm8/I c,n8 cn13// ct,>3 cm3/do1 Charge Dr,iu 

Al-I 140 39.3 42.8 0.18 ±0.01 1.4 0.062±0.002 0.50 0.090±0.002 0.72 0.27 2.1 0.6 4.8 O.Q3 0.02 0.60 0.32 
Al-2 140 65.2 68.1 0.29 ±0.01 2.32 0.145 ± 0.002 1.12 0.080±0.001 0.64 0.34 2.7 0.85 6.8 0.03 0.01 0.20 0.12 
A3-1 300 21.3 21.3 0.60 ±0.03 4.8 0.060±0.000 0.48 0.060±0.002 0.48 0.48 3.8 1.2 9.6 0.27 0.30 0.21 0.14 
A3-2 300 22.3 22.3 0.43 ±0.04 3.4 0.050±0.001 0.40 0.090±0.002 0.72 0.93 7.5 1.5 12.0 0.26 0.28 0.36 0.18 
A4-l 400 19.0 26.0 0.585±0.04 4.7 0.088±0.003 0.70 0.052±0.002 0.40 0.63 5.0 1.35 10.8 0.28 0.26 0.61 0.20 
A4-2 400 19.9 21.3 0.592±0.005 4.7 0.071±0.001 0.57 0.031 ±0.002 0.25 0.28 2.2 0.97 7.8 0.25 0.28 0.58 0.29 
A4--3 400 41.4 41.4 0.675 ± - 5.4 0.058±0.001 0.46 0.060 ± 0.002 0.48 0.31 2.5 1.l 8.8 0.27 0.16 0.61 0.28 ;;.:; 
AS-1 500 20.5 20.6 : 0.60 ±0.01 4.8 0.089±0.003 0.72 0.045 ±0.012 0.4 0.35 2.7 1.1 8.6 0.24 0.28 0.70 0.16 ~ 

A5- 2 500 21.1 21.l 0.80 ±0.02 6.4 0.105±0.000 0.84 0.050 ± 0.002 0.40 0.28 2.3 1.24 9.9 0.30 0.34 0.76 0.20 > 
0 

A5- J 500 21.8 21.8 0.675±0.02 5.4 0.076± 0.003 0.61 0.1 18±0.003 0.94 0.25 2.1 1.1 9.0 0.15 0.16 0.57 0.20 ► 
Al-lPD 140 0.0 0.9 0062±0001 0.50 0.059±0.002 0.47 0.035±0.001 0.26 0.34 2.8 0.5 4.0 0.01 0.26 0.12 ~ 

5 z 
0 
"T1 

Table II. Irradiations with Vapor Phase, Analytical Results 
::i:: 
G) 
:::c 

l-l2 02 CO2 Inert Resi.tJivit:,, 
~ 
m 

Time at r1·,,uat Total Oo d•ficiNlc)I ttu-goh,n-cut ;::: 
TtmP, flu,:, tem;, Vopjliq. C>»3 i11 L.P. V.P. cm3fo L.P. V.P. tm9 in ems in L.P. V .P. ga.s~ -0 

Run no. OF lw hr vol. autbclav11 ~,nS// rm3JJ 4utotlovt cm.3/l c...3/1 a«todave outotlave ctnl/l cm3/I tmS c,nl c,n3/day Cl,aroe Drain m 
;o 

Bl- 1 145 30.8 30.8 1:1 0.270 ± 0.005 0.10 4.33 0.030± 0.001 O.Q15 0.48 0.034±0.001 0.32 0.07 5.17 0.65 0.13 0.10 0.80 0.31 ~ 
B3-1 300 21.1 21.1 1 : I 0.175±0.003 0.08 2.79 0.067±0.001 0.03 1.07 0 0.32 0.09 5.15 0.56 0.19 0.22 0.32 0.32 C 

;o 

D3-2 300 25.4 25.6 1 :1 0.196±0.001 0.09 3.13 0.003±0.001 0.05 0.010±0.002 0.02 0.006 0.32 0.23 0.086 0.08 0.58 0.50 m 
B3-3 300 42.5 42.5 3 :I 0.200±0.001 0.06 2.16 0.045± 0.001 O.Dl5 0.50 0.009 ± 0.001 0.025 0.005 0.27 0.28 0.05 0.03 0.16 ~ 
BS-I 500 5.3 5.3 1 :I 0.230±0.001 0.33 3.44 0.003 ± 0.000 0.005 0.05 0.012±0.001 0.02 0.02 0.31 0.265 0.09 ·. 0.41 0.33 0.32 )> 

BS- 2 500 14.7 14.7 I : I 0.240± 0.35 3.59 0.087±0.001 0. 13 1.29 0.003±0.000 0.33 0.34 5.07 0.66 0.11 0.18 0.41 0.25 ~ - m 
BS-3 500 20.S 20.5 1 :1 0.311±0.004 0.45 4.65 0.088±0.005 0.13 1.31 0 0.75 0.76 11.53 1.15 0.26 0.30 0.20 0.10 ;o 

B5-4 500 31.8 31.8 1 :1 0.557±0.004 0.80 · 8.33 0.052± 0.001 0.08 0.77 0.032 ±0.003 0.05 0.05 0.77 0.69 ·0.20 0.15 0.26 . 0.32 
BS-5 500 21.9 21.9 3 :I 0.333±0.003 0345 3.58 0 0 0 0.014±0.001 0.02 0.015 0.22 0.37 0.15 0.16 0.90 
BS-<\ 500 23.1 23.1 00 0.11 ± - 0.88 0 0 0 0 0.025 0.14 0.135 0.06 0.06 0.77 
B3-IC 300 16.0 lli.0 1 :I 0.84 ±0.02 0.37 13.4 0.02 ±0.01 0.01 0.32 0.29 ±0.0Z 0.07 0.07 1.13 1.22 O.otS 0.02 0.60 0.12 
B3-2C 300 42.0 42.0 1 :1 1.02 ±0.01 0.45 16.3 0.05 ±0.01 0.02 0.79 0.225 ±0.005 0.08 0.03 1.29 1.35 0.14 0.08 0.77 0.08 
B3-3C 300 5.6 5.6 1 :I 0.359±0.002 0.16 5.73 0.016±0.002 0.08 0.25 0.033 ±0.002 0.04 0.012 0.65 0.45 0.12 0.51 0.91 0.39 
B5-1C 500 20.6 20.6 1 :I 2.310± 0.006 3.33 34.5 0.152± 0.005 0.23 2.26 0.15 ±0.0l 0.07 0.07 1.08 2.68 0.80 0.93 0.54 
BS-2C 500 16.7 16.7 1 :I 1.59 ±0.02 2.29 23.8 0.14 ±0.01 0.21 2.08 0.032±0.003 0.02 0.02 0.31 1.78 0.62 0.39 0.65 0.19 
D3-IPD 325 0 15.6 1 :I 0.116 ± 0.002 0.08 2.64 0.004±Q.001 0.002 0.06 0.001 ±0.001 0.10 0.03 1.61 0.27 0.10 0.15 
B3-laPD 325 0 l.l 2 :I 0.045 
B3-2PD 300 0 16.0 1 :1 0.052±0.001 0.023 0.83 0.052±0.008 0.023 0.83 0.005±0.002 0.16 0.05 2.57 027 0.01 0.015 0.97 
B3-2aPD JOO 0 .8 2 :1 0.025± - O.Ql 0.31 0 0 0 0.005± - O.Ql5 0.003 0.19 0.04 0.014 0.42 

0, 
0) 
V, 
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A study of gas product mnterial balances for the 
in-pile exper iments provides further evidence for 
the existence of a corrosion process and may also be 
used to estimate its approximate magnitude. These 
results are marked by an oxygen deficiency in almost 
every case, indicating corrosion, the extent of which 
is a function of the magnitude of the oxygen defi
ciency and of the duration of the run. Using these 
factors the corrosion rate of the autoclave is calcu
lated by the equation : 

Corrosion rate (mg Fe/cm2/mo) = 
10 5 

( O.D .. cms(STP) ) 
· Run time (honrs) (4) 

The constant, 10.5, includes the necessary con
ve_rsion factors and the surface area of the autoclave. 

T he calculated corrosion rates for the fit:st stain
less steel AISI type 347 autoclave are presented in 
Table llT. 

Tobie Ill. Au1oclove Corrosion Rote Colculotions, 
Tyre A Runs 

R1t,tM. 
Run time, ,., Corr~sio1t ralt~ 

'"11 'F~/cnt2/mo 

Al-I 39.3 0.00 
Al-2 65.3 0.00 
A3-l 21.3 0.13 
A3-2 22.3 0.12 
A4-1 19.0 0.15 
A4-2 19.9 0.13 
AS-1 20.S 0.12 
AS-2 21.l 0.15 

Runs Al-1 .ind Al-2 i11 Table III show essentiallv 
no corrosion at 140°F. All other runs from 300°F t~ 
500°F indicate corrosion rates of O 12 to 0.15 mg 
F e/cm,/mo. This range of values is in agreement 
with other values for the corrosion rate of AISI type 
347 stainless steel at S00°F determined by the stand
ard weight change methods. 

The results of corrosion calculations for the Type 
Bruns a re listed in Table TV. 

As the results include both liquid and vapor phase 
corrosion processes, they are not directly comparable 
with those reported in Table III for the Type A runs. 

However, Table IV may be used for a comparison 
of the corrosion rates in the first autoclave wilh those 
in the second autoclave ( with converter ). Both at 
300°F and S00°F the second autoclave corrosion 
rates are between 2 and 3 times those for the first 
autoclave for two-phase operations." The effect of 
reactor radiation on steel corrosion mechanisms is 

Tobie IV: Autoclave Corrosion Rote Colculotions, 
Type B Runs 

R•" "°· 
RHti1 ,;,u, 

/tr 
C orrosion rau. 
.,., FD/nn'/mo 

BS-I 5.3 0.18 
DS-2 14.7 0.08 
BS-3 20.5 0.13 
BS-4 31.8 0.07 
BS-IC 20.6 0.41 
B5-2C 16.7 OJ9 
B3-1 21.1 0.09 
B3-2 25.4 0.04 
B3-3C 5.6 022 
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unknown, but it is unlikely that the 70 per cent in
crease in epithermal neutron flux could account for 
so much increase in the corrosion of the· second 
autoclave. l\fore likely it primarily represents a dif
ference in corrosion rates between two specimens of 
the same material. 

In contrast with the Type A corrosion insensitivity 
to temperature between 300°F and 500°F, the Type 
B results indicate a higher rate of corrosion at 500°F 
for both autoclaves. The effect of the vapor phase in 
the Type B runs upon corrosion is twofold. First, a 
vapor phase corrosion mechanism is superimposed 
npon the liquid phase corrosion process. Secondly, 
the dissolved oxygen in the liquid phase of the Type 
B runs is of a much lower order of magnitude than 
that present in the Type A runs. One or both of 
these differences appear to make the over-all corro
sion process more temperature sensitive. 

The variation of corrosion rate with time is an
other relationship illustrated in Table IV for the B5 
series of runs. The data indicate that the corrosion 
rate may decrease initially with time {run BS-l) and 
eventually approach a level off value ( runs BS-2 and 
BS-4). 

THE EFFECTS OF TEMPERATURE ON THE LIQUID-PHASE 
DECOMPOSITION PRODUCT CONCENTRATIONS 

It is only in the liquid-phase or Type A mus that 
variables other than temperature remain sufficiently 
constant to permit the identification of a reproducible 
temperature effect. Table V lists Type A runs of 
comparable duration, radiation intensity, and water 
purity, but characterized by different operational 
temperatures. 

Table V. ,Variation of Decomposition Product 
Concentration with Temperature 

Run ttO. 
Temp, R•cn ,1·m8, Cas samf,l• • e1n8 (STP)/1 Oxygo" 

d •g<icn<P> •F ., 
H2 0: co~ mr (ST 

Al-1 HO 39.3 1.4 o.s 0.7 -om 
Al- 2 140 65.2 2.3 l.l 0.6 -0.03 
A3-l 300 21.3 4.8 o.s 0.5 0.27 
A3-2 300 ·22.J 3.4 0.4 0.7 0.26 
A4-1 400 19.0 4.7 0.7 0.4 0.28 
A4-2 400 19.9 4.7 0.6 0.25 025 
AS-1 500 20.5 4.8 0.7 0.4 0.24 
AS-2 500 21.1 6.4 0.8 0.4 0.30 
AS-J S00 21.8 5.4 0.6 0.9 0.15 

It may be seen in Table V that of the three gase
ous products, H., 0, and CO2 , only the yield of 
hydrogen appears to vnry in a determinate manner 
with change in temperature. The greatest change 
in hydrogen concentration occurs between 140°F 
and .300°F. There appears to be only a slight increase 
in the hydrogen concentration between 300°F -and 
500°F. 

A mater.ial balance, in this series of experiments. 
is most closely approached in the two 140°F mns. 
In the rest of the Series A experiments at 300, 400, 
and soo•F, for run times of about 20 hours, there is 
little variaLion in the oxygen deficiency. Discounting 
run AS-3, which is cknrly inconsistent with the other 
runs, the other six experiments show an oxygen 
deficiency of 0.27 ± 0.03 cm3 (STP). 

The variation of the hydrogen concentration and 
oxygen deficiency witb temperature, considered with 
the relative independence of oxygen concentration 
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and the uniform contribution of carbon dioxide 
formation, suggests the predominance of the corro
sion reaction in the production of gaseous products. 

As corrosion is a rate process, • resulting excess 
hydrogen would progressively depress the oxygen 
concentration by mass law action. This oxygen re
pression continues until a very low level of oxygen 
is present in the system. The hydrogen concentration 
would then quantitatively approach that resulting 
from the integrated corrosion process from the sys
tem time zero. The resulting hydrogen and oxygen 
concentrations will be affected by the radiation-de
composition-recombination reactions only insofar as 
the sustained presence of a very low concentration 
of oxygen and the presence of free radicals affect the 
corrosion characteristic of the container materials. 

The oxygen concentrations cannot successfully be 
used in analyzing the data for decomposition prod
uct steady-state equilibrium conditions since oxygen 
is present in such small amounts that any leakage 
or e.."<traneous additions of air during charging or 
sampling operations mask the true steady-state 
condition. 

THE EFFECTS OF EXCESS HYDROGEN OR OXYGEN ON 
DECOMPOSITION PRODUCT CONCENTRATION 

The operational methods for the Type C experi
ments were developed so that the hydrogen and 
oxygen gases would be added in approximately sto
ichiometric mixtures to the autoclave. However, there 
were several Type C runs in which either a hydrogen 
excess or an oxygen excess resulted. The final steady
state conditions for these runs are listed in Table VI. 

These results indicate that the concentration of 
hydrogen is suppressed in the presence of a slight ex
cess of oxygen. The suppression of hydrogen is ap
parently sufficiently effective so that the total amount 
of hydrogen from all contributing sources-gas addi
tion. corrosion, CO2 formation, and water decompo
sition-is considerably lower than that found in the 
corresponding series of Type B steady-state runs. 
In the case of run CS-1 no hydrogen was found at 
501 °F. It was in this run that the largest excess of 
oxygen was present. 

C3-2C was the only Type C run in which an 
excess of hydrogen was maintained for a sufficient 
time to approach a steady-state condition. The oxy
gen concentration reported for this e..xperiment is 
greater than that which would be predicted from the 
results listed in Table II. The Type B runs resulted 

Tobie VI. Effects of Excess Oxygen or Hydrogen 

T,m~. 
Final gi,s ana/ysi<, c,r.3 (STP) 

R11n w,. •F Hz 02 

O,;yg1m e..,·cess 
C3--1 327 0.14 3.9 
CJ-2 327 0.20 5.8 
CS-1 501 0.00 16.8 

C3-2C 345 
T{ydr,ogen e.1:ass 
30.1 0.4 

USA J . R. HUMPHREYS 

in considerably lower oxygen concentrations for 
much smaller excess hydrogen conditions. It can only 
be assumed that run C3-2C was sampled before a 
true steady-state was established in the system. 

THE EFFECTS OF INORGANIC IMPURITIES ON 
DECOMPOSITION PRODUCT CO NC ENT RATIONS 

Impurities present in the tes·t water were of two 
general types: ( 1) foreign material .. added by the 
water handling and degasifying vessels, and (2) cor
rosion products occurring in a high temperature 
water-stainless steel system. 

In determining the effect of inorganic impurities 
on the steady-state total gas concentr.ations, the spe
cific resistance values were used as the index of water 
purity. As indicated in Table 1, the residual water in 
the autoclave ranged in specific rcsi:;tance from 0.08 
to 0.50 megohm-cm. Within this range no relation
ship between specific resistance and gas yield ,vas 
noted from 300°F to 500°F. Thus it appears that, 
in this temperature range, the total gas content of 
the autoclave is rather insensitive to a variation of 
impurity concentration within the range 0.08 to 0.50 
megohm-cm. 

However, run Al-2 at 140°F showed a rise in both 
hydrogen and oxygen concentrations over those for 
run Al-1, also at 140°F. The resistivity determina
tions on the autoclave drain water for the two runs 
were 0.32 and 0.12 megohm-cm for runs Al-I and 
Al-2, respectively. The duration of run Al-2 was 
longer than run Al-1, but hydrogen· produced by 
corrosion at 140°F must be negligible since the mate
rial balance of oxygen and hydrogen showed th<:: same 
excess of oxygen in both runs. It seems, therefore, 
that the factor determining the difference in decom
position product concentrations for these two runs 
must be primarily an effect of ionic impurity. 

To investigate the possibility that nitrogen in the 
autoclave was being oxidized to nitric acid, the water 
remaining in the autoclave at the completion of runs 
Al-1 and A3-2 was analyzed for nitrate ion. How
ever, the determined concentrations of 0.06 and 0.09 
ppm were negligible. 

Therefore, while the 140°F runs exhibit a marked 
influence of water purity in agreement with previ
ously published low temperature data, the higher 
temperature operation appears to be much less sen
sitive both to the presence of systemic inorganic im
purities and to variations in their concentrations. 

OXIDATION OF ORGANIC CONTAMINANTS 
IN WATER . 

Carbon· dioxide was detected in almost all of the 
experiments with both autoclaves. The amount of 
this gas present bore no relationship to temperature 
or duration of run, resistivity of the charge water, or 
to the amount of any other gas in the autoclave. 

This suggests that carbon dioxide, or an· organic 
compound which could be oxidized to carbon dioxide, 
was added in varying amounts to the charge water 
u~ed in each nm. Since, .in most of the experiments. 
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the quantities of carbon dioxide present were much 
greater than the amount of carbon dioxide present 
in water saturated with air ( at room temperature), 
the carbon dioxide found in these experiments must 
have ·resulted from the oxidation of an organic con
taminant in the charge water. One step in the purifi
cation of charge water consisted of passing the water 
through an ion exchange resin column. It seems 
quite likely that this was the source of the organic 
contaminant. 

To investigate this possibility, five gallons of 
charge water were recirculated for one week through 
a two-inch ion exchange column. This water, sat
urated with the organic compound, was then used 
as charge water in runs B3-1C and B3-2C. As is 
shown in Tables I and II, the carbon dioxide yields 
for these nms were considerably higher than those 
for any of the others. Since the amount of carbon 
dioxide formed in 42 hours (run B3-2C) was not 
greater than that formed in 16 hours ( run B3-1C), 
it may be assumed that the organic impurity was 
oxidized completely within 16 hours. 

It will be noted in Table II that a significantly 
greater amount of carbon dioxide was found in runs 
B3-3C. BS-IC, and BS-2C. These runs were the 
first to be made following a replacement of the resin 
in the ion exchange column. The fresh resin very 
probably contained a greater portion of the more 
soluble organic compounds. 

In a Type A run, the autoclave contained ·twice as 
much water and hence twice as much organic im
purity as was present in a corresponding Type B run. 
During the initial phase of a Type B run, the auto
clave was filled completely with water and irradiated 
for a period of from 30 minutes to 2 hours before 
the selected operating temperature was established 
and before a vapor phase was formed in the auto
clave. As water was removed from the autoclave to 
form the vapor space, the gases stripped from solu
tion and swept from the autoclave included some 

carbon dioxide formed during the preliminary irra
diation period. 

A comparison of oxygen deficiencies for runs 
B3-IC and B3-2C for which resin-saturated charge 
water was used, reveals an interesting condition with 
respect to run duration. Run B3-1C had evidenced 
an oxygen deficiency of zero after 16 hours at 300°F, 
while run B3-2C, with the same charge water, showed 
an appreciable oxygen deficiency after 42 hours at 
300°F (Table I1), indicating significant autoclave 
corrosion in the latter case and none in the former. 
This difference suggests the possibility that the or
ganic oxidation reaction not only proceeds much 
faster than the corrosion reactions, but also that the 
corrosion reactions may actually be inhibited by the 
organic oxidation process until the latter has pro
ceeded to completion. 

THE EFFECT OF A VAPOR PHASE ON 
DECOMPOSITION PRODUCT CONCENTRATIONS 

Table VII tabulates product gas variations with 
vapor-liquid volwne ratfo at different temperature 
levels for a number of comparative Type A and 
Type B experiments. 

Table VII indicates that the presence of a vapor 
phase will decrease both the oxygen deficiency and 
the total product gas content of the autoclave, and 
that the amount of this decrease is dependent upon 
the vapor-liquid volume ratio. This reduction in total 
product gas concentration was most evident at 300°F 
in the range of minimum gas solubility. 

The reported concentrations of the dissolved gas 
in the liquid phase decrease precipitously with the 
introduction of a vapor phase and continue to de
crease as the vapor space is increased. These are 
calculated values for the two-phase experiments using 
measured total gas quantities and known solubility 
factors and are based on an assumed equilibrium 
condition. 

These results suggest the existence of a predomi-

Tobie VII. Product Gos Variation with Vapor-Liquid Volume Ratio 

Vaf,:liq Temp, 
Uq.pi«ue, 

ems (STP)/liter 
Vcp. t,h<1u, 

.,,,,s (STP) I liter 
Tctnl 

H2+02, O! 
Rmr. no. vat. ratio •p J-/; 02 112 02 e»1S (STP) def. 

Al- 1 0 140 1.4 0.5 0.24 -0.03 
Al-2 0 140 2.31 1.1 0.43 - 0.03 
Bl-1 1 :1 145 0.1 0.02 4.3 0.5 0.30 0.13 

A3-1 0 · -300 4.8 0.5 0.66 0.27 
A3-2 0 300 3.4 0.4 0.48 0.26 
B3-1 1 :1 300 0.08 0.03 2.8 1.1 0.25 0.19 
B3-2 1 :1 300 0.09 0 3.1 0.05 0.20 0.08 

B3-3 3 :1 300 0.06 0.02 2.2 0.5 0.24 0.05 

AS-1 0 500 4.8 0.7 0.69 0.24 
AS- 2 0 500 6.4 0.8 0.90 0.30 
AS-3 0 500 5.4 0.6 0.76 0.15 
BS-3 1 :1 500 0.4 0.1 4.6 1.3 0.40 0.26 
B5-4 1 :1 500 0.8 0.1 8.3 0.8 0.61 0.20 
B5- 5 3 :1 500 0.3 0 3.6 0 0.33 0.15 
BS--6 00 500 0.9 0 0.11 0.00 
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nant hydrogen and oxygen combination reaction in 
the vapor phase (H20-H 2-02 ) system at 300 to 
500°F. This vapor phase combination reaction must 
be considerably more significant than liquid-phase 
back-reactions in order to effect a net reduction in 
the total quantity of product gas. This conclusion is 
strengthened by noting the smaller quantities of total 
gas which were formed in the quarter-filled runs that 
were produced in comparable half-filled runs. BS-6 
was the only run in which an all vapor-phase water 
system was exposed to reactor radiation and in which 
the decomposition products were measured directly. 
The product gas in this experiment contained only 
a trace of hydrogen and no detectable oxygen. The 
hydrogen is attributed to corrosion. The absence of 
oxygen indicates that the equilibrium concentrations 
of water decomposition products in the vapor phase 
at 500°F is below the experimental limits of detecta
bility. 

Therefore, the product gases measured for the two
phase experiments must have been generated in the 
liquid phase. This results in a constant effusion of 
dissolved product gases from the liquid phase into the 
vapor phase, as the eqmlibrium partial pressures of 
these gases are never attained due to the vigorous 
vapor phase combination reaction. Thus the true 
product gas concentrations in the liquid phase of the 
Type B runs would be higher than those calculated 
for Table VII and the vapor phase concentrations 
would be lower. The degree of deviation from equi
librium distributions would be a function of the 
hydrogen and oxygen effusion rates from the liquid 
phase and the combination rates of these gases in 
vapor phase. The system steady-state condition then 
exists when the rate of effusion equals the rate of 

-

vapor phase combination of the hydrogen and oxy
gen generated in the liquid phase by the reactor 
radiation. 

EFFECTS OF TEMPERATURE ON THE COMBINATION 
RATES OF ADDED HYDROGEN AND OXYGEN 

Excess hydrogen and oxygen gases were added to 
two-phase static water systems in the presence of 
reactor radiation in order to investigate the effects of 
temperature and radiation intensity on the back
reaction. As the back-reaction is the radiation-induced 
combination of hydrogen and oxygen, a study of the 
combination of an added excess of these gases at 
different operating temperatures and flux conditions 
should yield direct information concerning the effect 
of these variables on the back-reaction in a two-phase 
water system. 

The rate characteristics of the hydrogen and oxy
gen combination reactions may be seen in Fig. 5 for 
operation without the neutron flux converter and in 
Fig. 6 for operation with the flux converter. In all 
experiments the rate of combination is constant 
throughout the initial stage of the reaction. This is a 
direct measure of the vapor-phase combination re
action rate. This phase of reaction is characteristi
cally followed by a gradual reduction in the measure<l 
combination rate as the vapor-phase reaction is pro
gressively influenced by contribution of product gases 
from the liquid phase. 

In Fig. 5, the three combination experiments con
ducted without the neutron converter show essen
tially the same initial combination rates for two runs 
at 327°F and one run at 501 °F, indicating very little 
effect of temperature on the vapor-phase reaction in 
this range. 
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Figure 6. Hydrogon and oxygen combination runs with converter 

[n Fig. 6 three of the combination experiments 
with the neutron converter show essentially the same 
initial combination rates for run C3-2C at 345°F and 
for runs CS-lC and C5-2C at 495°F. However, for 
run CJ-JC at 293°F, the initial combination rate sug
gests a definite effect of temperature on the com
!Jination rate at this lower temperature level. 

Therefore, it appears that there is little change in 
combination rates between 327°F and 501 °F. How
ever, between 293°F and 327°F there is a tempera
ture below which variation in temperature will have 
significant effect on the vapor-phase combination 
rates. It is possible that this sensitivity to tempera
ture is due to a dependency of the vapor-phase com
bination reaction on the concenlration of water vapor. 

THE EFFECTS OF RADIATION. INTENSITY ON THE 
COMBINATION RA TES OF ADDED HYDROGEN 

AND OXYGEN 

Operation without the neutron converter and with 
the neutron converter offered two levels of fast neu
tron flux with which to study the effects of reactor 
flux variation on hydrogen and oxygen combination 
rates. The fast neutron flux with the converter, as 
mcasurtd with a neptunium foil, was 2.05 (:t:0.4) 
X 10a neutrons/cm2/sec. The fast ·neutron flux with
out the neutron converter was estimated to l>e 1.2 
( ± 0.5) X 1012 neutrons/cm2/ scc 

From Fig. 5 the hydrogen and oxygen combina
tion rate was found to be 1.6 cm3 

( STP) (2H, + 
0,)/min for 327°F to 501 °F in a fast neutron flu."< 
of about 1.2 X 1012• From Fig. 6, the combination 
rate was calculated to be 1.9 cm3 (STP) (2H, + 
0 2 )/min for 345°F to 496°F in a fast neutron flux 
of 2.0SX 10n. Therefore, for an estimated twt>-fold 
increase in fast neutron flux, the combination rate 
rose from 1.6 to 1.9 cm8 (2Hz + 0 2)/min. The 

values differ so little in magnitude and are known 
with such poor precision that a quantitative estimate 
cannot possi!Jly be made of the effect of neutron flux 
variation. 

POINTS OF DEVIATION FROM CONSTANT REACTION 
RATE IN COMBINATION CURVES 

An interestlng feature of Figs. 5 and 6 is the ini
tially constant combination rate which is exhibited 
in all Type C experiments. This condition shows that 
the rate-determining variable is radiation intensity 
and that the combination process is independent of 
hydrogen and oxygen concentrations above a mini
mum concentration level. The points of deviation 
from constant reaction rate in the hydrogen and oxy
gen combination curves are listed in Table VIJI. This 
precludes the possibility of a chain mechanism for 
the combination reaction in the vapor phase. 

The quantities of hydrogen and oxygen which 
combined to form water after the autodave contents 
reached the point of deviation from constant reac
tion rate ranged from about 55 to 80 cm3 (STP) and 
showed little variation with temperature or with 

Table VIII Points of Deviation from Constant Reaction 
Rote in Combination Curves 

Polnl of Fin11l ,A.,totlo-P'Jtu 
dnialioK 1ro111 stccdy-ttott ,,,...bi«d I er 
con.stoKl ,cde, '"'"f!t::r. DOS, 

dMdntio,: Jtoi"'· 
R,m Temof TotlSI fl_GS, cn,s (2H1>+02) 

""· •F cm8 (STP) ,:m! (STP) (ST l 

CJ--1 325 65±5 10 55 :!:5 
CJ-.Z 325 8S±S 10 75±5 
CS-1 500 75±5 20 55±5 
C3-1C 295 10S±S 40 65±5 
CJ-.2C 345 100±5 40 60±5 
CS-IC 500 95±5 30 65±5 
C5-2C 500 110±5 30 80±5 
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varying excess of either added gas. Thus, the point 
at which flux is no longer the sole rate-determining 
factor and diminishing reactant concentration be
comes significant in the combination process is about 
1 cm• (STP) (2H2 + 0 2 )/cm• in the vapor phase 
with a corresponding 25 to 50 cm3/ l in the liquid 
phase for the temperature range of 300 to 500°F. 

The constant initial combination rate and the inde
pendence of the reaction to reactant concentrations 

USA J. R. HUMPHREYS 

above a definite point indicate that the initial phase 
of the combination reaction is zero order. This pre
cludes the possibility of a chain mechanism for the 
combination reaction in the vapor phase. 
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The Decomposition of Light and Heavy Water 
Boric Acid Solutions by Nuclear Reactor Ra~iations 

By Edwin J. Hart,* William R. McDonell, t and Sheffield Gordon,* USA 

Ionizing radiations such as X-rays, y-rays and 
nuclear pile radiations fail to cause the decomposi
tion of pure, air-free liquid water. However, heavy 
particle radiations, such as a -rays from radium or 
polonium, cause the continuous decomposition of 
water even at low intensities. This behavior of water 
toward ionizing radiations is explained by the follow
ing two radiation-induced reactions : 1~ 

H 20 = H+OH 

H.2O = ;/2H2 + ;/2H0 O0 

(1) 

(2) 

Reaction ( 1) identifies those radicals escaping pri
mary recombination in the track, and reaction (2) 
refers to the products of decomposition of water 
formed in the track and resulting from pair-wise re
combination of H and OH radicals. If the pr0portion 
of radicals which are formed via ( 1) is sufficiently 
high, recombination of hydrogen and hydrogen per
oxide formed in (2) by these radicals is effected. As 
a result, no decomposition of water is observed. 

. However, if this ratio is low enough, continuous de
composition of the water results. 

In general, reaction ( 1) is favored by light particle 
radiations, whereas reaction (2) is favored by heavy 
particle radiations. 

As a result of the nuclear reaction B10 
( n,a) Li•, 

water containing boric acid may decompose in reac
tors. An extensive study of hydrogen peroxide forma
tion upon irradiation of boric acid and borate solu
tions in the French reactor Zoe, has been reported 
by Bonet-Maury and Deysine6 and Pucheault, Lefort 
and Haissinsky.7 This work was carried out at r el
atively high concentrations of boric acid, the main 
emphasis being on hydrogen peroxide formation and 
decomposition. 

L ight and heavy water boric acid solutions in the 
concentration range from zero to 0.2 M have been 
irradiated in the Argonne Heavy Water Reactor 
CP-3'. The irradiated solutions were analyzed for 
hydrogen peroxide, hydrogen, and oxygen. 

The present report also deals with experiments on 
tl1e effect of addition agents such as potassium iodide, 
hydrogen peroxide, hydrogen, and deuterium. 

* Argonne National Laboratory. 
t du Pont Company. 
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EXPERIMENT AL 

The light and heavy water used in these e..'Cperi
ments was purified by a triple distillation procedure 
previously described.8 An additional initial alkaline 
permanganate distillation was found necessary for 
the heavy water in order to remove organic impuri
ties. Isotopic analysis of the heavy water thus puri
fied showed it to be 99.60 ± 0.02 per cent deuterium. 
Exhaustive -y-ray irradiation of air-free samples of 
this purified water liberated approximately 10-6 mole 
of hydrogen and carbon dioxide per liter of water. 
This radiation stability test was also applied to 0.10 
M boric acid solutions. The absence of carbon diox
ide in these irradiated solutions demonstrated that 
organic matter was not present in the water or in 
the boric acid. Regular tank hydrogen and deuterium 
(99.5% purity) were used after passage through a 
liquid nitrogen trap. 

The hydrogen peroxide was prepared from 90% 
(CP) hydrogen peroxide, diluted to 0.06 M with 
triply-distilled light water, then further diluted to 
approximately 0.6 mM with triply -distilled normal or 
heavy water, as the case required. Since the heavy 
water was 99.6% isotopic purity, the HO-fold dilu• 
tion from the 0.06 M stock solution reduced the 
deuterium content to 98.6o/o. 

Irradiation Procedure 

Cylindrical quartz cells, 2 cm in diameter and of 
12-ml capacity, were evacuated, filled with air-free 
solution, and sealed with standard tapered ground 
glass joints.8 T he sealed quartz cells containing the 
evacuated solutions were then placed in IS-inch alu
minum cans, two cells per can for irradiation in the 
core of the CP-3' heavy-water moderated reactor, 
After irradiation, the total amount of gas was meas
ured and analyzed using the Van Slyke9 or Saunders
Taylor10 microgas analysis techniques. Hydrogen 
peroxide was determined by the triiodide ion pro
cedure developed by Ghormley.3 Boric acid was deter
mined by the mannitol method described by Scott.11 

Dosimetry 

Gamma-Ray Flux 

A complete spectrum of y-rays originating from 
fission, capture gammas from aluminum. silica, hy
drogen, and other components of the pile and cell 
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Tobie I. Relative Amounts of Dissociation and 
Recombination Reactions for Ionizing Radiations 

T;·pe of Kadiotion 

Fractt'ou oj water tnolcffllts 
decomposed 

Reaction (I) Rtaclion (2) 

Co60 'Y•Iays 
CP-3' 
1310 (n, a) L i7 (0.02 M H 3 B0a) 
B10 (1i, <t) Li7 (0.05 M H3B03) 
{$-rays (tritium water) 

80 
80 
4 

6 
70 

* Measured by the formic acid-oxygen method.5 

20 
20 
96 
94 
30 

assembly is expected. However, the ionizing radia
tions absorbed in aqueous solutions irradiated in 
CP-3' behave exactly like radiation from a Co60 y-ray 
source. This fact was demonstrated by the formic 
acid-oxygen technique previously employed to meas
ure the relative proportions of reactions ( 1) and 
(2) .5 The results arc contained in Table I. Since 
chemical effects of the radiation pre.sent in the core 
of the reactor are identical to those of Co60 y-rays, 
use of the ferrous-sulfate dosimeter calibrated for 
y-rays is warranted. On the basis of the Hochanadel 
value• of 15.S ferric ions/100 ev it is found that the 
rate of energy absorption in our irradiation cells is 
11.9 X 1020 ev/liter-minute. 

Energy Absorption Due to the B10(n, a)LF Reaction 

The rate of energy absorption due to the B 10(n, a) 
Li1 reaction in an aqueous solution containing one 
molar boric acid exposed to pile radiation is calcu
lated from the equation 

dE/dt (ev/sec) = ErfoN 

where E, = 2.33 X 106 ev, effective total energy of 
the a and Li1 recoil nuclei ;12 f = 1.39 X 1012 n/cm2 -

sec, thermal neutron flux obtained by gold activation 
experiments," and independently checked by gas evo
lution experiments from boric acid solutions;" o = 
7.55 X 10-22 cm2

, cross section of natural boron,16 

and N = 60.2 X 1023 molecules/mole. 
The experimental rate of production of free radi

cals and stable decomposition products was measured 
by the formic acid-oxygen method • and is given in 
Table II for aqueous solutions of boric acid. In this 
table the absolute amount of the products formed in 
millimoles/liter-min are given for the y-ray and B10 

reactions in aqueous solutions irradiated in the pile. 
Jn obtaining the data for Table II it was assumed 
that the y-ray Rux in the pile was independent of 
the boric acid concentrat ion. The contribution of free 
radicals from the B 10 (n, a)Li' reaction is extremely 
small, and consequently the relative proportion of 
free radicals to hydrogen and hydrogen peroxide de
creases as the concentration of boric acid increases. 

RESULTS AND DISCUSSION 

Effect of Boric Acid Concentration 

The rate of hydrogen evolution in air-free water 
i rradiated in the reactor is shown fo Figs. 1 and 2. 

USA E. J. HART et al. 

In Figs. 1, linear decomposition curves ~re obtained 
at boric acid concentrations of 0.05 and 0.10 M after 
four minutes irradiation. Decomposition is not ob
served at 0.010 and 0.015 M boric acid concentra
tions but hydrogen evolution appears to set in at 
0.020 M boric acid. In Fig. 2 the linear rates of hy
drogen evolutions are plotted as a function of the 
concentration of boric acid. Noteworthy is the fact 
that these rates are linear beyond 0.02 M boric acid 
for light water and 0.04 M boric acid for heavy 
water. In this part of the core a thermal flux of 
8.34 X 1013 n/cm2-min and a ,.-ray flux of 11.9 X 
1020 ev/liter-min exists. 

Tobie II. Rote of Production of Free Rodicols and 
Decomposition Products of Boric Acid Solutions 

in the Core of CP-3' * 

8fft'ic twid conct,i./r4tion (.M) 0 0.02 0.05 

Reaction RcdiotWn Millfrnolar produ«s/,nfoute 

H20=H +OH 'l'-rays 0.054 0.054 0.054 
liz() = ½H2 + 

½Hz02 'Y-rays 0.007 0.007 0.007 
H20=H+OH B10 

(11, a) L i7 0.0 0.003 0.012 
HzO=¼H! + 

½H202 B'"(", a) Li' 0.0 0.038 0.099 

• Measured by the formic acid-oxygen method.5 

Using 0.02 M boric acid, a slow steady decompo
sition of light water to form hydrogen, hydrogen per
oxide, and oxygen may be detected. As the concen
tration of boric acid is increased beyond this point, 
the decomposition of water is increased linearly at a 
rate of 1.83 mM hydrogen per minute per molar boric 
acid. This result agrees satisfactorily with the rate of 
hydrogen evolution ( 1.94 mM hydrogen per minute 
per molar boric acid) deduced from Table JI, which 
is based on the formic acid-oxygen method. Using the 
value of 1.83 mM hydrogen per minute per molar 
boric acid, it is deduced that 1.25 hydrogen and 
hydrogen peroxide molecules are produced per 100 
ev. This means that 2.50 water molecules are decom
posed per 100 cv of energy absorbed. 

Since aqueous boric acid solutions below 0.02 M 
are not decomposed in the core of the reactor, it is 

., 
,:: 

~ 
e 

2.00 

1.50 

1.00 

0.50 

,,. 
., ., 

/ --... _ - ---
16 

Figure 1. Effect of pile radiation on boric acid $Olutions in H, O 
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figure 2. Effect of boric odd concenlration on hydrogen production 

1n ai r-lreo solu1ions irradiated In CP-3' 

concluded that the free radicals formed in reaction 
( 1) are capable of recomliitting the hydrogen and 
hydrogen peroxide formed in reaction ( 2). At 0.02 
M boric acid, Table Il shows that 0.057 mM hydro
gen and hydroxyl radicals and 0.045 m~ hydr~gen 
and hydrogen peroxide are ~ormed per minute: Sm~e 
decomposition of water begins at 0.02 M bone acid 
it is calculated from the above results that L3 water 
molecules must be dissociated in reaction ( l) to com
bine the stal>le products formed in re:iction (2). 

The y-ray flux is substantially more effective in 
causing the recombination of the decomposition prod
ucts for the heavy water, since the inception of water 
decomposition is delayed to about 0.04 M boric acid. 
In this case, a5suming lhe same rates of formation of 
products in reactions ( l) and (2), it is estimated that 
0.8 molecule of heavy water dissociating in reaction 
( 1) are required to recombine the products form~d 
in a dissociation of one molecule of heavy water m 
reaction (2 ) . 

Ira the concentration range of boric acid where 
linear decomposition rates of water are observed, 
oxygen appears to be a primary product of the de
composition. Characteristic curves for O.JO M boric 
acid solutions are given in F ig. 3. Here it is observed 
that oxygen is produced linearly and that hydrogen 
peroxide fonnation is less than that of hydrogen pro
duction. 1n general the stoichiometry of this reaction 
is such that hydrogen formed is equal to hydrogen 
peroxide plus two times OX}'gen formed. There is 
some uncertaintv in the interpretation of these results 
since it is not k;own whether oxygen is liberated dur
ing irradiation or during post-irradiation. Also, it_ is 
possible tl1at a small amount of hydrogen pero:ode 
could decompose into oxygen during the course of the 
analysis. In any case hydrogen production appears 
unaffected b,· these results and the decomposition 
rates of the ~,·ater are based on the rate of hydrogen 
production. 

Table III gives the rates of hydrogen, hydrogen 
peroxide, and oxygen formation £or a series o{ ina
diations in light and heavy water. From these results 
it is observed that the uncertainty inherent in oxygen 
p roduction is rather high. 

Effect o f .Hyd rogen and Hyd rogen Peroxide 

Hydrogen added initially to aqueous boric acid 
solutions has the· effect o{ :.hifting water decomposi
tion curves to higher boric ocid concentrations. It has 
been found that 0.081 mM hydrogen causes a shift 
in the curve of some 0.014 M boric acid ( see Fig. 4) . 

At higher initial hydrogen concentrations this proc
ess becomes even more efficient, proving that hydro
gen/hydrogen peroxide ratios greater than one cause 
a chain recomliioation as demonstrated by Allen and 
co-workers.3 Difficulty was found in obtaining repro
ducible results at concentrations above 0.081 mM 
hydrogen. The difficulty is inherent in the problem 
of getting identical.hydrogen concentrations in succes
sive irradiations containing variable concentrations of 
boric acid. Tn addition, as the concentr arion of hydro
gen is increased to its saturation point in water there 
is strong tendency for hydrogen to be removed from 
solution and to form bubbles in the cells. It would 
appear that up to 0.150 M boric acid solutions at one 
atmosphere pressure of hydrogen can be irradiated in 
CP-3' without decomposition. 

Hydrogen peroxide promotes the decomposition of 
water at boric acid concentrations below 0.02 M. 
Typical dosage curves appear in Fig. 5, and the rates 
of hydrogen evolution appear in Fig. 6. It is to be 
noted that the effect of hydrogen peroxide is particu
larly pronounced in the region of low concentrations 
of boric acid. Under these conditions, the hydrogen 
peroxide/hydrogen ratio existing during irradiation 
is high at all times. At high concentrations of boric 
acid the high rate of hydrogen and hydrogen peroxide 
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0 Hydrogen 
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e oxygen 
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Fig~ro 3. Docompo,ilion producls of the Irradiat ion of 0.10 M boric 
acid in light wafer 
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Tobie Ill. Rotes ond Steady Sto les of Formation of Decomposition Products of Pilo 
Irradiated Light and Heavy Water Solu!lons of Boric Acid 

Boric Rat, of fonnaJio,., ,. '"<lu/1-minMlt 
Str,dy stair, 

p. molu/1 
ocid 
,one. Total Hydropm 

DO.US /tlP'O:ritfe 

Light 0.OOM 0 
water 0.01 0 

0.02 0 0 
0.0313 23:= l 18± 1 
0.05 57=2 
0.0732 101:!:4 77±3 
0.10 160±2 

Heavy 0.OOM 0 0 
water 0.0104 0 

0.0209 0 
0.0312 0 0 
0.0410 0(+1) 0 
0.0422 (l.0±0.5 5.5±0.S 
0.0515 17±3 14±1 
0.0716 56±2 50±3 
0.0839 75±2 67±2 
0.1029 106±5 90±3 
0.1032 95±3 

production rapidly decreases the hydrogen peroxide
hydrogen ratio. The effect of the initially added hy
drogen peroxide is therefore less pronounced and the 
two curves approach each other. 

Effect of Iodide Ions 

The result of adding boric acid to 0.10 mM potas
sium iodide solutions is shown in Fig. 6. One notes 
in these potassium iodide irradiations that the free 
radical induced reaction o( hydrogen and hydrogen 
peroxide has been eliminated entirely. Furthermore, 
the decomposition of water increases linearly at a rate 
of 1.80 mM hydrogen per minute per molar boric 
acid. This rate is nearly identical with the rate of 
water decomposition at higher boric acid concentra
tions in the absence of potassium iodide. 

Isotope Effect in Heavy and Light Woter 

Heavy water is more stable than light water to pile 
radiations in CP-3' ( see Fig. 2). It is possible that 
the y-ray component of the radiation causes a more 
efficient recombination of D2 + Di02 than of H,1 + 
H,02 • The v:ilidity of this explanation was demon
strated by measuring the relative rates 0£ the recom
bination reactions induced by Co60 y-rays for different 
isotopic permutations of hydrogen and hydrogen per
oxide. The systems studied were: 

H 2 + H202 
H 20 

2H20 (A) 

D2 + H,O, 
H 20 

2HOD (B) 

D 2 + D20, 
n.o 2D20 (C) 

H, + n.o. D20 2HOD (D) 
The relative rates of these reactions is illustrated 

by Fis;r. 7, the circles representing·the e.,cpcrimental 

Total H;dro,,,. 
H~J-rOQ6H 0 ... ,11 ... 1/0#tl J,croKfll# 

0 0 5-10 0 
0 0 5- 10 0 
0 0 90 80 

21 ±2 2±2 
53±2 5±1 
93±5 8±5 

147±2 11 ± 1 
0 0 20-30 0 

0 
30-40 2-J 

0 0 S0-60 3-4 
0(+1) 0 100 40 
5.8:!:0.8 (0) 
16:1:3 (!) 
54±4 (2) 
72±3 (3) 

101±6 (S) 

points. The rates observed are in the order 
kD > kc > kA > kn. 

MECHANISM 

The experimental results deal ,Yith complex phe
nomena involved in pile irradiations. However, it is 
clear that the major features of these results may be 
explained by current ideas regarding dissociation and 
recombination reactions in water.3·' An equation suit
able for ex-pressing the rate of oxygen production as 
a function of boric acid concentration may be derived 
from the following- mechanism: 

H,O=H+OH Yd (1) 

H 20 = 1/2 H 2 + 1/2 H 20, ;, (2) 

H,O=H+OH 84 ( la) 

H20 = 1/2 H, + 1/2 H 20 , B, (2a) 

OH+H,=H20 + H k 3 (3) 

H+H:O, = H 10+ OH k, (4) 

OH + Ht02 = H!O + H02 k 3 (5) 

H + H02 = H 20 , k, (7) 

Reactions.(1) and (2) refer to the dissociation allCI 
recombination reactions respectively for y-rays where
as (la) and (2a) refer to these reactions induced by 
by the B10

( 11, a) Li7 disintegration in the solutions. 
The rate law for the formation of hydrogen de

rived from lhc above mechanism is: 

(8) 

The constants y,/2 and y,1 may be obtained from 
Table II and are 0.007 and 0.054 mM/min, respec
tively. B,/2 and B, are functions of boric acid concen-
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Figure 4. Effect of initial dissolved hydrogen on hydrogen production 
in boric acld solution irradiated in CP-3' 

t ration and from the data of Table II may be 
expressed in the form: 

B,/2 = I.94C in units of mM/min 

Bd = 0.20C in units of mM/min 

where C = concentration o f boric acid in moles/liter. 
Inserting these constants in Equation 8 one obtains: 

To a first approximation the ratio hydrogen/hydro
gen peroxide is unity since these products are formed 
i.n equimolar quantities. The constant k./k. is found 
to be 0.80 and has been evaluated from the experi
mental result that the rate of hydrogen evolution is 
zero at 0.02 molar boric acid. This value is in sub
stantial agreement with 0.94 obtained by H ochanadel.' 
Equation 9 then becomes Equation 10 

d;:, = 1.76C - 0.036 (10) 

where the rate is expressed in tem1s of millimolar 

500 
D. Hz02 

(/) 400 D H2 .. 
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, 
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figure :,. Effect of hydrogen peroxide on 1he docompo,ition of waler 
irrodiated in CP-3' at 0.03 M boric acid concentration 

hydrogen per minute and C = molar concentration 
of boric acid. The solid curve in Fig. 2 for light water 
is obtained from Equation 10. This equation holds 
only for irradiations where the hydrogen peroxide 
and hydrogen concentrations are equal. 

According to Equation 9, initially dissolved hydro
gen gas should retard the decomposition of water 
whereas hydrogen peroxide when present initially 
should accelerate the decomposition of water. These 
conclusions have been qualitatively verified as is 
shown in Figs. 4 and 6. Equation 9 fails at very low 
concentrations of hydrogen peroxide since the follow
ing radical-radical reactions become important rela
tive to Equations 4 and 5: 

OH+OH =H20 2 

OH+ H =H20 

H + H=H2 

(11) 

(12) 

(13) 

OH+ H02 = H 20 + 0 2 (14) 

These reactions have not been considered in the above 
simplified mechanism. The assumptions inherent in 
the proposed mechanism are that all hydroxyl radicals 
disappear by reaction with hydrogen peroxide and 
hydrogen molecules and that hydrogen atoms dis-

50 .6 0.12 ~ H202 

0 0.1 mM KI 

40 Curve 

z 
:E 30 

~ 
X 

~I 20 

:i. 

10 

Figure 6. Effect o f •polos.sium iodide and hydrogen poroxid• on th e 
production of hydrogen In boric acid solutions irradiated in CP-3' 

appear only by reaction with hydrogen peroxide and 
hydroperoxy radicals. Therefore, at sufficiently high 
boric acid concentrations hydrogen peroxide increases 
in the solution mainly through reaction (2a), causing 
a rapid reduction in the ratio H 2/H20 2 • Considering 
the difficulty in obtaining reproducible results the 
agreement between experiment and theory is satis
factory. 

The extensive work performed by Bonet-Maury 
and Haissinsky and co-workers6 •7 on the formation of 
hydrogen peroxide by pile radiations are in qualitative 
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agreement with the present results. It is apparent 
from their work that the primary decomposition of 
water by the B10(n, a)Li' reaction is proportional to 
the boric acid concentration. This is expected in their 
case, since they ~vorked in the concentration range 
from 0.16 to 2.3 molar boron. Under these condit ions 
the gamma-ray energy from the reactor absorbed in 
the aqueous solution would be a small fraction of the 
disintegration energy of the boron atoms contained in 
the solution. Therefore, the delay in the decomposi
tion of water at very low concentrations ns observed 
in our results would not be found. 

Tobie IV. Rotio of Constants (k,/k~) for 
Recombination Reactions 

D2+ H20z(H20) 
H=+ H202(H2<)) 
n,+ o~O,:(D!?O) 
H: + D202(D20) 

Ntut ral so/1.rion 0.001 J.1 S'lllfur,'c acid solut.:011 

o.90 
1.4 
4.2 

0.40 
I.I 
1.4 
4.2 

Less understandable is the fact that the Ga.o. for 
unbuffered boric acid solutions is only 0.35 as re
ported by the French investigators. We find at lower 
concentrations of boric acid that the hydrogen per
oxide yield is substantially equal to the hydrogen 
yield. Owing to the thermal and catalyzed decomposi
tions of hydrogen peroxide we prefer to use the 
hydrogen yield as an index of water decomposition. 
On this basis, Gn2 = 1.25. 

The data presented for the rates in the recombina
tion reaction between hydrogen and hydrogen perox
ide using different permutations of the hydrogen iso
tope ( reactions A through C) fit the kinetic Equation 
15 based on the chain mechanism postulated above. 

- d(H.O.) b.(H.) (lS) 
dt = 'Yd kiH,O.) - Yr 

USA E. J. HART et al. 

In Fig. 7, the solid lines represent the integrated 
form of Equation 15 made to fit the experimental 
points (ci rcles) by a proper choice of constants. For 
the light water solutions, values of r11 = G1 (mole
cules/100 ev) = 2.74 and y, = G:/2 = 0.46 have 
~en taken from Hochanadel's data.• For heavy water 
solutions we have used a value of y, = G1 = 3,4 and 
y, = GJ2 = 0.3 derived from unpublished work on 
the decomposition of formic acid-oxygen solutions in 
light and heavy water. The k3/k~ ratios, determined 
by fitting the integrated rate expression to the ex
perimental data, are given in Table IV. 
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Radiation-Chemical Processes in Inorganic Systems 
(Eledrochemical Action of Radiations. Sensitization of Radiation-Chemical Reactions) 

By V. I. Veselovsky, USSR 

The yield of products of a chemical process caused 
by the action of radiation on a chemical system is 
determined by: 

l. The elementary processes brought about by the 
absorbed radiation and the primary chemical prod
ucts ( ions, atoms, radicals and excited molecules) 
formed. 

2. The secondary processes ( recombinations, re
verse reactions, chemical reaction with solutions, 
chains, etc.), leading to a major change in initial yield 
of the chemical reactions engendered by radiation. 

A rational approach to radiation-chemical proc
esses is based on thorough investigations into the 
mechanism of the processes of absorption and trans
formation of high energy radiation in a chemical sys
tem, on a knowledge o[ the factors determining 
primary chemical effects o( radiation, and an under
standing of the kinetics of the complicated secondary 
reactions produced by active chemical intermediates 
as the result of radiation. 

Two ways for utilizing the energy of nuclear radia
tions most effectively are: 

· 1. Intensification of the primary radiation-chem-
ical reaction through the methods of homogeneous 
and heterogeneous sensitization, and, 

2. Suppression of reverse reactions by means of 
chemical oi- electrochemical fixation of primary radi
olysis products. 

This paper surveys some experiments aimed at 
finding the basic laws of the chemical action of radi
ations in some simple chemical systems. 

I. ELECTROCHEMICAL REACTIONS CAUSED BY THE 
EFFECT OF RADIOACTIVE IRRADIATION OF AQUEOUS 

SOLUTIONS OF ELECTROLYTES. 
HYDROGEN POTENTIAL 

An electrochemical process might be induced by the 
direct action of radiation upon an electrode or upon 
the potential governing surface compounds at the 
electrode-solution interface or indirectly by the effect 
of radiation-chemical changes in the solution. In the 
last case, the primary radiolysis products, oxidizing 
or reducing in character, might act upon the electrode, 
stimulating an electrochemical process detem,ined by 
the electrochemical parameters ( thermodynamic and 
kinetic) of the radiolysis products and of the system 
as a whole. 

Original language: Russian. 

The radiolysis of water, attended by the formation 
of hydrogen, oxygen and hydrogen peroxide as final 
products is the most thoroughly investigated radia
tion-chemical process. Data on this process available 
in the literature may be interpreted on the assumption 
that hydrogen atoms and hydroxyl radicals (and per
haps also excited water molecules) are the primary 
chemically nctive products.1 

Tt is known that the finnl products of radiolysis 
(hydrogen, oxygen and hydrogen perox icle) are only 
a part of Lhe primary yield of hydrogen atoms and 
hydroxyl radicals caused by irradiation. 

The yield of the most important primary reaction 
of the radiolysis of water 

is 3-4 molecules per 100 electron-volts of radiation 
energy. The ratio of the yields of the final radiolysis 
products to the products of the primary reaction de
pends upon various conditions: the oxidizing and 
reducing properties of the solute, and the type of 
radiatior1 used. The relative yields of final products 
may vary grently - from the order of unity to 0.01 
or less. Thus, the effect of an elementary radiation
chemical reaction (radiolysis of water) depends on 
how the primary products (hydrogen atoms, hy
droxyl radicals and perhaps also the excited water 
molecules) are involved in the complete chemical 
process. 

599 

The appearance of oxidizing and reducing com
pounds in the solutjon as the result of irradiatfon 
will obviously lead to changes in the electrochemical 
parameters of the system, and in the electrode poten
tial in particular; moreover, the latter may serve as 
an index of the thermodynamic changes of the system 
(its redox. potential) and of the kinetics of the elec~ 
trochemical reactions (adsorption and ionization) of 
the radiolysis products at the electrode. 

This conclusion is suggested also by modern con
cepts of the mechanism and kinetics of electrode 
processes, and especially by F rumkin's theses concern
ing the interdependence of the structure o[ the 
electrode-solution surface and the kinetics of the elec
trode reactions.2 

Thus, the study of electrochemical effects of radia
tion in aqueous solutions affords an effective method 
for investigating the mechanism of radiation-chemical 
reactions in these systems. 
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At the same time, the stimulation of an electro
chemical process through the selective use at the elec
trode boundary of the oxidizing radiolysis product 
(hydroxyl radical) or reducing product (hydrogen 
atom) is a very simple illustration of the fixation and 
energochemical utilization of the primary products of 
water radiolysis. 

Theoretically, the potential of such a radiation
galvanic element should correspond to the free energy 
of the reverse electrochemical syntheses of the pri
mary products of the radiolysis of water: 

(Eon - Ea)F = t:.F 

where Eou and Ep. are equilibrium electrode poten
tials of the corresponding radiolysis product, Fis the 
value of the Faraday number and 6.F is the free 
energy of formation of water from the radicals 

H+OH➔ H00 

In practice in aqueous solutions the potentials of 
the electrodes Eon and Ea cannot exceed the poten
tials of molecular oxygen and hydrogen evolution on 
the corresponding electrodes at the given current 
density ( rate of ionization of the radicals). 

Assumptions found in the literature' concerning the 
probable average potentials of irradiated aqueous 
solutions ranging up to: En.on = 0.9 volt are wrong, 
since they disregard the special kinetic features of the 
electrochemical process which determine the station
ary (non-equilibrium) electrode potential in the given 
dectrochcmical system. 

Experiments carried out by V. Veselovsky and his 
collaborators led to the discovery of a number of laws 
governing the electrochemical action of radioactive 
radiation.• 

Of great scientific value is the observation of the 
hydrogen potential resulting from the reducing com
ponent of water radiolysis. A platinum electrode in 
an aqueous solution of sulphuric acid exposed to 
gamma rays from a JOO-curie source of radioactive 
cobalt (at a rate of energy absorption equal to 
2.0 X 10u ev/cm3-sec.) acquires a stable potential 
equal to the reversible hydrogen potential ( somewhat 
negative). The electrode (practically reversible) can 
endure anodic polarization currents up to 20-30 
micro-ampere/cm•, which is a measure of the diffu
sion rate of the reducing radiolysis product under the 
experimental conditions. 

The curves in Fig. 1 illustrate the kinetics of the 
establishment of the potential, i.e., the dependence of 
the platinum electrode potential on the duration of the 
irradiation ( curves I and II). 

Curve J is obtained when the electrode before the 
experiment was in contact with air; curve II when 
the electrode is reduced before the experiment. 

F rom these results, it appears that during irradia.
tion the electrode potential appro_aches more negative 
values, and 15-20 minutes after the beginning of irra
diation attains the hydrogen electro.de potential. The 
curves resemble those found on simple cathode charg-

volts 

4100 

figure 1. Dependence of Pt electrode potential on the time of 
9omma radiation action (curves I and II) and on the time of charg

ing tho electrode with 10 µo curront (curv• Ill) 

ing of a platinum electrode ( curve III), characteristic 
of the reduction of oxygen and adsorption of hydro
gen on the electrode. 

In view o( the fact that molecular hydrogen, in the 
presence of equivalent quantities of oxidizing radi
olysis products (hydroxyl radicals, hydrogen per
oxide and oxygen), cannot produce the observed 
effect of the hydrogen potential, the compound which 
must be responsible for the observed values of the 
potential is the hydrogen atom formed as the result 
of the primary process of water radiolysis and selec
tively adsorbed by the platinum electrode. 

Pt+ H ➔ PtHaaai PtHaa. - Pr+ H + 

The establishment of the hydrogen potential in the 
conditions described above is an independent experi
mental confirmation of the fact that enduring hydro
gen atoms with a high electrochemical activity 
( reducing power) appear in the process of water 
radiolysis. . 

The following equation should hold for the electro
chemical oxidation of hydrogen provided no processes 
occur which complicate the electrode reaction: 

a • F</J 

i = k [HJ e 
7iT 

According to this formula, the polarization current 
(velocity of the ionization of hydrogen atoms) is 
proportional to the surface concentration of the hydro
gen atoms [HJ and depends exponentionally on the 
deviation of the electrode potential (<I>) from the 
equilibrium value- Consequently, assuming the ad
sorption of H atoms on the electrode requires little 
activation energy, the magnitude of the polarization 
current on the electrode at low overvoltage will be 
determined by the quantity of atomic hydrogen diffus
ing towards the electrode. 
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Experimental investigations of the kinetics of the 
process confirmed the fact that the rate of the process 
was really limited by the diffusion of the reducing 
component (atomic hydrogen) towards the operating 
electrode ( see Fig. 2). 

Figure 2 shows the dependence of the strength of 
the polarization current on the potential of the elec
trode. The general character of this dependence. shows 
the low activation energy of the process ( steep initial 
rise) and Lhe diffusion-controlled type of kinetics 
( the value of the current is independent of the poten
tial of the electrode) . 

Figure 3 gives the results of a quantitative study 
of the hydrogen ionization kinetics on a platinum 
electrode of area = 0.37 cm2, obtained by the method 
of anodic polarography. 

The constancy of the diffusion current is estab
lished under the experimental conditions in 21/z-3 
minutes after irradiation of the system begins. 
(Fig. 4 ). 

The bottom curve of Fig. 3 corresponds to the 
stationary electrode and the upper one to the rotating 
electrode. 

From the comparison of these curves it is seen that, 
as the solution is mixed by the rotation of the elec
trode, the strength of the polarization current in
creases 6- to 9-fold; an added proof of the fact that 
alterations of the electrochemical parameters of the 
system by irradiation are connected with changes in 
the solution. T he curves in Fig. 3 show an increase 
in the value of the limiting diffusion currents when 
the electrode potential equals 0.2-0.3 volts. This 
increase may probably be explained by the differing 
electrochemical action of two substances diffusing 
from the solution : H atoms and H 2 molecules. 

A comparison of these diffusion currents (velocity 
of H atom ionization) with currents for the same 
concentrations of molecular hydrogen furnishes the 
basis for estimating the concentration of H atoms 
formed by irradiation during the first 3 minutes, as 
[H]volume = 3 X 10-5 N. (Since there are no data 
on the H atom diffusion coefficient in water, the as-

Ill 
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Figure 2. Dependence of the strength of the polarizing current 
during the action of gamma radiations 
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figure 3. Dependence of the strength of the polarizing cuncnt on 

the potential during the action of gamma radiations: (1) stationary 
electrode; (2) rolating electrode 

sumption is made that the diffusion coefficients of 
atomic and molecular hydrogen are equal.) · 

The yield of the reducing compound from radi
olysis, according to the above data, approximates four 
equivalents pei: 100 ev of absorbed energy. Thus the 
reducing substance must be H atoms, since hydrogen 
molecules are not formed in such a yield under 
gamma-irradiation. The difference in the velocities of 
diffusion of H atoms and OH radicals towards the 
electrodes may also account for the observed effect. 

The following observation is very important : the 
addition of oxalic acid to an aqueous solution of sul
phuric acid leads to a drastic increase .of the anodic 
currents to the Pt-electrode, raising their value (for 
a rotating electrode) from 20-30 microamperes/cm2 

up to 150-200 microamperes/cm2
, while the electrode 

potential remains close to the equilibrium hydrogen 
potential. 
11a 
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Figure 4. Dependence of tho strength of tho poloriiing current on 

the time of gamma radiation action, when the constant potential 
of the electrode is V := 0.4 v 
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The factor stimulating the "capacity" of the H-elec
trode system may be the fixation of OH-radicals by 
the oxalic acid, which prevents the recombination 
oi H atoms with hydroxyl radicals. However, a study 
of the electrochemical and chemical effects of irradia
tion in these conditions suggests that the main factor 
in the increase of the electrochemical cap:icity of the 
H-elcctrodc (under radiation) may be the involve
ment of excited H 20 molecules in the reaction. The 
amount of atomic hydrogen in the system could in
crease according to the reaction H 20• + A1 -~ M·OH 
+ TI, where M is ::i molecule of reducing a~c nl : 1lii:
would account for the observed e ffects. 

It may be expected that a high radiation intensity 
should increase the amount of H atom recombina
tion, which should reduce the electrochemical effect 
of H atoms on the electrode. At the same time, the 

· high reducing activity of H ntoms suggests the pos
sibility of inducing powerful reductions in ir radiated 
aqueous solutions (up to the potentials of molecular 
and atomic hydrogen) with the aid of H atoms. 

Of interest in this respect are the observations 
made by P roskumin et at.• By investigation of aque
ous solutions of nitrate and nitrite salts, the authors 
showed that, since there is no equilibrium between 
water and the two m::iin products of its radiolysis: 
H and OH, the radiation chemical interaction of 
nitrate and nitrite with the H and OH-radicals re
spectively, is irrevers ible. That is not consistent 
with the belief that this radiation chemical reaction 
is reversible. 3 

The most favourable conditions for the radiation 
chemical reduction of nitrate to nitrite by the re
ducing compound from water radiolysis ( i.e., H 
atoms), a rc in alkal ine solution at nitrite concentra
t-ions >> lo-3 N; the yield of the process is then close 
to two molecules per 100 ev of absorbed energy. 

When 10-1 mole of glucose is introduced into an 
aqueous solution ( 1 normal potassium nitrate and 
1 normal potassium hydroxide) the yield of the 
radiation chemical r«luction o[ nitrate to nitrite rises 
to 6 molecules per 100 ev of absorbed energy. The 
enhanced yield is due not only to the action of waler 
radiolysis products formed by ionization of the water 
molecules. T he authors assume that the enhancement 
is caused by excited states of water. An essential 
condition for the involvement of the latter in the 
chemical process is the presence of acceptors which 
would serve as an effective binding agent £or H atoms 
and hydroxyl radicals. 

Experiments carried out by V eselo,·sky and his 
collauorators• on the effect of gamma rays on sys
tems of high oxidation potential (eerie sulphate and 
perchlorate, potassium bichrom::itc and pota5Sium 
permanganate) have demonstrated that the action 
of gamma-radiation on these systems shifts the redox 
equilibrium towards the reduced forms. 

Continued irradiation leads to complete reduction, 
i.e. , no equilibrium is established between the given 
redox system and the initial products of water 
radiolysis. ·· 

Data on the dependence of the yield. o( the re
duction reaction upon the nature of gases which 
saturate the solution lead to the conclusion that, 
in all the systems investigated, the reduction is 
effected by means of H atoms formed in waler 
radiolysis. 

In the presence of molecular oxygen, H atoms 
produce the radic:il H02, which nets as a reducing 
agent in the above systems. 

These results confirm the idea of the high re
ducing ability of H atoms, and disprove the belief 
that the processes of radiation chemical reduction 
arc due to OII radicals.' 

Table I below gives the yields, for all the systems 
studied, in solutions saturated with ai r. (Systems 
marked by an asterisk are oxygen-free.) 

Syst(tffl . tt(lu~cu..t 
s11/.ut1'(m 

Cc ( 0 0~).t/Ce {00◄h 
Ce (CI01) ◄/Ce (CI04)3 
Ce (S0,.)2/Ce2(SO,)s 
K2Cr201/Cr, (S04) 3 
KMnO.JMnSO, 

Tobie I 

Yirld ,,., 
No,-,11tol o.ridoJio N• 100 cl,u ,ro 11 
rtd«ction J,otenti4l volts Nolt 

1.70 
1.70 
1.44 
1.36 
1.Sl 

Ozone is 
3.3 formed 
4.0• 
3.6 
2.5 0:rone is 
5.0 formed 

The formation of ozone indicates that radiation 
may produce non-equilibrium compounds of high 
oxidizing potential and peroxide compounds, along 
with the selective reduction process. 

II. ELECTROCHEMICAL AND CHEMICAL REACTIONS 
OF THE OXIDIZING PRODUCTS OF WATER 

RADIOLYSIS 

The electrochemical method of im·estigation proved 
of value also for the purpose of studying the basic 
mechanism of reactions involving the oxidizing com
ponents of the radiolysis products of water. 

Of great interest was the demonstration of an 
electrode potential due to the selective ionization of 
the oxidizing component of the water radiolysis 
products (hydroxyl radic::ils nnd hydrogen peroxide). 

According to the reaction: 

ME + OH - > l\IeOH0 a, i\te · OH•d• -+ :rv[e• + OH-

Silver may be used for the selective electrochemi
cal ionization of the oxidizing product of radiolysis. 
A good ndsorbant for oxygen, silver catalyses the 
ionization · of oxygen, but it adsorbs hydrogen to 
a very small degree. Experiments have shown that 
in oxygen-free alkaline or weakly acidic solutions 
at the Ag electrode there is an unstable reversible 
potential of 0.5-0.6 volt anodic to that of a hydrogen 
electrode in the same solution. Moreover, the cathodic 
polarization currents corresponding to the ioni:i:atio11 
of the ox.idizing component of radiolysis at this 
elcctr<Xlc ( 3-5 f&3/cm2

) are smaller than the H-clec
trode currents described above and far smaller than 
the diffusiou currents of 'the oxidizing component, 
under the snme conditions of irradiation. 
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The difficulty of attaining the "oxygen" electrode 
in the above conditions, through the selective con
sumption of lhe oxidizing component of radiolysis, 
is e>...-plained apparently by the great electrochemical 
and chemical activity of H atoms, leading to the 
catalytic reaction: 

Ag· OH -1- H ➔ Ag+ H 20 

which supersedes the electrochemical ionization re
action of hydroxyl that leads to the high anodic 
electr ode potential. 

Other chemical regularities arc observed in the 
case of irradiation of aqueous solutions saturated 
with oxygen. 

A platinum electrode in an alkaline or acid solu
tion saturated with oxygen, under gamma irradiation 
by a 100 curie source of radioactive cobalt (at an 
intensity of ~2.0 X 1015 cv/cm8-sec) acquires a 
stable potential more positive by 1 volt than a 
hydrogen electrode in the same solution. And the 
polarization current (10 p.a/cm2) corresponds to 
the diffusion rate of the oxidizing compounds formed 
in water radiolysis. 

In this case (the presence of molecular oxygen 
in the system) the electrochemically active products 
of water radiolysis, responsible for the oxygen poten
tial, will be not only hydroxyl radicals and hydrogen 
peroxide but also perhydroxyl radicals resulting from 
the capture of atomic hydrogen by molecular oxygen 

H + 0, ➔ HO, 

The anodic polarization of tl1e Pt electrode in 
these conditions gives the characteristic curves shown 
on Fig. 7. They corre,;pond to the electrochemical 
kinetics of hydrogen peroxide oxidation according 
to the equation: H 20 2 - 2e H~02 0~ + 2H•. This 
process is analyzed below in greater detail. 

The above electrochemical observations are con
sistent with observations of chemical reactions in 
irradiated aqueous solutions. 

The initial yield of hydrogen peroxide under the 
action of gamma radiation on water is known to 
increase many fold if the solution is saturated with 
oxygen.1

•
8 

In that case hydrogen peroxide is formed not only 
through the recombination of primary hydroxyl 
radicals but also as the result of the reduction of 
molecular oxygen by H atoms formed in the process 
of water radiolysis. This reaction is the simplest 
example of useful radiation chemical synthesis 
brought about by the reaction of components intro
duced into the system with the primary radiolysis 
products. 

However, when a certain concentration limit is 
reached, the increase in hydrogen peroxide concen
tration (for a given initial composition and radia
tion intensity) is stopped due to destructive reactions 
of hydrogen peroxide with the primary products of 
water radiolysis, as demonstrated in Hochanadel's 
work.8 

gm-eq/1 
Ba/OH}z 

2-10 

• • • 

z J If .s 5 1 a g ,~ hrs 
Figure 5. The kinetics of the formation of 8o0s • 2H.O• I• S..(OH). 
solution and of hydrogen peroxide in tho 0.3N NaOH solution by 

gamma irradiation 

A continuous process of chemical fixation of the 
water radiolysis products by molecular oxygen can 
be realized in various ways. As established by ex
periment, the action of CoG0 gamma-radiation or of 
an electron beam of 300 kilovolts energy (simulating 
beta radiation) on a saturated aqueous solution of 
barium hydroxide saturated with oxygen and cooled 
to 0°C, the precipitation of BaO~ · 2H~O~ (removing 
hydrogen peroxide from the reaction zone) occurs 
continuously and leads to a linear dependence of the 
amount of product synthesized upon the duration of 
irradiation.'-• 

The experimental data on the kinetics of hydrogen 
peroxide formation in a saturated solution of barium 
hydroxide in the presence of ro...-ygen P=l atmos
phere) under the action of cobalt gamma radiation 
are given in Fig. 5. For comparison, Fig. 5 amtains 
another curve illustrating the process of hydrogen 
peroxide formation in a solution of 0.3 N >JaOH. 
The time of irradiation of the system is shown as 
the abscissa, the dose of irradiation absorbed in 
1 cm3 of the solution being 2 X 1010 ev/sec. The 
concentration (in gram-equivalents per liter of the 
solution) of hydrogen peroxide formed as a result 
of the radiation-chemical process is given as the 
ordinates. 

From the curves of Fig. 5 it follows that in a 
barium hydroxide solution there is 3 definite pro
portionality between the time of irradiation ( the 
amount of energy absorbed by the system) and the 
amount of hydrogen peroxide formed. This shows 
the continuous formation of peroxide which gives a 
precipitate of BaO2 • 2H202. In a NaOH solution 
the limiting concentration of hydrogen peroxide is 
rapidly established. Under experimental conditions, 
the yield of hydrogen peroxide approximates 1.5 
equivalents per 100 ev. 

Figure 6 shows similar curves obtained by irradi
ating a solution with an electron beam of energy 
approximating 300 kilovolts. Another curve in the 
same figure shows the rate of reduction of cerium 
sulphate under identical conditions. The general regu
larities characteristic of the kinetics of the precipita
tion of barium hydroxide and hydrogen peroxide are 
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the same as for the action of gamma radiation. The 
yield of the process is also very close to 1.5 equiva
lents per 10 ev of absorbed energy. 

The oxidation of ferrous to ferric ions is a thor
oughly explored reaction involving the fixation of 
the oxidizing product of water radiolysis. It is used 
as a dosimetric reaction; the yield is about 15.5 
equivalents per 100 ev of absorbed energy.8 This 
yield corresponds to the utilization in the oxidation 
proc~ss of hydroxyl and perhydroxyl radicals fonned 
as the result of reduction of molecular oxygen by 
the atoms of hydrogen. 

C x 10:3 

gm -eq/1 

J 

2 

Ce(SOq)z 

Figure 6. The kineti1;s of the prcc;ipitotion of BoO • 2H:t02 in Bo(OH)J: 

solution of hydrogen peroxide formation in O.3N NaOH solution 
and of Ce(SO,), reduc1ion by an tlectron beam 

However, Proskurnin and his collaborators• he.re 
found that the yield of radiation-caused oxidation of 
ferrous ions at a high acid concentration (3-4 N) 
increases up to 60 equivalents per 100 ev of absorbed 
radiation energy. That corresponds to the utilization 
in the oxidizing process of 15 molecules of water 
(together with molecular oxygen) by way of OH 
and HO, radicals. An important point is that the 
yield remains constant when acidity is increased 
above 3 N and also when the kind of acid is changed 
(I-I,SO,, H 3P0t and HCl). 

The established facts lead us to assume that in 
reactions of this type not only ions and radicals are 
involved in the chemical process but also the excited 
H 20-molecules formed as the result of irradiation. 
The whole process develops in conformity with con
cepts of Weiss.1 

Ill. HETEROGENEOUS SENSITIZATION BY SEMI
CONDUCTORS OF RADIATION-CHEMICAL 

FORMATION AND DECOMPOSITION 
OF HYDROGEN PEROXIDE 

On the basis of photochemical investigations car
ried out by Terenin and his collaborators10 and 
photoelectrochemical works of Veselovsky and his 
collaborators,11 which established the main laws 

governing the induction of the chemical processes on 
the interface between a semiconductor-sensitizer and 
the reaction medium, it may be assumed that, under 
the action of intense irradiation, semiconductors of 
the type of metallic oxides (Zn 0, Cu 0, Fe20 3 , Al.03 ) 

will effectively transform the energy of radiation into 
a form of electronic energy which can induce chemical 
processes. 

Among other things it was established earlierll 
that the action of ultraviolet light on a water suspen
sion of ZnO in the presence of oxygen causes forma
tion of hydrogen peroxide (quantum yield -0.5) 
at the expense of water oxidation and oxygen reduc
tion. The mechanism of the given process of hetero
geneous sensitization consists of the following photo
electrochemical acts. 

l. Absorption of active radiation (,\ < 385 m,u) 
by the photosensitizcr ( microcrystal of zinc oxide). 

2. Migration of the electron in the conduction 
band towards the semiconductor-solution interface. 

3. Capture of the photoelectron by an oxygen 
molecule adsorbed on the microcrystal surface. 

4. Electrochemical discharge of OH- ion on the 
microcrystal of ZnO charged positively due to the 
loss of electrons. 

The static potential of the process is determined 
by the relation between the rate of photoelectric 
ionization: 0 2-02- and the rate of electrochemical 
discharge OH0d,-➔OH0a,-

Both reactions lead to the formation of hydrogen 
peroxide in the aqueous medium. · 

It can be shown that the static potential of the 
system V 0 which determines the effectiveness of 
the process, follows the equation : 

rAl 
Ve = K In (DJ J + k 2 

where A and D are the surface concentrations of 
acceptors and donors, J the intensity of the acting 
irradiation, K and k2 are constants, involving the 
electrochemical and optical characteristics of the 
system. 

The specific effect of intense radiation ( alpha-, 
beta-, gamma-radiation) in the process of hetero
geneous sensitization consists first. of all in the 
stimulation by a gamma-quantum or an alpha or 
beta particle of a great number of the semiconductor 
electrons; thus a new type of elementary act appears, 
characteriied by a constant, the "coefficient of multi
plication" of excited electrons. This constant is a 
very important factor in determi'ning the efficiency 
of a radiation-chemical process heterogeneously sensi
tized by a semiconductor. 

The similarity of. the processes of photoconduc
tivity and fluorescence under the action of optical 
and ionizing radiations on semiconductors of the 
ZnO type, led us to assume similarity of mechanism 
for the different types of radiation also in the process 
of heterogeneous sensitization of chemical reactions 
by these semiconductors. 
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Veselovsky and his collaborators12•13 have made a 
study of the heterogeneous sensitization of hydrogen 
peroxide formation by zinc oxide under the action 
of Co60 gamma rays on aqueous solutions saturated 
with oxygen, and of the heterogeneous decomposition 
of concentrated H 2 O2 , in the presence of Fe oxides 
under the action of gamma radiation. 

Experiments show that the energy yield of the 
radiolytic formation of hydrogen peroxide, in aqueous 
alkaline solutions saturated with oxygen in the 
presence of zinc oxide, increases four or five-fold 
( 15-12 electron volts per equivalent of H 2O2 pro
duced instead of 60 electron volts found in the absence 
of a sensitizer). 

The method of anodic polarography at a Pt elec
trode, described in the above quoted work,11 was 
employed for the investigation of the kinetics of the 
process. The limit currents of the anodic oxidation 
of hydrogen peroxide give a quantitative determina
tion of the concentration of hydrogen peroxide 
formed in the radiation chemical process. 

Figure 7 gives the results of a series of such meas
urements. Curve I shows the polarogram of the oxi
dation of hydrogen peroxide after 30 minutes irradia
tion of NaOH solution saturated with oxygen; curve 
II gives the polarogram for the same solution after 
the addition of ZnO following 15 min irradiation. 
Curve III is the same with ZnO after 30 min irradia
tion. The values of limiting currents and co~sequently 
the H 2O 2 concentration equal respectively : 

Ii= 6; In= 18; Im= 28µa 

The curve marked O shows the background currents 
. in a solution of NaOH or NaOH + ZnO before 
irradiation. 
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Figure 7. The dependence of the strength of the anodic polarization 
current on the potentio1 under the adion of gammo rodiotion. 
Curve I, aqueous solution of NaOH saturated with oxygen; Curve 
11-111, aqueous solutions af NaOH saturated with oxygen + suspen• 
$lo" of ZnO. l ho background curv& (without the action of i trcdia• 

tion) is de.signeted 0 
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Figure 8. T·h• kinetics of hydrogon poroxido formation 1:,y irradia 
tion of aqueous solutions. (The dependence of the strength of the 
limiting currents of polarization (when V = 0.4 v) an the time of 
gamma irradiation). Curve I, aqucou~ .iolution of NaOH ~oturated 
with oxygen; Curves II and Ill, aqueous solutions of NaOH sat
urated with oxygen + suspensions of ZnO (of different activity) 

Figure 8 illustrates results obtained by the second 
method of anodic polarography. The duration of 
irradiation (below) and absorption of energy by the 
above system are indicated on the axis of abscissas. 
And the limiting currents of hydrogen peroxide 
oxidation ( characterizing the concentration of hydro
gen peroxide formed at the given moment)-on 
the axis of ordinates. Consequently, the slopes of the 
curves give a quantitative measure of the rate of 
accumulation of hydrogen peroxide as the result of 
irradiation. Curve I illustrates the increase in hydro
gen peroxide in irradiated 0.01 N NaOH solu
tion. Curves II and III are the same for the NaOH 
solution with the additon of zinc oxide of different 
activities. The acceleration of reverse processes limits 
the increase of hydrogen peroxide concentration for 
more active zinc oxides. 

By analogy with the above-described mechanism 
of the photoelectrochemical process 0£ the hetero
geneous formation of H ,O 2 under optical irradiation 
it is assumed that the principal feature of the radio
chemical process that leads to a drastic intensification 
of the chemical action of the radiation is the more 
effective transformation of the gamma-radiation 
energy absorbed by the semiconductor into ·t~e 
electronic energy of the semiconductor, with the con
sequent induction of a chemical process on the inter
face between the sensitizer and the chemical medium. 

Taking into consideration the fact that the energy 
of excitation of an electron in a ZnO semiconductor 
brought into the conductivity band approximates 
3 ev, and taking the efficiency of the transformation 
of an absorbed gamma-quantum of the radiation 
energy of Co60 (approx. 1.25 Mev) as one unit, we 
get the maximum value of the "multiplication coeffi
cient"- the number of semiconductor electrons excited 
by one gamma-quantum- as about 4 X 105• 

The e.."<perimental value of the "multiplication co
efficient" of the electrons in ZnO may easily be com-
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puted from the data obtained (assuming the above 
described mechanism of the process) from the quan
tity of gamma energy absorbed by the added ZnO 
(2 gm of ZnO to 100 cm3 of the solution) which 
equals approximately 9 X 1015 ev per second, and 
from the increase of the peroxide yield : one gm
equivalent of H20 2 per 60 ev to 1 gm-equivalent 
of H 2 0 2 per 12- 15 ev, which adds the H 20 2 dis
integration of 6 X 1015 equivalent per second. And 
so the yield of the sensitized reaction equals 1 eq 
(~O,) per 1.5 ev, and, therefore, the value of 
"multiplication coefficient" equals 8 X 105, i.e., ap
proximately twice the theoretical value. 

The high experimental value of the "multiplication 
coe~cient" is caused by the H20 2 formation by 
excited electrons of the ZnO semiconductor which 
have an energy below 3 ev, assumed in the calculation 
of the maximum theoretical value of the "multiplica
tion coefficient", corresponding to an excitation en
ergy of approximately 1.5 ev expended in the ele
mentary act. 

T~e latter assumption is probable, especially if we 
consider that _the electron affinity of the oxygen mole
cule--approxm1ately 1 ev-facilitates the primary act: 
the transfer of an electron from the semiconductor 
to the adsorb~d molecule of oxygen. It is also possible 
that one excited electron of the semiconductor may 
cause more than one elementary act. 

The exact evaluation of the "multiplication co
efficient" of electrons in the ZnO sensitized formation 
of H202 under the action of high-energy radiation 
defines the problem of studying the mechanism of .the 
process more closely than is possible in the study 
of the corresponding photochemical process. 

The elementary act of a heterogeneous radio
chemical reaction in an aqueous solution just as in 
the . case of optical radiation, is the transfer of an 
excited electron (with an energy of 3 ev for ZnO) 
from the semiconductor to a molecule of adsorbed 
oxygen, and the discharge of the hydroxyl ions which 
compensate the positive change of the semiconductor. 

or 0~ 0- o,. } 
ZnO H20 I H20 r lhO I H20 

oz/. ➔ ZnO;;,_ ➔ Zn0~11-➔ Zn~H ➔ H 20 2 

T~e re:mlt of the tw_o elementary acts in an aqueous 
med111m 1s the formation of hydrogen peroxide. 

The over-all efficiency of the chemical action of a 
single gamma-quantum of absorbed radiation will be 

determined by multiplying the "multiplication co
efficient" of the electrons by the efficiency of the 
elementary act of the heterogeneous process. 

The second heterogeneous radiochemical reaction 
studied was the decomposition of 83ro hydrogen 
peroxide in the presence of a surface of oxidized iron 
taken as a sensitizer.13 

From the available data on the accelerating effect 
of oxidized iron on the disintegration of hydrogen 
peroxide under the action of optical radiation,. we 
could expect a similar effect in the case of gamma
radiation. 

The experiments were conducted by use of the 
manornetrical method for measuring the volume of 
evolved oxygen. The applied intensity of Co40 gamma
radiation was varied from 3.2 X 1015 to 7.3 X 1013 

ev/cm2-sec. The ratio between the solution and 
the surface area of the iron (Hilger spectroscopically 
analyzed iron) was 20 cm2 to 40 cm2

; the iron was 
rolled into rings, 3 gm in weight. 

The results are .given io Table II and in Fig. 9. 
The intensity of absorbed energy was 3.2 X 1015 

ev/cm3 per sec. 
Figure 9 gives the data in graphical form. On the 

ordinate is the rate of the radiochemical decomposi
tion of hydrogen peroxide expressed in the number 
of cm3 of gas produced per second, the abscissa is 
the time in minutes. 

Figure 10 shows the dependence of the hetero
geneous H 20 2 decomposition on the time; region l 
represents the rate of catalytic decomposition before 
irradiation; region II- the rate of decomposition 
under irradiation, and III-after it . The equality 
of the speed of decomposition before and after irradi
at ion shows the unimportance of distorting phe
nomena (the appearance of iron ions, etc.). 

It has been established by experiment that the 
rate of decomposition varies linearly with the square 
root of the intensity over the range of dose rates 
from 7.3 X 1ou to 3.2 X 1015 ev/cm3 per sec. 

The yield of the react ion (which evidently is of 
chain nature) i~ determined both by the number of 
elementary chemical acts which produce the initiation 
centres. and by the length of the developing chain. 

The most important problem in the light of the 
theses developed in this paper, is the nature of the 
mechanism of excitation at the solid-solution inter
fac~ (b~tween oxidized iron and hydrogen peroxide), 
which mcre_ases the chemical effect of gamma-radia
tion in the present process. 

Table II. Yields of Homogeneous and Heterogeneous Decomposition of H20 2 

at Various Temperatures · 

Rott of 
Rote of H,O~ 

Temp 
deto-mpl>sieion u, Yield of rea,ti,:m · of 

HzOz decomposih·on YicJd of llon,ogen e<>tu prese•c-tt of on·d. iron keteroqc,1eou1 .H:02 
of ,(vol. 11/ gas e11olvtd H 20z dt'co·mp9S1'tion (vol. of gas evDlt1ed dtcomposthqn 

so/rdicm i/.,"'"' l em3 per 100 ,v of from l cm H202 Ptr 100 ,v of •c 20: p~r ste) abs()rbcd cn,rgy, mo/ J,~7'.1ee) ,,t,.,orbcd cnL,vy, •1nol 

10 1.1 X 1<>-4 185 1.6 X lo-< 275 
25 2Xl04 335 5 X 10'"' 840 
40 2.2 X lo-4 370 sx10-- 840 



RADIATION CHEMICAL PROCESSES 

On the basis of the idea accepted by a number of 
authors that the chain mechanism of hydrogen 
peroxide decomposition under the action of radia
tions follows the scheme 

H202 ➔ 20H Initiation of chain 

OH+ H 10 2 ➔ H02 + H 2 0 } Propagation 
H02 + H:02 -+ OH + H 20 +02 of chain 

H02 + H02 ➔ H 20 1 + 0 2 Termination of chain 

the observed effect of an oxidized iron surface on 
the yield of the radiochemical disintegration of 
hydrogen peroxide may be due to the appear:i.nce of 
additional initiation centres at the interface. 

As in the above examined reaction of heterogene
ous ZnO sensitization, the primary act of the process 
on an oxidized iron surface is the transformation of 
the energy of an absorbed gamma-quantum into 
electronic energy, with a definite "multiplication 
coefficient" for excitation of the electrons of the 
semiconductor-iron oxide. 

The elementary act of direct radiochemical sensiti
zation may be represented as nn initiation of the 
chain decomposition of hydrogen peroxide by super
ficially adsorbed oxygen or by the peroxide itself, 
which receives the excitation energy of the semi
conductor's electrons. 

Fe·Fe2021• H,0: -+ Fc·F~Os 

H202* ➔ Fe·Fe20 3 I + 20H 

Fe·Fc20 3 ]* 0 ~ Fe·Fe20sj* 

0 11105 Fe·Fe20 3 I + OH+ HO~ 

It would be useless to try to describe the mecha
nism of the process more definitely, as in the case of 
sensitization on zinc oxitle, because of the Jack of the 
required data. 

The fundamental scientific value of the said proc
esses of heterogeneous sensitization lies in that they 
obviate the necessity of direct ionization and dissocia
tion of molecules, which require energies of the order 
of tens of electron volts for the excitation of chemical 
reactions, needing instead only the excitation of semi
conductor electrons, which require only a few elec• 
tronvolts. 

Consequently, the processes of heterogeneous ra
diochemical sensitization open new ways for increas
ing the effective chemical action of nuclear radiations. 

IV. RADIATION CHEMICAL FORMATION OF OZONE 
AND NITROGEN OXIDES IN LIQUID OXYGEN 

AND NITROGEN-OXYGEN MIXTURES 

Of great interest are the reactions caused by the 
action of nuclear radiations in air, which lead to the 
oxidation of nitrogen and formation of ozone. T he 
appearance of powerful sources of nuclear radiation 
offers new possibilities of radiochemical nitrogen 
fixation. 

JQ,f(!S 

__,.o.-0---0-- 'IF 

~ ...... -------1 

ID 

figure 9. Dependence of the speod of decomposition of H.O• on 
the time of gommo irrodlolion under different conditions; Curve I, 
homogefteovs decon,position, f = l0°Cs Curvo II, homogeneous. 
decomposition, I = 25°C; Curve Ill, homogeneous docompo,ltion, 
f = 40°C; Curve IV, heterogeneous decomposition, f = 10°C (In 
th prennco of Fe · fe,0, ). Cvrves V and VI, heterogeneous decom
position, t = 2S°C ond 40°C respectively (in th• pro,onco of 

Fe• Fe.O,) 

The comparative simplicity of these reactions 
makes it possible to find out their mechanism and 
specific features and to connect them with the struc
ture of the reacting molecules. 

The invest igations of ozone formation and nitrogen 
oxidation in the condensed phase are interesting in 
the light of the possibilities of increasing the effect 
of radi:int energy absorption, and, perhaps, also of 
increasing the effective chemical action of irradiation 
by the specific transfer of electronic excitation energy 
in the condensation phase. 

T he effect of electronic action on the above-men
tioned substances in the gaseous phase is treated in 
a number of papers. In addition to the well-known 
works of Lind u and other scientists, the question of 
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,, 
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figure 10. The reversibility of the catalytic ond rodiation<hemlcol 
hotorogencous decomposillan of hydrogen peroxide (i• the presence 
of Fo • fe;i03}. Curve I, decompo1ition boforo irrcdiotion1 Curve 11, 
decomposition during gamma rodiatian; Curve Ill, decomposillon 

ofter lrradiotion 
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radiochemical ozone formation is treated in the latest 
work of Magee and Barton.16 

Pshezhetsky and his collaborators have made a 
study of the effect of gamma irradiation from Co60 

and an electronic beam (imitating beta-irradiation) on 
oxygen and nitrogen-oxygen mixtures in the con
densed state. 

Experiments have established that the yield of 
nitrogen oxides as the result of irradiation of liquid 
nitrogen-oxygen mixtures with electrons of 200-300 
kilovolts energy amounts to 1- 2 molecules per 100 ev 
of the absorbed energy. The simultaneous formation 
of ozone gives a yield approximating 15 molecules per 
100 ev. The same yield of ozone is produced by ir
radiation of pure liquid oxygen with gamma rays of 
Co00

• 

These high yields of ozone can be accounted for 
only by the assumption that excited molecules of 
oxygen are involved in the radiochemical reactions, 
as discussed in the quoted work.16 

These molecules may result from primary excita
tion and from recombination of the ions Ot and O 2-

formed by irradiation. 
The reaction of ozone formation from excited oxy

gen proceeds according to the following scheme : 

o. * + o. ➔ o. + 0 

0 + 0 2 + M ➔ Os + M 

where M is a thlrd body to take up excess energy. 
The state of 3Su• with energy 4.9 ev can be the ex
cited state involved. 

Possibly, it is in the liquid phase that the most 
favorable conditions occur for the transformation, 
transference and utilization of absorbed energy of 
radiation in the form of energy of excited molecules 
effectively usable in the chemical process. 

In this sense the radiochemical processes occurring 
in condensed systems resemble the processes of ra
diochemical sensitization discussed above. 

A study of the kinetics of this reaction has shown 
that, given a steady state, the rate constant of ozone 
decomposition exceeds the rate constant of ozone 
formation by approximately one order of magni
tude. This may be explained by a low resistance of 
ozone to electronic action. It could also probably be 
explained by the greater ability of ozone molecules to 
form negative ions, since their electron affinity is ap
proximately three times larger. 

The relatively small nitrogen oxide yields may 
evidently be explained by assuming that the excita
tion of oxygen and its ionization do not play an 
important part in this reaction, which is probably 
caused by the ionization of nitrogen. 

The use of electrons of controlled energy has 
enabled us to find the laws governing the reaction 
of nitrogen oxidation. 

In addition to the previously ~nown facts of nitro
gen oxide formation, the data on the kinetics of the 
oxidation of nitrogen at different 11ressures, mixture 
compositions and energies of the bombarding elec-

trons indicate that the formation of NO and N02 

result from the interaction of N; and N• ions with 
oxygen molecules. There can a lso be reactions of 
N-atoms with oxygen. 

T he velocity constant of nitrogen oxide forma
tion depends 011 the energy of the electrons in a simi
lar manner to the total ionization of ni trogen. 

Since chemical reactions under ionization are pro
duced by secondary electrons greatly differing in 
energy, the dependence of the velocity of radiation 
chemical reactions on the energy of the electrons 
acting on the molecules is very important. 

Evidently the speed of the reaction will depend to 
a great degree upon the character of the energy spec
trum of the electrons produced. 

As indicated by the authors of the quoted work' 8 

the radiation chemical reaction rate constant should 
be proportional to the product of the distribution 
function describing the energy of the electrons and 
the ionization function of the molecules, the positive 
ions of which produce the chemical reaction. 

The author's purpose was to demonstrate in this 
paper, on the basis of experimental material, the 
possibility of bringing about a substantial change in 
the effect of nuclear radiation, i.e., the possibility of 
changing the portion of the radiation energy absorbed 
by the system which assists in the production of chem-
ical processes. · 

The results of experiments such as those men
tioned in this paper, establish that ( 1) the energo
chemical yield of the radiochemical process may be 
greatly increased by using the methods of chemical 
and electrochemical fixation ( involvement in the 
chemical process) of the primary chemically active 
components of radiolysis (ions, radicals, excited mol
ecules) ; and (2) the method of sensitization and 
especially of heterogeneous sensitization by semicon
ductors, offers new ways of increasing the effect of 
the radiation, because of the more advantageous 
transformation of the energy of nuclear radiation 
absorbed by a sensitizer into a form which effectively 
stimulates chemical processes in the given medium. 

Methods of increasing the efficiency of the chemi
cal action of radiation and establishing the mecha
nism of radiation chemical transformations, indicated 
as a result of systematic experiments, have opened 
up new possibilities in the use of nuclear radiations 
for the producing of chemical processes. 
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DrsCUSSION 

The Cn1lllU>1AN: This session is devoted to a dis
cus!iion of fhe effects of radiation on liquids. This 
subject, as you know, is of interest to ~ nu~ber of 
different groups of scientists and for d1ffenng rea
sons. There is the fundamental interest in the mech
anism of the primary and secondary effects of reac
tions induced by absorption of radiations on the one 
hand and their relationship to other known mech
anisms of reaction on the other. There is the practical 
interest of nuclear engineers and reactor designers 
in the decomposition of the moderator and cooling 
medium. The biological effects of absorption of r:i.dia
tion are also a consequence of reactions occurring in 
the liquid phase. The future use of radiation, either 
from reactors or from fission waste products, to in
duce nonnal chemical reactions of technological im
portance, will be possible only when a clear under
standing of the nature of the interaction of radiation 
with liquids is achieved. Whilst most of the studies to 
date have dealt \\ith aqueous media, increasing atten
tion is now being given to partly or wholly organic 
systems. Here again the interest is both theoretical 
and practical, to understand the reactions, to make 
new compounds or known compounds by new meth
ods, and to develop new materials for reactor cooling. · 

Mr. A. 0. ALLEN (USA) presented paper P/738. 
Mr. C. J. H oc!IAXADEL (USA). presented pa

per P/739. 

DISCUSSION ON PAPERS P/738 AND P/739 

Mr. E. SAELAND (Norway) : I would lik1: to pre· 
sent in a few words the results obtained by Mr. 
Ehrenberg and myself concerning the oxidation of 
the ferrous system and referred to _by ~Ir. All~n in 
his excellent survey paper. The ox1dat1on efficiency 
of a number of particle radiations resulting from the 
reactions of pile neutrons with different elements 
added to the ferrous solution was examined and the 
G value plotted against the ion density of the radia
tion. 

ln Slide l we have plotted the G values against 
lhe ion density expressed as ion pairs per micron. 
If we start at the extreme right, point No. 10 repre
sents the action of fission fragments: No. 9 is our 
result £or alpha particles from the slow neutron reac
tion with boron; No. 8 is the data of Miller for 
polonium-alpha rays; No. 7 is our result for protons 
from the (n,p) reaction on nitrogen; No. 6 is our 
result for triton~ from the ( 11,a) reaction on lithium; 
No. S represents two data for the beta radiation 
from tritium, the higher value by Hardwick, the 
lower by Hart; No. 4 is our result for 180 kv X-rays ; 
No. 3 is an old value from Hardwick's investigation 
of the beta rays from sulphur-35; No. 2 i5 the rc
~ult obtained with the synchrocyclotron at Uppsala 
giving 100-million volt protons; No. 1 is some of 
the gamma G values for the ferrous system. 
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I think the higher values of numbers l and 3 
should now be disregarded so that the curve might 
have a maximum and then decrease somewhat in 
the way indicated. 

It might be added that a different dependence of 
the C values on ion density was found for the reduc
tion of cerium ions. 

A confirmation of our tentative curve might be 
important not only for dosimetry but also for theo
ries of the action of radiations on solutions. 

Mr. M. HAISSINSKY (France) : J should like to 
ask Mr. Allen two questions. The first is: would 
he kindly explain what he means by the negative 
value of the E yield? Is not that just anot4er way of 
saying that, not only is the value of E not constant, 
but e,·en the value of F may vary? 

lVTy second question is this. I recently had the op
portunity of a long discussion with Mr. Hugo Fricke, 
the fatl1er of activated water, during which he laid 
great stress on the following question: did I be
lieve that in 1955 a correct explanation of at least 
the broad outlines of the radiation chemistry of 
aqueous solutions could be given by assuming that 
the water is decomposed into H and OH radicals? 
T venture to ask Mr. Allen the same question. 

Mr. ALLEN (USA): In answer to the first ques
tion, Mr. Haissinsky is quite correct. [ think, as in
deed I stated during my talk, that as one changes the 
concentration in the solution of oiddizing and re
ducing agents the values of the molecular yield of 
hydrogen as well as hydrogen peroxide may change. 
that is to say the values of F and E may change, and 
the value of E may become in some cases negative. 

As to your second question, J· think it probable 
that nearly all the observations of importance in radi
ation chemistry of dilute aqueous solutions can be 
explained by radicals H and OH. There are still some 
anomalies which will require some modification in 
the present form of theory. Also, I am sure that you 
must eventually take into consideration e.xactly how 
the H and the OH are formed, that is, what are the 
processes leading up to the formation of H and OH. 
It may become necessary to investigate these pre
liminary processes in more detail, in order to have a 
better understanding of the whole picture, but I think 

we can say we have done very well so far with this 
theory ot H and OH. 

Mr. R. P. HAMMOND (USA): I would like to 
ask Mr. Hochanadel whether his e..xperiments show
ing liquid phase recombination eliminate the possi
bility of wall catalysis. 

Mr. H ocHA>rADEI. (USA) : While there is a slight 
decrease in pressure on heating the ampoules after 
radiation, this was a low rate relative to the induced 
rate. The higher the temperature the less accurate 
the results become. 

Mr. H. de BRUYN (The Netherlands): I would 
like to ask this question of Mr. Allen. \i\'ith regard 
to the reaction No. 5 which he mentioned in the 
theory of the decomposition of water by irradiation, 
l am informed that this reaction can be promoted by 
hydrogen ions. Docs this mean that the decomposition 
rate of water is a function of the pH value? 

Mr. AU.EN (USA): If you refer to the reaction 
we write as H + 0 2 = HO~. I do not think this 
docs depend upon the hydrogen ions. I think it is 
probably very fast whether the hydrogen ions are 
there or not. 

Mr. de BRUYN (The Netherlands) : I believe it 
is in a publication of Prushkivin of the USSR who 
has worked in this field, and that it has to do with 
the following reaction: H ions produce H1 positive 
ions. These H 2 ions react with oxygen forming HO, 
radicals plus H ions, and in that case you have an 
interaction of the hydrogen ions in this mechanism 
in the formation of H O2 radicals. 

Mr. ALLEN (USA) : I do not think we agree with 
Mr. Prushkivin as to either the facts or the interpre
tations of them. I think this will require a little more 
work both in America and Russia in order to clear 
the question up. 

1\lr. V. N. KoNDRATYEv (USSR) : I should like 
to ask Mr. Hochanadel a question. You postulate 
one mechanism at low temperatures at 25°C, and 
another at 250°C. In one mechanism a constant con
centration of hydrogen peroxide is maintained by 
the interaction of hydrogen and hydroxyl radicals 
with molecules of H 20 2• At high temperatures, the 
HOz reaction plays the fundamental part in the 
decomposition of the hydrogen peroxide. What 
grounds are there for thinking that hydrogen and 
hydro,-.---yl radicals do not play a part in the decom
position of hydrogen peroxide at high temperatures? 
Are there an}' data over and above the kinetic for
mula which you adduced? 

Mr. HocTIANAD'EL (USA): There is really no rea
son other than kinetic results to postulate the mech
anism as it is, except that the concentration of per
oxide is certainly less than 1 micromolar, especially 
as the inleraction of these radicals is believed to be 
small. Also, if some of those reactions of H and OH 
and peroxide were to occur, this would lead lo a chain 
reaction. The observed results certainly indicate that 
there is no chain reaction, and for those reasons I: 
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eliminate the reactions of the oxide and peroxide at 
high temperatures. 

Mr. M. MAGAT (France) presented paper P /363. 
Mr. V. N. KoNDRATYEV (USSR) presented 

paper P /683. 

DISCUSSION ON PAPERS P/363 AND P/683 

Mr. J. W. T. SPINI<S (Canada): I would like to 
make a comment on some of the radiochemical work 
on solutions, particularly aqueous solutions. Some 
speakers mentioned that chain reactions can occur, 
and one quantity of importance when chain reactions 
occur is the mean lifetime of the free radical chain. 
I would like to mention that we have recently de
termined the mean lifetime of some of these free 
radical chains by using the old photo-chemical 
method of intermittent irradiation. In the case of 
intermittent irradiation from, say, gamma rays, in
stead of using a thin sector we must use·a steel sector, 
for example, fourteen inches or so long, with slots 
in it. By using this method one may determine, for 
example, the mean lifetime of free radicals produced 
in chloroform oxidation to be about one second, and 
in the case of chloral-hydrate reaction in solution 
about one-tenth second. 

I would like to ask Mr. Kondratyev whether ex
periments of this kind have been under way in the 
Soviet Union. 

Mr. KoNDRATYEV (USSR): Such experiments 
have not been carried out yet, but they are planned 
and will be carried out. 

Mr. R. F. S. ROBERTSON (Canada) presented 
paper P /7. 

Mr. J. WRIGHT (UK) presented paper P /445. 
Mr. L. Y. SuvoROV (USSR) presented paper 

P/679. 

DISCUSSION ON PAPERS P/7, P/445 AND P/679 

Mr. E. ROTH (France) : I should like to ask Mr. 
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Robertson for a few more details on the phenomenon 
of mass transfer. At what temperature does it begin 
to be important, and does Mr. Robertson think that 
it would occur in aluminium also? 

A second question : in the experiments you men
tion, the recombination of hydrogen and oxygen 
takes place by catalysis on the walls, which, how
ever, arc of stainless steel. You have already made it 
clear that this phenomenon occurs by catalysis when 
the walls have been previously reduced. Do you think 
that aluminium could have a similar action in hy
drogen/oxygen recombination catalysis? 

Mr. ROBERTSON (Canada): In answer to the first 
question, I do not know 0£ any lower limit of the 
temperature at whicl1 this fast transfer effect takes 
place. O ur work has been done at about 250-260°C 
and higher. As far as the effect occurring on alu
minium is concerned, I do not think you would find 
it nearly to the extent that you find it in stainless 
steels, for instance. 

As to your second question-and in it I assume 
you are speaking of thermal recombination-there 
again I think the difference in rates found depends 
on the nature of the oxide. In one case it is Fe3O., 
in another case Fc2O3, and I think it is due to ad
sorption of hydrogen on the surface that causes the 
catalytic effect, and again I do not think one finds 
this effect on aluminium. 

Mr. ALLEN (USA): With respect to the work 
of Dolin and Ershler, M r. Hochanadel and I are 
pleased to find confirmation of many of our results 
in the work of these authors. The very interesting 
new result which they announce, the eventual de
crease of the hydrogen pressure as the oxidation con
centration is increased, can perhaps be explained bv 
the decrea-se in the rate of primary formation of 
molecular hydrogen as the oxygen is increased, which 
has already been shown by Hochanadel and Ghorm
ley with oxygen at pressures below 1 atmosphere, 
and one might expect this effect to continue as the 
oxygen concentration is further raised until very little 
hydrogen is produced at 'all. I think this is probably 
the explanation of this very interesting observation. 
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The Theory of Lattice Displacements 
Produced during Irradiation 

By Frederick Seitz and J. S. Koehler,* USA 

The study of the changes produced in solids dur
ing irradiations has two broad aspects. One is con
cerned with the qualitative classification of the types 
of damage, whereas the other is concerned with the 
quantitative evaluation of effects under the most 
simple and fundamental conditions attainable in order 
to obtain as good an understanding as possible of the 
underlying mechanisms. Both aspects of the subject 
arc essential parts of it, the first not only because of 
the interest to engineering and general chemistry, 
but hccaus(' it serves to delineate the boundaries o[ 
the field and provide one with a qualittttive feelin({ for 
its domains. On the other hand the second part serves 
to provide the link with other areas of atomic phys
ics and form the basis of understanding from first 
principles. 

T n the present article we shall attempt to restrict 
attention to the fundamental and quantitative aspects 
of the subiect. This procedure obvio11slv requires no 
apology: however. it is hoped that the nrocess of 
sifting the rather vast literature in the entire field in 
such a way as to focus attention on that oart of the 

. work which can be discussed in quantitative terms 
will serve to stimulnte more research of this kind. 
It aooean; that the field will strenj!then our under
standing of the imperfections in solids 2 onlv if this 
part of the study of radiation effects continues to 
receive serious attention from the leading investi
gators. 

As a second restriction, we shall focus primary 
attention on the changes induced by light charged 
particles such as electrons. protons, deuterons and 
alpha particles.t Studies with particles of this type 
seem subject to somewhat more control than those 
centering about use of neutrons and fi ssion fra~rnents 
and are on the whole as representative as the latter. 
It is probable that research in reactors can be made 
almost as quantitative as that with accelerators: how
ever, it is necessary to employ cryogenics and care
ful calibration of neutron fluxes to achieve compara
hle results and this is not done broadly at the present 
time. A reactor is relatively easy to use for qualita-

"'University of Illinois. 
t The advantages of studies made wjtlt p:trticlcs of this 

type were first appreciated by the group working at North 
American Aviation, Inc., in particufar ,v. E. Parkins, H. 
Yockey and M. M. Mills. Prior to this interest centered on 
the chnnges induced by neutrons and fission fragments. 
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tive, general s tudies and most of the work has been 
of this nature. In any event, sufficient attention will 
be devoted to the behavior of atoms which are 
knockt:d on by fast neutrons to make the theory use
ful to anyone desiring to employ it. 

BEHAVIOR OF THE SOLID TYPES 

The four basic solid types, namely molecular, ionic, 
metallic and valence crystals behave in rather dif
ferent ways under radiation bombardment and it is 
worth bearing the differences in mind. During bom
bardment with energetic charged particles, Fig . 1, 

INCIDENT PART ICLE 

E LECT RON A NO 

T HERMAL SPI KES 

P RO GENY 

Ed-25• v 

f igure 1. Schematic representation of the effects p roduced by an 
incident cllarged porlid•. Most of tho onor9y is 'cliuipalecl In th,o 
exdtot!on of the orbital electroos, prod11clng electron ,pikes. Small 
fraction, of th e order of 0.1 per cent, Is expended In stimu la ting 
lattice vibrat ions o• a result cf coulomb encounters b etween the 
incident particle and the nude! of the 101id. O«asionally one of 
the coulomb enco11nters is ,ufflciontly close that o n enorgy in excess 
of tho thruhold E., near 25 ev, Is transmllred a nd on ato m is dis• 
pieced. Tho displaced atom may produce secondary displaced 

atoms if it receive, enough kinetic energy 

most of the energy of the particles is dissipated by 
electron excitation, the residual amount being only o f 
the order of 0.1 per cent. This part o{ the energy 
transferred appears to h:we the predominant effect in 
molecular crystals and the simpler ionic solids, such 
as the alkali halides. . 

In organic, or molecular crystals, the individual 
molecules are relatively isolated from one another so 
that the atoms within the molecules relax rapidly 
when the electronic state is dmnged. For example, 
there is ample evidence that free radicals are intro
duced and bonds rearra nged principally as a result 
of electron excitation. Such excitation can also be 
induced by p11otons and cathode rays so that the im
portance of massive fast particles becomes secondary. 

The experimental studies using the alkali halides 3 

particularly the chlorides, bromides and iodides dem
onstrate that the energy of electron excitation may be 
converted into atomic displacement with faiily high 
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efficiency near dislocations and possibly other im
perfections. Harten,• for example, has found that it is 
possible to produce an F-ccnter near room tempera
ture in KC! with an average expenditure of 60 ev 
with X-ray irradiation, whereas values near 1000 ev 
are adequate even at helium temperature. Thus the 
energy transferred to the electronic system by the 
incident particles and then transmitted through the 
crystal to the dislocations in the form of electrons, 
holes and excitons probably induces the dominant 
changes in crystals of this type at least at low tem
peratures. Nuclear reactions can play an important 
role, of course. It is essential that the recombination 
energy of electrons and holes be substantially larger 
than the energy required to form lattice defects such 
as vacancies and interstitial atoms if electron excita
tion is to have this effect. It is possible that this is 
not the case in other ionic solids which contain ions 
with charges larger than unity and electronic absorp
tion spectra nearer the visible than those of the alkali 
halides. 

Although electrons, holes and excitons probably 
have long ranges in valence crystals such as diamond, 
silicon and germanium, one might not expect the 
conversion of electronic energy into displacement 
near d islocations in these materials because the en
ergy of recombination of electrons and holes is not 
large compared with the heat of formation . Actually. 
significant displacement effects have been oh5erved in 
these solids only when radiations which actually can 
knock atoms out of position are employed. 

The conduction electrons in most good metals are 
so loosely coupled to the lattice that one ma? expect 
poor conversion of excitation energy from them to 
the lattice. Electrons of the d and f type form a pos
sible exception and merit special theoretical and ex
perimental study. In any event there seem to be no 
known cases in which damage related to lattice dis
placement has been observed to occur in metals purely 
as a result of electron excitation. 

It is useful to note that fission neutrons, which 
have energies near 1 Mev on the average, do not 
impart sufficient kinetic energy to atoms of atomic 
number larger than about 10 to cause them to lose 
energy by electron excitation. Instead such atoms lose 
practically all of their energy by colliding with other 
atoms. Thus selected precise studies in reactors 
under carefully controlled conditions may have value 
unattainable by other means. 

The energy of sublimation Ee of a typical atom or 
ion in a tightly bound solid is in the neighborhood of 
5 ev. Since atoms sublime from the Sttrface, where 
approximately half of the binding forces active in the 
interior are operative, it can be concluded that the 
energy required to remove the typical atom or ion 
from an interior site in an adiabatic or reversible 
manner should be nearer 2E0 • If, however, the ato~ 
is removed and forced into the lattice in a highly 
irreversible way, as when it is struck by a fast inci
dent particle, an energy at least of'the order of 4£

0 
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should be required. On the basis of reasoning of this 
kind, the conclusion was drawn during early research 
in the field that an energy E4 near 25 ev should be 
required to displace an atom permanently from a 
stable site in a well-bound solid ( Fig. 1). We shall 
see later that the existing evidence indicates that this 
is the proper order of magnitude. 

THE SIMPLE THEO RY O F DISPLACEMENT 

Number of Primary Atoms Displa ced 

Non-Relativistic Calculation 

The number of primary atoms displaced by an in
cident particle of ch_arge Z 1 and mass M

11 
having the 

energy E, in traversing a distance dR through a 
solid is 

(1) 

Herc no is the number of atoms per unit volume and 
<1~, w~ich is the cross section fo1· displacement, is 
given m the form 

'Y/ 

""' = E 

in the non-relativistic case where 

4 ~ M, z,2z,2R.2 

'Y/ = -rra,,·-.;, E 
ivi 2 II 

(3) 

Here Z2 and M 2 arc the charge and mass of the 
stationary atom, R,. is the Rydberg energy and ah is 
the Bohr radius. T hus the total number of atoms dis
placed when the incident particle traverses a distance 
t:.. R, so that its total range drops from R 1 to R1 
t:..R is . 

f .Ri dR 
n = 1io'Y/ E 

R,-6R 
(4) 

Two interesting cases to consider are that in which 
A.R = R,, so that the lower limit of integration van
ishes, and that in which t:,.R is small compared with 
Ri. The two cases evidently correspond to a thick and 
thin target respectively. If we employ the approxi
mate relation R (E) CE2 we readily find that in 
the first case 

.,, 'y 
n(thick) = n 0R 1 -E - -

1 
(S) 

1Y-

in which _f:, and R 1 are the initial energy and range. 
The coefficient y/(y- 1) represents, in effect, the 
amplification of the initial rate of production of dis- · 
placed atoms resulting from the decrease in velocity. 
In the thin case we find, to quadratic terms in t:..R, 

( . ) 11 [ 1 1:,.R 1 v + 1(1:,.R) 2] 
1l thin = n0 t:,.R Ei I + Zy R + 6 ~ R 

(6) 
Relativistic Case; Fast Electrons 

T~1e range of charged particles becomes nearly pro
portional to the energy in the relativistic region of 



THEORY OF LATTICE DISPLACEMENTS 617 

Ou-

, u 
E(MEV)-

Figure 2. The di,pla<ement era .. section <T, far carbon, coppgr and 
germoniuin under electron bombardment evaluated on the assu11p
tfon th<1t E• i• 2S ev In the flm two coses ond 31 ev in the third. 

The horizontal arrows indicate the asymptote, in the thro• co••• 

speeds, for v/c approaches unity and the principal 
source of variation in rate of loss of energy through 
electron excitation arises from the relativistic de
formation of the shape of the field of the moving 
cha~c. 'vVe shall be concerned principally with elec
trons having energies between 0.1 and about 3.0 Mev. 

Katz and Penfold have found that the range of 
electrons satisfies the relation 

R (mg/cm') = 412E0 -m...o.om In Bl (E in.Mev) (7) 

in the region near and below 2.5 Mev. Above 2.5 
Mev, Feather's linear rule 

R(mg/cm') = 530E(Mcv) - 106 (8) 

becomes satisfactory. It is to be emphasized that 
range-energy relations do not have as precise a 
meaning for electrons as for heavier particles be-
cause they are scattered strongly, at least in the 
region of energy interesting to us. 

A relatively common situation irwolving electron 
bombardment is that in which the thickness of the 
specimen is sufficiently small that ""' remains finite 
thrOtt!!hout the specimen, that is E remains larger 
than the threshold value E 1 (see Fig. 2). This is not 
true in e.,perirnents designed to determine the thresh
old energy when E actually is close to E,, but is true 
when the initial energy is well above Et. In such 
cases, it is often satisfactory to replace the actual ex
pression for ad over the range of energy of interest 

. by a linear expression of the form · 

R -R' 
a(R) = a(R,) R, - R' (9) 

in which o(R) is the cross section when the range is 
R, R, is the initial range, a(R1 ) is the initial cross 
section. that is for the entering particles of energy 
E

11 
and R' is to be adjusted to give the best fit oi the 

Ot1(E) curve over the range of interest. The param
eter R' evidently would be the range associated with 
the threshold energy E, if o(R) were accurately 
linear above the threshold. 

Whenever Equation 9 is valid, the number of pri
mary atoms displaced per electron is given by 

in which Ro is the residual range after penetration, 
so that R, - Ro is the thickness. 

Number of Secondary Atoms Dislodged per Primary 

Let us consider the number of secondary atoms 
dislodged from the lattice by a primary atom which 
has in turn been dislodged by the incident particle. 
The solution of this problem is highly important for 
the understanding of radiation damage whenever the 
incident particle possesses sufficient energy to pro
duce prim:iries with energies well in excess of Ed. 

Hord Sphere Collisions 

We shall proceed under the assumption that the 
atoms of the lattice may be treated as though they 
can be released if and only if they receive a thresh
old energy Ea, which is independent of the direction 
in which they are struck. This is equivalent to assum
ing that each atom is bound in a simple square-well 
potential trough. We shall also assume, at least ini
tially, that the primary atom is moving sufficiently 
slowly that it is scattered isotopically in collisions 
with the stationary atoms. The condition for such 
scattering is 

,, = 4Z z Rh a1 > 1 
l> 2 E' a' (11) 

in which E' is the energy of the primary particle, Z 2 

is the atomic number and a' ~ ah/2Z/h. Equation 11 
is valid for energies as large as 105 ev for values of 
Z 2 near to or larger than 30. 

The problem of determining the number of second
ary atoms produced per primary can be solved in 
several ways when these simplifying conditions are 
valid. We shall use a method based upon a proce
dure introduced by Snyder and Neufeld.5 Let us 
designate by g(x) the total number of atoms which 
are displaced when a primary atom is produced with 
an energy E = x E"' in excess of that required · to 
release it from its bonding forces. The quantity g 
includes the primary atom as well as the secondaries 
it produces, so that its least value is 1. As long as the 
collisions are isotropic, an atom having initial energy 
E, has equal probability of being found in any range 
of energy dE extending from zero to E 1 after an 
elastic collision with another atom of the lattice. Thus 
the probability of being found in the range dE is 
dE/ E ,. The first atom wiU produce a secondary atom 
with an energy E 1 - (Ei + E,1.) if the energy of the 
first is E, after the collision. The total number of 
particles g(x1 ) produced by a given atom of energy 
E, = x,Ed can be expressed in terms of the number 
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9(x2 ) which it will produce after the collision, and 
the number g(x, - :,;2 - 1) which the atom it re
leases in the collision will produce. Here x 2 = E2/ Ed 
where £ 2 is the energy of the first atom after the 
collision, and x 1 - .x-2 - 1 = y is the energy of the 
displaced atom, also expressed in units of Ed, The 
relation between 9(.x-1 ) and the other quantities is 

This is the primary equation of Snyder and Neufeld, 
which they solved by methods of approximation ap
plicable to integral equations. 

We shall proceed in an alternative way by differ
entiating Equation 12 with respect to .x-1 to obtain 
the equation 

dg(.x,) g(x, -1) 
~ = :,; l (13) 

It is dear that 

g(x,) = l 
for the initial atom is not able to produce a secondary 
if its energy is less than £4. Jf this solution is in
serted into the left hand side of Equation 12, we 
find 

g(x1) = 1 + log x1 (14) 

The solution of Equation 12 may be obtained nu
merically for values of .x-1 greater than 2 and is shown 
in Fig. 3 for values extending to .x-1 = 5.0. Beyond 
this the relation is very accurately linear and may be 
approximated closely by the relation 

( 15 ) 

The primary displaced a toms are distributed in 
energy in accordance with a factor C/(E + Eb)2, 
that is in a manner proportional to 1/(x, + 1 ) 2 cor-

I oCx> :i.o 

2D 

0 

figure 3. The number of atoms displaced 'per primary, g(x/, as a 
furn.lion of the energy of the prlmo,-y ln units of Ed. The dotted 
line rcpresenh the extrapolation of the csse•tiolly linear portion 

of the curve above x = 3 to negative values of x. (See text) 
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responding to Rutherford collisions. The average 
value of g(x1 ), weighted with this factor is found 
to be 

- 0885 Q"61J Xn, + l " = . + .:, og -4--

(16) 

in which .i-m is the maximum value of .x-11 namely 

4M,M, E 
(M, + M2)' Ed 

(17) 

Here M , and E are the mass and energy of the inci
dent particle and M2 is the mass of the atoms of the 
lattice. vVe may note that v varies slowly with x., 
and is relatively insensitive to the quantities which 
enter into Equation 17. In the case of copper bom
barded by 12 Mev deuterons, x- is 5.64 X 10• if Ed 
is taken as 25 ev. The corresponding value of ; is 
6.23. It is interesting to note that the entire range of 
x contributes significantly to Equation 16. 

Rutherford Range 

The foregoing evaluation of; rests on the assump
tion that the collisions are in the hard-sphere or 
isotropic range. Actually the range of x near x.,. may 
correspond to energies in the Rutherford range .. In 
the case of 12-Mev deuterons in copper just consid
ered, for example, the value of E' for which the left
hand side of Equation 11 is unity is E,' = 2.72 X 10• 
ev, whereas E,,, the maximum energy of the primary 
knock-ons is l.41 X 106 ev. which is larger than E,' 
by a factor of about 5. Fortunately this fact is not of 
great consequence in most important cases. This may 
be shown in the following way in the present in
stance, in which the scattering is viewed classically. 

Since the nuclei are screened by electrons, distant 
collisions do not produce significant scattering. The 
critical distance of approach is given by the parameter 
a' = ah/2Z2½. The energy transferred from the mov
ing atom to the stationary when the collision param
eter has this value would be 

if the field were perfectly coulombic. The energy is of 
the same order of magnitude when the field is screened. 
Thus E4- is far larger than Ea unless (;' is very small 
compared with uni ty. As long as E 0 - is larger than 
4£., the secondaries produced by the primary pos
sess values of g{.t:2 ) which lie in the linear range of 
Equation 15 and the total number of progeny pro
duced by them will depend only on the total amount 
of energy transferred to them by the primary. Thus 
the function g(x,) for the primary may be extended 
linearly in the manner of Equation 15 from the value 
of .1·1 for which (;' = 1 to the value for which E,., 
drops to 4Ea. The correspqnding value of E' is 

E1 - z•R·(a•,)2 R 0 
- ·• Ed a' 11 (19) 
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This is of the order of 108 ev for copper and hence 
much larger than the values of E., to be expected in 
bombardment with light nucleons having energies in 
the range of 10 Mev. On the other hand, Equation 19 
is about 108 for a substance with atomic number 10; 
hence the coulomb range must be given more ex
plicit attention in materials for which Z 2 ~ 10. 
Fortunately, 1t can be shown that Equation 16 is 
valid to a fair degree of approximation even in these 
cases, provided the primnry atoms do not enter the 
ionizing range. 

Whenever tbe energy of the primary exceeds that 
of Equation 19 we may regard the primary as an 
incident particle and use Equation L6 to determine 
the average number of progeny derived from each of 
its secondaries. Now Equation 16 may be placed in 
the form 

_ x,. + 1) 
v = 0.561 ( log 4.85 + lo~ 4 

(20) 
= 0.107 + 0.561 log (x.,, + l) 

Thus to the extent the first term is negligible, Equa
tion 16 has very nearly the same value it would have 
if Equation 15 were valid for the range of .i·, extend
ing down to ~'i = 0. Hence the secondaries produced 
by the primary in the coulomb range for which E' 
exct.-eds Equation 19 behave closely as if the number 
of progeny they produced were determined entirely 
by the net amount of energy they receive, that is by 
the energy lost by the primary in heing slowed to 
energy Eo'. To summarize, Equation 15 and hence 
Equation 16 can be used to good approximation even 
when E' exceeds Equation 19. 

Ronge of Electro n Excitotion 

It is evident that Equation 16 cannot be employed 
if s,. attains so large a value that the moving atom is 
able to excite the electrons of the lattice. This condi
tion is particularly important in light materials. For 
example a 109 ev atom with mass M: = 20 is equiva
lent to an electron with an energy of about 25 ev, 
which can dissipate a major fraction of its energy in 
e.xciting electrons in most solids until it is slowed 
below the critical threshold for the excitation proc
esses. In general such cases may be treated by re
placing .-rm in Equation 16 by the value of x for which 
electron excitation ceases. 

Estimotes of the Number of Displacoments ond 

Disordered Atoms 

,ve are now in a position to derive expressions for 
the total number of displacements Nd produced by a 
given amount of radiation. The hasic equation for the 
number of displacements is 

N 4 = .. »<f, (21) 

Here v is the number of displaced atoms produced 
for each primary displacement, 1l is the numl.,er of 
primary displacements per incident particle and 9 

is the t otal number of incident particles. It will be 
assumed that 4> is determinable from knowledge of 
the experimental arrangements, so that v and 11 are 
the quantities of principal theoretical discussion. 

We have derived relations for n earlier on the 
assumption that there is a well-defined threshold 
energy Ed for displacing an atom. The cross section 
ad, given by Eq11ation 2 is obtained on this basis and 
is reasonably precise within the limitations of this 
assumption. 

Presumably the critical energy required to displace 
an atom from its normal position in the lattice to 
another metastable position depends both on the di
rection in which the atom starts to move as a result 
of the collision with the incident particle and upon 
chance fluctuations in the vibrations induced during 
displacement which determine whether it remains in 
the new position or is drawn back to its odginal site. 
The them1al spike associated with the displacement, 
having energy of the order of Ed, may induce sig
nificant diffusion and hence have the effect of guar
anteeing that the probability of displacement varies 
continuously from zero to unity oYer a range of 
energy, instead of increasing abruptly. 

-Similarly, we might expect ambient temperature to 
play a role in determining the separation at which 
close Frenkel pairs are stable and hence influence 
the threshold energy. The influence of ambient tem
perature presumably could be ascertained by measur
ing the threshold energy for producing displacements 
with cleclrons al liquid helium and nitrogen tem
peratures; however, it would not be easy to determine 
the influence of the direction of displacement and 
thermal spikes on purely experimental grounds. As a 
result it seems wisest to employ the results of the 
simple theoretical treatment involving a well defined 
threshold energy until evidence may arise which indi
cates that this procedure is significantly in error. 

\Ve may expect the parameter--;; to be unity (or 
less) whenever the incident particles arc electrons 
with energies near threshold since the primary dis
placed atoms then have insufficient energy to displace 
others. The derivation of v in other cases involves 
various assumptions. The problem is simplest if we 
assume that secondary atoms are freed only by direct 
impact with the primary atom or one o-f its progeny 
and then only when at least the threshold energy Erl 
is imparted. We saw in the previous section (Equa
tion 16) that this hypothesis leads to a value of i 

near 6.0 fo r a typical incident nucleon. There are 
good semi-quantitative reasons, based on the theory 
of thermal 5pikes, which is not presented here, to 
suppose that additional disarrangement occurs in the 
displacement spikes and that the primordial Frenkel 
pairs a re able to migrate to some extent as a result of 
the thermal pulses. 1n accordance with the point of 
view mentioned above, we shall not attempt to make 
quantitative estimates of the effects originating in the 
relatively large temperature spikes but shall proceed 
as if the s imple theory were correct and allow the 
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discrepancies to give us a clue concerning thermal 
effects. The latter should be relatively small in cases 
in which displacement is produced by electrons with 
energies near the threshold value. Thus a comparison 
of the damage produced by light nucleons and by 
electrons, using the simple theory as a medium for 
the comparison, should give some insight into the 
importance of displacement spikes. 

Similarly, we shall ignore possibly significant ef
fects derived from spikes of electron excitation be
cause it is so difficult to estimate the magnitude of 
such effects. Detailed comparison between experi
mental results and those derived from the simple 
theory may make it necessary to revise this proce
dure. The simple theory seems to give a good ac
count of the behavior of ,,a]ence crystals, such as 
germanium; however, there are unresolved discrep
ancies in the case of metals. 

BEHAVIOR OF METALS 

Introduction 

Much information concerning the behavior of the 
primary lattice defects which occur in salts can be 
obtained by investigating electrolytic processes and 
optical absorption in pure and intentionally contami
nated salts. 3 Powerful techniques of this type do not 
appear to be readily applicable to metals. There re
mains the hope, however, that similar insight may be 
obtained in the case of metals by combining studies 
of diffusion and rapid quenching with those of radia
tion damage. This hope has not yet been completely 
achieved even in relatively simple metals, not because 
of the lack of experimental studies of radiation ef
fects, but because the interpretation of the experi
mental results has been obscured by complexities. In 
brief, many of the properties observed in the course 
of irradiation seem to be coupled with aggregates of 
imperfections and it has not yet proved possible to 
disentangle such properties from those associated 
with isolated interstitial atoms or vacancies. On the 
whole it would seem that experimental observations 
must be extended to purer specimens which have 
been bombarded at lower temperatures and have been 
subjected to lighter irradiations before the picture 
can be unravelled. J t may also prove necessary to ex
tend the types of observations which are made. 

Thus far copper has received the greatest attention 
among the monatomic metals because it can be ob
tained in relatively pure form, can be fabricated in 
various ways, and has been the object of extensive 
experimental and theoretical research. The investiga
tions carried out with other metals have not indi
cated in any way that copper is inferior as a reference 
substance. Gold can be procured in somewhat purer 
form than copper, which makes it more ideally suited 
for quenching studies of the type developed by Kauff
man and Koehler; however copp,er is somewhat easier 
to handle theoretically. In any event, the investiga
tions do seem to show that even 4nder the best cir
cumstances radiation damage becomes comparatively 
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simple only when extreme physical conditions are 
achieved, for example, when bombardments are made 
near helium temperatures. Appreciable changes oc
cur during and following radiation at higher temper
atures as a result of migration arising from thermal 
fluctuations. Even liquid nitrogen temperature does 
not provide complete stability from the influence of 
ambient fluctuations in the metals which have melting 
temperatures near 1000°C, although it is possible that 
such temperatures would be adequate for metals 
which have much higher melting points. 

Unfortunately relatively little is known about the 
effect of impurities and structural imperfections such 
as dislocations and grain boundaries upon the course 
of radiation damage. One would expect such imper
fections to play a very minor role in determining 
the number of atoms which become displaced during 
bombardment because the incident particle and the 
primary displaced atoms are sufficiently energetic 
that they should displace atoms situated at various 
positions primarily at random. On the other hand, 
the imperfections could play a very important role at 
a later period of time when conditions :ire such that 
the lattice defects produced by displacement migrate 
through the crystal. That is, they may play an essen
tial role during a stage in which radiation damage 
anneals. 

The changes induced in a1loys by bombardment 
have received particular attention, especially in cases 
such as Cu3Au, Ni,Mn and CuZn in which the alloy 
exhibits an order-disorder transition. Experimental 
evidence shows that such alloys become disordered 
as a result of bombardment if they are ordered ini
tially, provided the specimen is maintained at ·suffi
ciently low temperatures during bombardment. The 
disordering produced in such alloys is far greater 
than one should expect from displacement alone and 
that an explanation must be sought in terms of events 
which occur in displacement spikes or possibly elec
tron spikes. We shall defer further discussion of this 
topic until the next section. 

Theoretical Treatment of the Scattering of 
Conduction Electrons 

Several general methods have been used to study 
the damage produced in pure monatomic metals. 
namely those based on measurement of electrical 
resistivity, lattice expansion and stored energy during 
annealing·. The first method is by far the most popular 
because of its inherent simplicity and will be em
ployed here as the basis for most of the discussion. 
The other procedures provide valuable additional 
information in special cases and, indeed, may eventu
ally prove to be at .least as important. 

The greatest drawback to analyses based on re
sistivity measurement rests upon the fact that there 
is no indepe.ndent experimental method of determin
ing the cont ribution to resistivity arising from a pair 
of Frenkel defects or from other imperfections in
duced by irradiation. There have been several at-
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Tobie I. Calculated Values of the Increment of 
Resistivity Arising from One Per Cent of 

Vacancies and Interstitial Atoms 

(After Jon9enbur9er and Blatt. In Units of f'O-cm) 

t::,.p 

Vacande.s 

Cu 
1.3 

Ag 
1.5 

Au 
1.5 

Interstitials 

Ap 
Cu 
1.4 

tempts to remedy this situation on the basis of theory 
by calculating the contribution to resistivity arising 
from vacancies and interstitial atoms. The first cal
culations of this type were made by Dexter,6 who 
considered two contributions to scattering, namely 
that which arises from the immediate change in 
lattice potential induced by the withdrawal or in
sertion of an atom and that which arises from the 
secondary change associated with readjustment of 
the positions of the neighboring atoms. He con
cluded that the second effect was small, although 
not completely negligible. Jongenburger7 treated the 
first contribution to scattering from ,•acancies in 
copper, silver and gold using a somewhat more com
pletely self-consistent field and the phase-shift method 
of Faxen and Holtzmark rather than former ap
proximation. Blatt8 bas extended this work to con
sider the case of an interstitial atom in copper. The 
interstitial problem is somewhat more complex be
cause the possibility of resonance arises. All in
vestigators assumed that the conduction electrons 
possess the true electron mass, at least during the 
process of scattering in the relatively short-range 
fields involved. Table I contains values of the con
tribution to resistivity to be expected from one 
per cent of vacancies in Cu, Ag and Au and one 
per cent of i11terstitial atoms in Cu. It will be 
noted that the effect of interstitials in Cu is nearly 
the same as that from vacancies, showing that the 
scattering from the interstitial atom is not near 
resonance under the conditions assumed. 

The theoretical values at least form a basis for 
a consistent discussion of the changes ih resistivity 
observed during bombardment. Gross discrepancies 
between observed values and those calculated with 
the use of the values of tip given in the table, in 
conjunction with the simple theory of displacements, 
may provide further insight into the theory. 

Huntington's Calc:ulations; Que11chin9 of Defects 
in Gold 

Before turning to the detailed discussion of radia
tion effects produced in metals, we shall consider 
two matters of general interest. 

Huntington's Calculotions 

Huntington° has employed the best approximational 
methods available to estimate the energies £1 required 
to form lattice vacancies and interstitial atoms in 
copper and the acthration energies .,,. required to 
induce the imperfections to move from one equi-

librium position to another. The calculations are 
made on the assumption that the s-p electrons behave 
essentially as if free, whereas the d-shell cores 
associated with different atoms interact in accordance 
with the Born-Mayer approximation commonly em
ployed in ionic crystals. Huntington has found that 
at equilibrium the vacancy is centered at a normal 
lattice site and- is surrounded symmetrically by the 
twelve copper atoms which normally surround the 
site: _The vacancy jumps from one such equilibrium 
position to another during normal migration. In 
contrast, the calculations do not make it possible to 
dec.ide whether the interstitial atom normally occupies 
the typical interstitial site of the face-centered cubic 
lattice ( Fig. 4a) or whether it forces another atom 
from a normal site in such a way that the pair are 
syn:imetrically disposed in the interstitial region 
(Fig. 4b). In any case, the calculations imply that 
one of these configurations is the equilibrium one, 
~vhereas the other is associated with the saddle point 
m the process of interstitial migration. It is to be 
noted that a tagged interstitial atom does not remain 
interstitial during migration, but ultimately is trans
f~rred to a normal position. That is, the configura
tion, and not a specific atom, wanders during inter
stitial diffusion. Thus the migration may be termed 
interstitialcy movement, in analogy with vacancy 
movement. 

Tobie II. Calculoted Values of <m and ,1 for 
Vacancies and Interstitial Atoms in Copper 

(After Huntington. In Units of ev) 

V4cancy 

1.5-1.8 
~0.9 

lnter.rrit-ial 

5.07--<i.09 
0.07--0.27 

Table II contains the best estimates of c1 and 
<,,. for the vacancy and interstitialcy processes. It 
is to ~e ei:11phasized that the errors arising from 
approx1mat10ns are large and that the numerical 
values have only semiquantitative value. 

It seems reasonable to suppose that the observed 

CONFIGURATION A CONFIGURATION B 

f ;gure 4. The two inter.sti1iol conflgurations consldered by Hunting• 

ton. The calculations do not permit determination of the more stable 
member of the poir; however, it is assumed that one represents th~ 
stable state of an Interstitial atom and the other the saddle point con• 
figurotion in interstitiolcy magrotion. The cubic cell of the face• 
centered lattice Is shown. The interstitial otom is at the centor in (a), 
whereas the interstitial region is ,hared by two atoms in (b), ono 

b•ing a sHghtly displaced atom of the normal lattice 
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activation energy for self-diffusion in copper, namely 
2.05 cv is the sum ,1 + <,. for one of the two 
processes. Huntington's calculations ·suggest that 
the vacancy mechanism is to be preferred strongly. 

A second indication which ensues from the calcula
tions is that ,,,. may be very small for the interstitial 
configuration, that is of the order of 0.1 ev. If this 
is indeed the case, we should expect an activation 
energy of this magnitude to enter in the study of 
bombarded copper in which displacement pairs have 
been formed. 

The Quenching Experiments of Kauffman and Koehler 

If lattice defects are formed spontaneously at 
elevated temperatures, one might hope to preserve 
the associated disorder by cooling specimens sufli
ciently rapidly. Kauffman and Koehler10 have suc
ceeded in cooling coarse-grained wires of gold from 
temperatures near and below 900°C to room tem
perature in a time of the order of 0.01 sec. The 
specimens quenched in this way were quickly im
mersed in liquid nitrogen and subjected to a se
quence of measurements of electrical resistivity. 
They have found that the residual resistivity of the 
wires is increased as a result of the quenching. A 
part of this increase can probably be ascribed to an 
effect associated with impurities. However, another 
component, which predominates strongly in wires 
quenched from above 700°C in the purest specimens 
(99.999% purity or better). varies in exactly the 
way one would expect if it were the result of the 
freezing-in of lattice defects. The corresponding 
activation energy for formation is found to be 

€f = 1.28± 0.03 ev 

If one assumes that the defects are vacancies and 
employs Jongenburger's estimate of the resistivity 
arising from vacancies to determine the density, 
one finds a mo! fract ion of about 10-,; at 900°C. 

The investigators have also studied the annealing 
of the disorder responsible for the increase in re
sistivity. They find that the increment in resistivity 
vanishes if the specimens are warmed from liquid 
nitrogen to room temperature. Studies of the iso
thermal annealing rate demonstrate that the activa
tion energy for the process is 0.68± 0.03 ev, which 
one is tempted to identify with (,,. for the lattice 
defects. In this case, we would expect the sum 
of the two activation energies, namely 1.96 ev, to be 
identical with the activation energy for self-diffusion 
in gold Two measurements give 1.96 ev and 1.74 ev 
for the activation energy in gold. 

Although copper and gold are not identical metals, 
and in fact are not even ideally soluble in one 
another, they appear to be moderately homologous 
and invite comparison. In this connection it may be 
noted that the melting temperatures of copper, silver 
and gold are 1084°C, 960.S"C and 1063°C, re
spectively, whereas the activation ~riergies for self
diffusion 11 are 2.05, 1.92 and 1.97 ev. Thus gold and 
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copper particularly have many properties closely in 
common. If we combine Huntington's calculations 
on copper with the quenching e,xperiments on gold, 
we are tempted to conclude that the prominent 
lattice defects in both metals at high temperature! 
are vacancies which have the following energy 
parameters 

(f ~ 1.3 ev 

An Analysis of Observed Radiotion Effects in Copper 

Threshold Energy 

Eggen and Laubenstein12 have found that the 
threshold energy of electrons for producing measur
able change in the resistivity of copper at liquid 
nitrogen temperatures is 0.49± 0.02 Mev, correspond
ing to a threshold energy Et1 of 25 ± 1 ev. Such 
measurements are made difficult by the fact that 
electrons with energies near the threshold are scat
tered strongly. Moreover electrons with the threshold 
energy produce displacements only at the surface 
of the specimen. Thus the damage produced by a 
given amount of bombarding charge rises rapidly 
with electron energy making the threshold difficult to 
determine precisely. Since experiments show that 
the changes produced by bombardment with I 2 Mev 
deuterons at the same temperature undergo some 
recovery after bombardment ceases, it would be 
important to know if the threshold energy for electron 
bombardment is nearly the same at liquid helium 
temperatures, where, as we shall see, obsenable 
recovery associated with ambient temperature does 
not occur. It is possible that an atom must be dis
placed somewhat farther at nitrogen temperatures 
than at helium temperatures to be placed in a 
metastable position where thermal fluctuations will 
not send it back to the vacant lattice site from which 
it originated. This additional displacement may, in 
turn, require that the struck atom receive a sub
stantially higher energy. In lieu of evidence to the 
contrary, we shall assume that the threshold energy 
for producing a permanent displacement, designated 
by Ea in previous sections, is 25 ev for copper. 

Deuteron Bombardment 

Marx, Cooper and Henderson' 3 have irradiated 
3 mil (0.076 mm) copper foils with 12 Mev 
deuterons. a t liquid nitrogen temperatures. Similar 
measurements have been carried out by Cooper, 
Koehler and Marx,. at liquid helium temperatures 
with 5 mil (0.13 mm) wires. The range of deuterons 
of the energy employed in copper is 8 mils 
(0.20 mm), so the particles penetrate through the 
foils and wires. We shall employ the data obtained at 
helium temperatures first to calculate the number of 
atoms displaced per incident deuteron. 

A good empirical value1
• for the exponent y 

appearing in the range-energy relation is 

y = 1.63 (22) 
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so that the quantity in the parenthesis of Equation 4.0,------------------ -, 
6 is 

l + _!_ t.R + _!. y-H ( AR ) z 
2y R 6 ,,2 R 

l + 0.19+ 0.06 = 1.25 
(23) 

for ti.R = 5 mils. The number of atoms displaced 
by a time-integrated flux <J, is 

,., -N 4 = l .25n0tl.R E vcp 
l 

(24) 

If cJ> is evaluated for unit area, the fraction of 
atoms displaced in the volume penetrated by the 
particles is 

A simple calculation shows that 

71 = 0.675 X 10-1 8 cm2-Mev 
whence 

f = 4.3 X 10-3 

(25) 

(26) 

(27) 

for cp = 101
" particles per cm•, if we assume E

1 
= 25 

ev and v = 6.2. 
The increment of resistivity to be expected from 

this fraction of displaced atoms is 

6.p = 0.43 X 2.7 = 1.16 µ0 -cm · (28) 

if we employ the data of Table I. 
Figure S shows the changes of resistivity of copper, 

silver and gold as function · of the time-integrated 
flux </, for specimens irradiated at a temperature near 
10°K. It may be seen that the curves start linearly 
from the origin but have negative curvature. The 
curvature presumably is to be ascribed to an anneal
ing process associated with bombardment. This 
process, which we shall discuss later, is generally 
termed13 radiation annealing. It may be added that 
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figure 5. The changes of tesistivity Ap al copper, silve r ond gold as 
functiom of flux <I>, The curves moy be fitted accurately with a 

function of the form (36). (After Cooper) 
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Fi9ure 6. Resistivity versus ftux curves for copper bombarded near 
liquid nitrogen t•mperature,. The experim•ntol curves for two runs 
I ond II Oto shown. The tcmperofuro was somewhot higher in 
Run II than in Run I. The dotted curve b calculated from I and II 
by correcting for the anneoling effect of temperatur•. The straight 
Hne rep«>senls the extropolatlon of the lnlllal slope. (After Marx, 

Cooper and Henderson) 

the resistivity change 6.p obtained after a designated 
amount of irradiation near l0°K is stable at the 
bombardment temperature. We shall assume tliat 
the initial slope of the 6.p versus </> curve is to be 
used in comparing the results of the experiment with 
the theoretical value in Equation 28. When the 
initial slope is extrapolated to <f, = 1017 per cm2, 

we find 

Ap = 0.23 µ,n-cm (29) 

which is 5.0 times smaller than in Equation 28. 
Figure 6 shows similar Ap versus </> curves obtained 

by Marx, Cooper and Henderson13 near liquid 
nitrogen temperatures. The changes in resistivity 
observed are sensitive to temperature in this region 
and exhibit annealing after bombardment if held 
in liquid nitrogen. The isothermal decrease thus 
obtained is of the order of five per cent and shows 
that the radiation annealing is interlinked with 
annealing effects derived from ambient temperature 
alone, in contrast with the observations near helium 
temperature. Since the foils employed were only 
3 mils thick, the correction factor analogous to 
Equation 23 is 1.15 and the fraction of displacements 
for 1011 deuterons per cm1 is 

f = 3.9 X 10-3 (30) 

corresponding to a theoretical increase in resistivity, 
analogous to Equation 28, of 

llp = 1.06 µ!1-cm ( 31 ) 

The extrapolated value of the initial slope of the 
experimental 6.p versus <f, curve is more difficult to 
determine for the data obtained at liquid nitrogen 
temperature, however a good estimate is 

6.p = 0.14µ0-cm (32) 

which is about 7.5 times smaller than in Equation 31. 
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The fact that the measured values obtained at 
liquid nitrogen temperatures deviate from the 
theoretical values by a factor nearly twice as great 
as those obtained at helium tempcratu1·es implies 
than an important annealing process occurs at the 
higher temperature. In fact we shall see below that 
the specimens irradiated at 10°K exhibit a large 
annealing effect at temperatures near 30°K which 
must be associated with a process that would proceed 
during irradiation at higher temperatures. 

This point of view is supported further by the 
observation that the change of resistivity of foils 
prepared from specially purified copper (American 
Smelting and Refining grade 99.999% purity) and 
bombarded at 90°K is considerably less than that 
of the less pure specimens which lead to the value 
in Equation 32. For example, the actual value of 
l::.p for 1011 deutcrons per cm• was 3.5 X 10-8 n -cm 
for the purer material in contrast with the value of 
6.2 X 10-8 O-cm for a typical specimen of the type 
employed by Marx, Cooper and Henderson. It seems 
to follow that the impurities entrap a fraction of 
the imperfections which would anneal at 90°K if 
no obstacles were present. 

Electron Bombardment 

It is interesting to compare the preceding analysis 
with a somewhat preliminary set of conclusions which 
may be drawn from measurements carried out by 
Eggen and Laubenstein12 on the change of resistance 
of copper foils bombarded with electrons. T he foils, 
which were 0.012 mm thick, were maintained at a 
temperature behveen -190° and - 150°C and were 
bombarded with 200 µ,a-hr/cm 2 of electrons 
( 4.S X 1018 particles/ cm•) having an energy of 
810 kcv. The resistivity was measured at -196°C. 
The change in resistivity appears to vary linearly 
with integrated flux to within the experimental error. 
The observed fractional change in resistivity was 

6.p =0.021 (cf,=200µ,a-hr/cm 2 
p 

Since the resistivity at -196°C is 0.21 µ.O-cm, we 
may conclude that 

Ap = 4.4 X 10-9 n -cm (33) 

It may be noted that this change is about 100 times 
smaller than that observed for 1011 deuterons. The 
density of displacements should be correspondingly 
less. 

The cross section for production of a displacement 
by an 0.81 Mev electron in copper is21.7 X 10-u cm2 

if we assume that E11. = 25 ev.16 The range of an 
electron having an energy of 0.81 Mev is about 
316 mg/cm•, whereas the foils employed by the 
investigators have a surface density of 10.7 mg/cm•. 
Thus the correction for the loss of energy in the 
foil is of the order of 3 per cent and well within the 
accuracy of the measurements. vVe readily find that 
the fraction of atoms displaced in the foil as a 
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result of bombardment with 200 µ,a-sec/cm• of 
electrons is about 9.3 X 10-S if we assume v = 1. 
This corresponds to a resistivity change 

Ap = 2.5 X 10-8 a-cm (34) 

analogous to Equations 28 and 31, which is 5.7 
times larger than the observed value in Equation 33. 

Vve find again that the calculated value of t,,p is 
appreciably higher than the observed one. The 
ratio of the two is somewhat nearer unity than 
that found for deuteron bombardment at liquid 
nitrogen temperature (i.e., 5.7 instead of 7.5) ; how
ever the two ratios are fairly close. The rat io ob
tained for electron bombardment is also very close 
to that found with deuteron bombardment at helium 
temperatures ( i.e., 5.0.) ; however the 'values do not 
merit careful comparison since we do not know to 
what extent thermal annealing affects the results 
obtained by electron bombardment at liquid nitrogen 
temperature. 

The discrepancy between observed and calculated 
values could originate in several factors. The most 
obvious would be an error in the theoretical estimate 
of the resistivity contributed by a vacancy and an 
interstitial atom. Evidently it would be necessary to 
reduce the resistivity for one per cent of displaced 
atoms from 2.7 µfl-cm to a value nearer 0.5 p.n~cm. 
On the other hand, it is possible that the discrepancy 
originates in more subtle factors such as the in
fluence of electron e.xcitation. It is interesting to 
note that the discrepancy is about the same in deuteron 
bombarded and electron bombarded specimens. 
There is no ambiguity concerning the value of v, 
the number of progeny per primary displaced atom, 
or of the influence of displacement spikes in the latter, 
so that it does not seem that the discrepancy can 
be tied in a simple way to errors in these two 
factors alone. 

Expansion Measurements 

It is also interesting to consider the experiments 
of McDonneU and Kierstead11 on the volume ex
pansion of commercial grade copper held at liquid 
nitrogen temperature and bombarded with deuterons. 
We shall devote particular attention to the most 
recent observations of Kierst<?ad made with use of 
19 Mev particles since they are more precise than 
the initial- observations. The copper was employed 
in the form of a tube bent into the shape of a U 
and was cooled by flowing liquid nitrogen through 
the hollow center. The deuterons struck only one 
side of the U; the volume change of the irradiated 
section was determined by measuring the amount 
of bending, as if the system constituted a bimetallic 
strip. The wall thickness was 0.052 cm. which is 
about equal to the range of the particles, namely 
0.41 gm/cm• = 0.046 cm. A total flux of 1.15 X 1017 

dcutcrons per cm• was einploycd, the expansion of 
the bombarded portion was found to be essentially 
proportional to the total flux. The fraction of dis-
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placed atoms to be expected for the total Oux of 
deuterons involved is found to be 

f = 6.6 X 10-s (35) 

or 0.66 per cent. The volume change observed cor
responds to 0.034 per cent. 

We might e.xpect the volume increase per Frenkel 
pair to be at least as large as the atomic volume 
because the interstitial exerts a large pressure on the 
surrounding lattice. In fact a simple calculation based 
on Huntington's estimates9 of the amount by which 
the atoms surrounding an interstitial atom in copper 
are displaced, leads; lo a volume e>q>ansion of about 
2.0 v. where v., is the atomic volume. There is no 
reason to expect a compensating shrinkage about 
the vacancy if the members of pairs are ·well sep
a rated, so that the gain in volume per pair should 
be somewhat larger than one atomic volume. We 
note, however, that the observed expansion of 0.034 
per cent is al least 19 times smaller than that to be 
expected from the fraction o( displaced atoms in 
Eqtiation 35 calculnted from the simple theory. This 
large difference can scarcely be the result of a simple 
error in the theory leading to Eqtiation 35. Instead 
it implies that the displaced atoms undergo a major 
rearrangement as the result of an annealing process 
during the bombardment at liquid nitrogen tem
peratures. 

One of the most important conclusions to be drawn 
from the measurements of volume change is that they 
suggest that the discrepancies between the measured 
and calculated values of the electrical resistivity, 
described above, are not simply a result of a g-ross 
error in the assumption that one per cent of displaced 
atoms contribute 2.7 p,n-cm to the resistivity. The 
observed density of defects appears to be lower than 
the calcul:lted one by a factor of at least five when 
the bombardment is carried on near liquid nitrogen 
temperature. 

Cooper's Analysis of Radiation Annoaling 

CooperH has found that the resistivity versus flux 
curves shown in Fig. 5 can be fitted by a function 
of the form 

(36) 

to a prec1s1on better than one per cent over the 
entire range. Table III summarizes the situation. 

We mny note that P</> is of the order of 0.5 for 
rJ, = l011 deuterons per em2 so that the deviation 
from linearity is significant. On the other hand Auxes 
at least five times larger would be required to pro-

tThe volume by which a sphere under internal pressure 
e.'<l)and$ is given by av = (J + 3µ.fk ) <Vc in which µ, and 
k are the shear and compressional moduli, V c is the volume 
of the interior cavity under pressure, assumed to be spherical, 
and • is the fraction by which Lhe r::1dius of the cavity is 
expanded. Huntington's analysis corresponds to conditions 
in which , is about 0.2 and V c about 2va,where Va is the 
atomic volume. The quantity in parentheses is about 4.5. See 
F. Seitz, Rev. :Mod. Phys. 18, 384 (1954) ; J. D. Eshelby, 
Jour. App. Phys. 25, 255 (1954). 

Tobie Ill. Values of the Parameters in Equation 36 
Obtained from Experimental Measurements 

F<un 

I. 
I. 
J. 

II. 
I!. 
II. 

Cu 
Ag 
Au 
Cu 
Ag 
Au 

of Ap versus cp (After Cooper) 

0 . .519 
0.396 
0 .749 
0.513 
0.398 
0.612 

/J(!IH7cm!/D) 

0.540 
0.690 
0.530 
0.430 
0.660 
0.620 

}.,fo,rinuon 
dwio.tio,.in 

J,~rcnt.l 
of l!.Pma:,; 

0.3 
0.6 
0.7 
0.3 
0.4 
0.6 

0.234 
0.273 
0.397 
0.221 
0.263 
0.379 

* The initial slope AP is given in units of µ,!l-cm per 
1011D/on.2. 

vide an adequate test of the saturation of 6.p implied 
in Equation 36. In any event, the close obedience 
to this relation for the limited range of </> studied 
suggests that the variation of the density of displaced 
atoms N with total Aux follows the differential 
relation 

dN = ad¢ - /3Nd<1> (37) 

in which 

a= AfJ/r (38) 

where r is the contribution to the resistivity per 
displaced atom. The first lenn on the right-hand side 
of E quation 37 describes the production of displaced 
atoms, whereas the second describes the effects 
of radiation annealing and is remarkably simple. 

The most elementary basis on which. to interpret 
the negative term in Equation 37 would be to 
postulate that the displaced atoms have an appreciable 
probability of falling into vacant lattice sites pro
duced as a result of previous displacements. If L 
is the average range of a displaced atom and a is the 
cross section for capture of the displaced atom by a 
vacancy, this postulate would lead to the relation 

dN = a4,,i10 (l - LcrN)dcp (39) 

in which <1d is the cross section for the primary dis
placement, v is the averag-e number of atoms dis
placed per primary atom and n0 is the density of 
atoms in the solid. The value of N at saturation 
evidently is given by the relation 

N, = ljaL (40) 

Comparing Equations 37 and 39 we readily find the 
relations 

A= N,r= r/oL 

f3 = a4vi,,j,o 

(41) 

(42) 

We may note that the quantity LCT has the connota
t ion of a volume effective for the capture of the 
displaced atom by a vacancy. Since L should be of 
the order of !Or, and a of the order of r.(3r,) 2, we 
might expect crL,10 to be of the order of 70 in general 
magnitude. We shall calculate values of this par-
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ameter from Equations 41 and 42 using the experi
mental data for copper. 

In the case of copper we may set 

r = 270/no (in units of µO-c1n4) 

Th11s we find from Equation 41 and the value of A 
for copper (Run I ) listed in Table III. 

270 
Lon0 = A= 520 

Jn conlrast, we find from Equation 42 

L<r110 = /3 _ = 100 
aav 

(43) 

(44) 

if /3 is given the value of 0.54 X 10- 11 (Table III) 
and oi11 is given the theoretical value 4.35 X I0-20 

cm• employed in connection with Equation 24. The 
deviation between the values of Equations 43 and 44 
reflects the fact that the theory of displacements 
does not give the proper initial slope of the l>.p 

versus </, curve by a factor of 5. If it were proper 
to bring the two values into agreement by lowering r 
by a factor of 5, Equation 44 would be the more nearly 
correct of the two. Actually, as we have seen above, 
the studies of expansion imply that the theory does 
not give the proper density of displacements, at least 
at liquid nitrogen temperatures. As a result, Equa
tion 43 is probably the more nearly correct. This 
unfortunately leads to a value of Lon0 about ten 
times larger than one might expect from elementary 
reasoning. 

Apparently we must hold final conclusions in 
abeyance until further information is available. How
ever the foregoing reasoning makes it seem unlikely 
that the applicability of Equation 36 stems from 
simple origins. 

It is perhaps worth noting that a relation of the 
type in Equation 36 would be expected if some form 
of thermal agitation produced by the radiation 
caused interstitial atoms and vacancies produced by 
a given primary displaced atom to recombine with 
one another but not with the progeny of other 
primary atoms. Recombination processes of the 
second, or bimolecular, type would introduce a term 
in N 2 in the differential Equation 37 for ·which there 
is no evidence. It should he emphasized again that 
we have at present no g-ood clue of a quantitative 
nature concerning the source of them1al agitation 
adequate to promote the recombination. There is the 
possibility that it is connected with electron spikes. 

Relative Damage Observed in Copper, Silver a nd Gold 

Cooper14 found that the initial slopes of the t:,,p 
versus </> curves for copper, silver and gold could 
be brought almost to coincidence" if each is divided 
by a factor Z/ suggested by Equations 2 and-·3 
for aa. Table IV sho\\'s · the .ratios by which the 
damage curves for silver and gold differ from those 
of copper, in comparison with the i:atio to be expected 
if tl1e Z 2 

2 dependence were precisely valid. 

F. SEITZ and J. S. KOEHLER 

Table IV. Ratios of the Initial Slopes of the fl.p versus</> 
Curves for Silver and Gold Relative to Thot of Copper 

(After Cooper) 

Ag/Cu 
Au/Cu 

Run[ 

1.16 
1.70 

Run 11 

1.19 
1.71 

1.07 
1.67 

The relatively good obedience to the Z z 2 rule 
suggests that the three metals form closely homolo
gous systems with respect to displacement as well 
as in respect to other properties, which is not sur
prising. Apparently quantities such as £4 and v are 
nearly equal for the three metals ; moreover the 
factors which influence radiation annealing and the 
scattering of conduction electrons arc nearly the same. 

Annealing Experiments 

The experimental observations on the annealing of 
metals which have been subjected to bombardment 
are relatively complicated even in the simplest cases 
and cannot be explained in a simple way at the 
present time. One or two striking facts emerge, how
ever, and it is worth reviewing the topic to indicate 
these. The most significant facts appear to be the 
following: 

Annealing Peaks near 30°K 

Cooper14 has found that an important fraction of 
the increase in resistivity imparted to copper and 
silver at I0°K by deuteron bombardment anneals 
over a narrow temperature range near 30°K . when 
the specimens are warmed. Figure 7 shows the 
resistivities of specimens of copper, silver and gold 

:,~----------- --- ---- - --, 

RUN II 

. " 
Figure 7. The decrease of bombardment-induced resistivity of copper, 
sliver and gold as the' specimen, are wormed slowly from liquid 
holium temperatures (After Cooper), The decrease is irreversible. 
Sharp drops ore found in sliver ond copper near 30°K ond 40° K, re
spectively. lhe experiments indicate that no drop o<eurs in th•se 
two materials at lower temperature,. Gold does not appear to 
show a slmllar abrupt drop; however, there is reason lo believe 
that the gold $pedmen wos not in 0 .1 good thermal eontod with 

the cryostat as the other specimens 
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as functions of temperature during warming. The 
drops at 40°K in copper and at 30• K in Ag are 
clearly evident. Detailed investigation shows that 
the :11mount of annealing is negligible below the 
temperature at which the abrupt drop occurs, al
though there is almost continuous annealing at higher 
temperatures. A similar sharp drop was not observed 
in the specimens of gold used in the experiments. 
Al,out 40 per cent of the radiation-induced increment 
of copper is recovered in the sharp drop, whereas the 
corresponding recovery for silver is about 25 per cent. 

A simple analysis shows that the activation energy 
associated with the sharp drop is of the order of 
0.1 ev if one assumes that the process is mono
molecular and the frequency coefficient is near 1018 

sec-'. Actually the activation energy is not very 
critically dependent upon the precise value assumed 
for the coefficient. This value is just in the range 
suggested for the migration of interstitial copper 
atoms by Huntington's calculations for copper 
(Table II). Unfortunately no knowledge of the order 
of the reaction is available, so it is not possible to 
support uniquely the view that the annealing is to 
be associated with the relath·ely free migration of 
interstitial atoms. An alternative possibility is that 
dosely neighboring interstitial atoms and vacancies 
wltich have a strong attraction are able to recombine 
when the critical temperature is reached as ::1. result 
of the aid of ambient fluctuations. If this is. the case, 
one would c..xpect the reaction to be monomolecular 
and to have a frequency coefficient near 10" sec-1 

since the i11itial state of the close Frenkel pairs could 
be regarded as a metastable state of a small configura
tion of atoms which undergoes a relatively simple 
rearrangement. The reaction should be much less 
simple if it involves extensive interstitial diffusion. 

It is interesting to note that the annealing process 
continues more or less smoothly at temperatures 
above the sharp drop, as if a series of recombinations 
involving a spectrum of activation energies were 
possible. Gold exhibits the same continuous anneal
ing. T here is a smooth, but relatively rapid, decline 
in 6.p in the range between 220°K and room tempera
ture in all three metals indicative of a rather well
defined activation energy. This activation energy is 
near 0.7 ev, as if it might he associated with the 
migration of vacancies. We shall return to this 
point presently. 

We noted in the last section that the value of the 
increment of resistivity produced in copper near 
90°K seems to decrease with increasing purity of 
the specimen. This result suggests indeed that one of 
the products of bombardment migrates relatively 
freely at 90°K and can be trapped by a foreign 
atom. A migrating interstitialcy should be trapped 
if it meets a foreign atom which requires less energy 
to be moved (rom a substitutional to an interstitial 
site than an atom of the parent substance. Since the 
energy for the latter process presumably is near 
5 ev in copper, silver and gold it would not be sur-

prising if the value for some solute atoms were sub
stantially less, that is, 1 ev more or less. 

Annealing above 90°K 

Prior to the foregoing work, b:ised on specimens 
bombarded a_t helium temperatures, Marx, Cooper, 
Henderson13 and Overhauser18 carried out a sequence 
of studies on specimens bombarded at liquid nitrogen 
temperature. The annealing measurements were made 
with much greater care than those for any specimens 
hombarded thus fa1· at temperalures near 10°K. I t 
was found that the annealing takes place almost con
tinuously as the specimens are warmed, indicating 
a range of activation energies; however, a process 
with a fairly sharply denned activation energy occurs 
in the range between 200°K and room temperature. 
Semi-quantitatively, at least, the specimens bom
barded near 80°K behave during subsequent warm
ing much like those bombarded at lower temperatures 
after they have been warmed to the liquid nitrogen 
range. The activation energy responsible for the 
major component of annealing observed at a given 
temperature was evaluated by studying the rate of 
change of isothermal annealing when the temperature 
was varied by a definite amount near the temperature 
in question. Figure 8 shows the spectrum of activa
tion energies obtained by Overhauser in this manner. 
It will be observed that a single prominent value 
close to 0.69 ev is found above -60°C (213°K). 
About 25 per cent of the damage recovers on warm
ing to -6o•c; about 50 per cent more recovers 
during the stage with a single actiYation energy e,x
tcnding to room temperature; the remaining 25 per 
cent can be recovered only by heating to temperatures 
well in excess of 167°C. Redman, Coltman and 
Blewitt19 have shown in fact that temperatures near 
400°C are required for complete recovery. 

Let us assume that the rate processes responsible 
for annealing below 220°K are governed by an 
equation of the form 

drd(,<) = rf c-•/k7' (45) 

in which r( £) is the contribution to resistivity from 
the imperfection which anneals with the activation 
energy (, and f is a frequency coefficient. From the 
slope of the straight line in F ig. 8 and the fact that 
a time of the order of two hours is required to relax 
the contribution from one segment of the spectrum 
which can be annealed at a given temperature, one 
may readily deduce that f is near 109 sec-1

, or is 
substantially smaller than 10'8 sec-1 • This analysis 
shows that the process possessing the continuous 
range of activation energies probably is not simple 
as would be the case if only the recombination of 
close Frenkel pairs were involved, for in this event 
we should expect an equation of the form of Equa
tion 45 with a value of f near 1013 sec-1 • 

Overhauser has studied the annealing process 
which occurs with an activation energy near 0.69 ev 
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figure 8. Plot of the principal octivotion energy effective fn the 
annealing of copper, bombarded al liquid nitrogen temperature, 
as a function of the annealing temperature (after Overhauser). 

The value near 0 .69 ev appears prominently above - 60°C 

very carefully and has found that the component of 
resistivity op associated with it anneals in accordance 
with the equation 

~: = - A(Sp)" (46) 

in which n is close to 2.5 and A is a coefficient de
pending upon temperature primarily through a 
Boltzmann factor. Figure 9 shows the observed 
variation of lip with time at -18.3°C as well as 
the curve calculated from Equation 46 with n = 2.5. 
The observed behavior is so close to a bimolecu
lar one that it is natural to assume the process 
involves the formation of bound pairs of unde
termined nature which do not contribute to the 
resistivity from single diffusing imperfections which 
do contribute. Overhauser has shown in fact that 
the deviation of n from the value 2 for an ideal 

1.6 

1.4 

.4 

• O· 2 3 .-
TIME-HOURS 

figure 9. Isothermal annealing curve to·r a speclmcm of irradloted 
coppot brought t• -18.3°C after en anneal ot - 90°C. The solid 
curve ls the sofuHon of Eq. {46) of the teJ<I fot n == 2.5. (after 

Overhauser) 
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bimolecular reaction can be explained in tenns of 
the variations in lattice strain associated with the 
effects of irradiation. 

Overhauser has also measured the energy released 
during annealing of specimens of copper during 
warming from liquid nitrogen temperature. Figure 10 
shows the release of energy as a function of tempera
ture for the two specimens studied. He found that 
the ratio of energy released to the decrease in re
sistivity is 1.7 cal/gm per µ.!l-cm. This ratio was 
obtained by dividing the integrated energy U released 
by the total change in Ap. However the consistency 
of the results for the two specimens indicates that 
the ratio U / b.p probably is the same for each incre
mental change over the range of temperature studied. 
The peak in the curves is clearly associated with 
the single annealing process having an activation 
energy of 0.69 ev. Overhauser demonstrated that the 
contribution from this process enters in the heat 
curve in exactly the way one would expect from 
Equation 46 except for a small effect in the tail above 
0°C where the experimental curve falls more rapidly 
than the theoretical one. 

If one assumes that the energy is evolved as a 
result of the recombination of F renkel pairs and 
that 5.0 ev are produced for each such recombination, 

4 I - 0.9 · 10~ deuterOl\$/tm• 
2- 1.5 ·I01'deuterons/cm• 

-60 

TEMPERATURE °C 

+20 

Figure 10, Stored energy release durins the annealing of two 
Irradiated specimens of copper. (ofter Overhaus-er) 

in accordance with the magnitudes derived by Hunt
ington, one finds from the foregoing ratio of U /Ap 
that the resistivity associated with one per cent of 
displaced atoms should be 11 µ.fl -cm. instead of the 
value of 2.7 µ,0-cm obtained by Jongenburger1 and 
Blatt. Ovcrhauser has adopted this yiewpoint and has 
come to the conclusion that the number of displace
ments produced by deuterons at liquid nitrogen 
temperature is substantially smaller than the value 
calculated earlier principally because v should be 
taken nearer unity than 6. This pair of revisions 
would multiply the resistivities calculated from the 
theory for the case of deuteron bombardment (see 
Equations 27, 28 and 31 by a factor of about 
11/2.7 X 6 = P.68 and would not remove the 
discrepancies between theory and experiment. It 
would be necessary to introduce another correction, 
such as a further decrease in v to bring about more 
complete agreement. The increase in resistivity per 
pair would increase the discrepancy between the 
calculated and observed resistivities of the specimens 
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bombarded with electrons ( cf. Equations 33 and 34) 
untler the assumption that v is unity unless it were 
accompanied by a decrease in v to a value near 0.05. 

A =number of allemative possibilities for adjusting 
the various parameters obviously exist as well. For 
example, it is possible thiit the interstitial atoms start 
diffusing freely at the temperatures near 30°K and 
that essentially none are present in mobile form after 
bombardment at liquid nitrogen temperature because 
they have recombined with impurity atoms, disloca
tions or vacancies. Under these circumstances the 
specimens would contain interstitial foreign atoms, 
vacancies. vacancy clusters and whatever damage is 
induced by the strain associated with displacement 
spikes. The annealing which extends to room t emper 
ature could then be associated with the aggregation 
of vacancies. The energy released per vacancy should 
be near 1.3 ev at maximum. According to this view
point, the prominent activation energy of 0.69 ev in 
copper is to be associated with the migration of 
vacancies which could coagulate to form pairs that 
migrate to dislocations very rapidly and disappear. 
Proposals of this type evidently are not unique and 
hence not very satisfying. 

Annealing of Electron-Bombarded Copper 

Eggen and Laubenstein12 have found that all of 
the e.--dra resistivity imparted to their specimens of 
copper IJy electron bombardment at liquid -nitrogen 
temperatures anneals when the specimens are warmed 
to room temperature. It follows that the damage pro
duced by electrons with energies near the threshold 
value is inherently simpler than that produced hy fast 
nucleons, which is perhaps not surprising in view of 
~he possibilities for irreversible strain which c.-.:ist in 
displacement spikes. 

Recovery of Expansion of Copper 

Kierstead 11 investigated the recovery of the ex
pansion produced in copper by deuteron bombard
ment at liquid nitrogen temperature (see earlier por
tions of this section) when the specimens are warmed. 
One of the most remarl(able results is that less than 
twenty per cent of the volume change appears to 
anneal below 400°C. U p to this t emperature three 
well-defined annealing stages are found near - 130°C, 
0°C and 230°C. The percentages of recovery at these 
stages arc 10.8, 2.9 and 3.6 respectively. A fourth 
stage enters just l>clow 400°C and has produced 2.9 
per cent of recovery when the temperature attains 
400°C. It is to be noted that there is relatively little 
anneali11~ between - 105°C and -25°C where other 
investigators have observed a substantial part of the 
resistivity to anneal with the characteristic activation 
energy near 0.69 ev. However annealing of the ex
pansion docs occur between -140°C and - l 00°C. 
Kierstead's material was of commercial grade, so 
that the differences may he associated with the influ
ence of impurities upon migratin~ imperfections. 

It should be reiterated that the total expansion ob
served by Kierstead is at least nineteen times smaller 

than that to be expected from the simple theory of 
displacements. 

We saw earlier that an isolated interstitial atom 
should cause the specimen of copper to expand by 
an amount near 2v0 , where Va is the atomic volume. 
This should not be compensated appreciably by the 
shrinkage around an isolated vacancy so there should 
be a net expansion near 2v., per displaced pair. The 
entire amount of this expansion should be retrieved 
if the interstitial combines with the vacancy and both 
are annihilated. On the other hand, only about half 
is retrieved if the interstitial migrates to the sur face 
or joins a jog at a wslocation. Similarly, only about 
half is recovered if the vacancy goes to the surface 
or to a jog at a dislocation. The relatively small frac
tion of recovery observed in Kierstcad's experiments 
imply in turn that the processes of annihilation and 
migration to the surface or to dislocations play a rel
atively minor role during the annealing stages ob
served between the cessation of borubardment and 
the time the specimens re:ich 400°C. Instead, it 
seems almost certain that the major processes are 
concerned with some form of aggregation of like im
perfections. In fact, one is inclined to conclude that 
only one of the imperfections, such as the ,,acancies, 
remains after bombardment and that the annealing 
procedures center about the coagulation of these into 
voids. It is unfortunate that the copper employed in 
this work was not of the same grade as that em
ployed in other experiments since this restrains us 
from drawing conclusions more freely. It is easy to 
imagine impurities affecting the migration of vacan
cies or interstitials in an essential way. 

Nature of Activation Energy near 0.69 ev 

There is a school of opinion supporting the view
point that the prominent activation energy near 0.7 ev 
is to be associated with interstitial diffusion by the 
interstitialcy mechanism and that the activation en
ergy for vacancy migration is near 1.2 ev. The basis 
for this proposal, which was first made by Brinkman, 
Dixon and Meechan, will be discussed in the section 
dealing with the properties of ordered alloys. One 
corollary of this point of view is that the energy of 
formation of vacancies, q, is in the vicinity of 0.9 ev, 
provided one assumes the vacancy mechanism for 
normal diffu~ion, for the sum of ,, and En, must b'e 
near 2.1 ev. The corresponding density of vacancies 
at the melting point would then be near 1.0 per cent, 
whereas that a t 900°C would be near 0.1 per cent. 
These estimates presumably would be clo~ely the 
same for copper and gold. 

There is insufficient evidence to dismiss this view
point with any degree of finality. On the other hand 
the evidence against it is quite strong at the present 
time. In the first place, Kauffman and Koehler have 
found no evidence to support the existence of a unit 
for which c1 is below 1.3 ev in the quenched speci
mens of gold. Moreover, they fi nd th::i t the imperfec
tion possessing this energy of formation migrates 
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Tobie V. Physical Properties of Iron, Cobalt and Nickel 

Cry,tal Atomic A.tomit' Atomic R~si'stiviiy M11l1ing Sublimati<m 
Metal type separation number wrighl (20°C) UniptrOtHre cn-ergy 

Iron bee 2.48A. 26 
Cobalt hep 2.50 27 
Nickel fee 2.49 28 

with a value of Em near 0.68 ev, all of which supports 
the view that the activation energy of 0.69 ev in cop
per is to be associated with the migration of vacan
cies. Still further, Cooper's experiments on the an
nealing of specimens of copper irradiated near 10°K 
indicate the existence of activation energies near 0.1 
ev, which may actually be associated with the migra
tion of interstitial atoms, in accordance with Hun
tington's viewpoint. 

Experiments with Other Pure Monofomic Metals 

Comparison of Iron, Cobalt and Nickel 

Several other e::>.-periments merit description in 
relation to the foregoing work. 

\i\Truck and Wert 20 have bombarded similar speci
mens of iron, cobalt and nickel with 12 Mev den
terons at -150°C and studied the differences in 
behavior. The physical properties of the three metals 
are listed in Table V. It will be seen that the major 
difference lies in the crystal structures, although the 
resistivity of iron is larger than that of cobalt or 
nickel. The specimens were of somewhat better than 
commercial purity, but probably were not as pure as 
the spedmens of copper, silver and gold employed in 
most of the work described previously. 

The investigators found that the resistivity of iron 
increased three times more rapidly than that of the 
other two metals for comparable amounts of bom
bardment. Or, expressed in terms of the fractional 
increase in resistivity at the bombardment tempera
ture, t::.p/p increases six times more rapidly for iron 
than for the other metals, which behave very simi
larly. 

The simplest interpretation to place upon the re
sults is either that E,r. is smaller for iron than for 
nickel or cobalt, or that v is greater. This suggests, 
in turn, either that atoms arc more easily displaced 
from the more loosely packed body-centered cubic 
lattice of iron. or that displaced atoms have a smaller 
probability of returning under the conditions of bom
bardment. In this connection, it may be mentioned 
that Denney ( private communication) has found that 
the threshold ene1·gy for displacement of iron atoms 
in precipitates of iron in a 2.4 per cent alloy of iron 
in copper is 27 ± l ev. Values even comparable to 
this are not available for the other metals. 

\,\Truck and Wert also studied the annealing of 
the resistivity induced in the specimens and found 
that the recovery in cobalt and nickel varied almost 
continuously from the bombardment temperature to 
room temperature, about forty per·cent of the initial 
value remaining after warm-up. Iron exhibits a more 

56 
59 
59 

9.7 µH-cm 1s4o•c 94 kg-cal/mo! 
6.2 1495 85 
6.8 1455 85 

precipitous recovery in the range near -100°C and 
only about 20 per cent remains at room temperature. 
It seems unlikely that great significance can be at
tached to the differences in annealing behavior, for, 
as we have seen in the case of copper, the purity of 
specimens is probably an important factor in deter
mining the precise annealing behavior. 

Bombardment of Tungsten with High Energy Protons 

Pearlstein, Ingham and Smoluchowski 21 have 
bombarded well annealed tungsten wires with pro
tons in the range between 130 and 410 Mev. The in
crement in resistivity associated with damage in
creases over this range for a specified flux. For 
example the increment is 0.38 per cent for a flux of 
1010 protons per cm• having an energy of 130 Mev, 
and is 0.50 per cent for the same flux of 410 Mev 
protons. One would expect a decrease in increment 
with increasing energy if the changes were purely a 
result of the ability of the incident protons to pro
duce primary displaced atoms by coulomb encounters 
in accordance with the theory of previous sections. 
It seems almost certain that the observed behavior is 
to he associated with effects produced by direct 
nuclear encounters and the consequent production of 
energetic ionizing particles. 

Behavior of Ordered Alloys 

Bombardment of Cu3Au and CuZn with Nucleons 

Siegel 22 observed that specimens of ordered 
Cu3 Au subjected to the neutrons of a reactor become 
disordered at a rate many fold greater than one would 
expect if the only atoms which moved to new posi
tions were those displaced as a result of receiving 
energy greater than 25 ev. The results could be in
terpreted only by a5su01ing that the temperature 
spikes produced by the displaced atoms cause dis
ordering. The original experiments were semi-quan
titative, however a number of more quantitative re
sults have been obtained in the intervening period. 
Such experiments make it possible to estimate the 
number of atoms which are disordered by a primary 
displaced atom. 

Brinkman. Dixon and Meechan 23 have found that 
the resistivity of a 3 mil (0.0076 cm) foil of Cu,At1 
is raised by 4.25 X 10-0 n-cm if it is bombarded 
below - 100°C with S X 1011 protons having an 
energy of 9 Mev. The resistivity of a completely 
disordered specimen is raised by 0.65 X 10-6 O-cm, 
so that the increase in resistivity of the first speci
men, arising from the production of disorder is pre
sumed to be 3.60 X 10-6 n.cm. Since the change in 
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resistivity associated with complete disordering is 
about 10 X J0--0 0-cm, it follows that the fraction of 
the lattice disordered is about 0.36. The range of the 
9 Mev protons in CusAu is about 0.215 gm/ 0112 or 
about 0.0187 cm. Thus the protons emerge from the 
foils with most of their energy. The thin target cor
rection factor appearing in the brackets of Equation 
6 is 1.15. A straightforward calculation shows that 
the cross section for the production of a primary 
displaced atom by the 9 Mev proton is 0.517 X 10-20 

cm2 if we assume that E, =- 25 ev. The relative 
probability of a copper atom being displaced is 0.56. 
vVe readily find that the fraction of atoms displaced 
as primaries by S X 1011 protons/cm1 is 

fp = 2.9 X 1~ (47) 

It follows that the number of atoms disordered per 
primary displaced atom is 

0.36 124 11p= y= (48) 

Dixon ' 6 has also irradiated Cu3 Au with 33 Mev 
alpha particles and has found that the resistivity is 
increased by 0.44 X 10·0 fl-cm if bombarded with 
1.0 X 10..(1 amp·lir ( 1.13 X 1010

) particles per unit 
area. A simple calculation shows that the number of 
atoms disordered per primary displaced atom is the 
same as in Equation 48 to within about twenty per 
cent. 

Eggleston and Bowen ,s have produced disorder in 
,B-brass (CuZn) with alpha particle bombardment. 
The cfTect is of lhe same order of magnitude as that 

. observed in Cu,.Au. 
Vve may note that the number of atoms disordered 

per primary displaced atom is about ten times smaller 
than the number of atoms which could be brought to 
the melting point by dissipation of the energy of the 
primary. It follows that the spheroidal volume of 
the displacement spike which actually is raised lo the 
melting tempe~tnre cannot come to trne thermal 
equilibrium during the period of time the· tempera
ture spike endures, for the disordering temperature 
is lower than the melting point and we should ei...-pect 
more atoms to be disordered than are raised to the 
melting temperature if true equilibrium prevailed. J\t 
most only the regions near the centers of the hottest 
spots in the displacement spike become disordered as 
a result of temperature alone. Actually there seems to 
be difficulty in accounting for the disorder on the 
basis of atomic migration produced by temperature 
alone. 

Bombardment with Electrons 

Brinkman, Dixon and Meechan28 have attempted 
to produce disordering in specimens of Cu3Au by 
bombardment with 1 Mev electrons. A 6 mil (0.0152 
cm) foil was bombarded with 1500 µa-hr of electrons 
(3.38 X 1019 particles) per cm2 at a temperature 
below -18:i0 C. The range of such electrons is about 
0.412 gm/cm2, which is about 0.036 cm. Only the 

copper atoms can he displaced by electrons of this 
energy since Em is less than the threshold. near 25 
ev, for gold. The cross section for the displacement 
of a copper atom by an incident electron is about 
34 X 10·24 cm2 .and the corrective factor for the de
crease in energy of the electrons while passing 
through the foil. is 0.66. Thus the fraction of copper 
atoms displaced· is about 7.6 X L()-< according to 
the simple theory. In pure copper this would give rise 
to an increase in resistivity of about 0.2 X 10-6 0-cm 
purely as a result of the scattering by displaced atoms 
if we assume that one per cent of displaced atoms 
corresponds to t:,.p = 2.7 µ!1-an. Presumably the com
parable efTcct should be almost of the same order in 
Cu3Au. The investigators found no significant ob
servable change in the resistivity of the specimens 
when bombnrde<l at -190°C. Since the experimental 
error is probably close to 0.1 X 10--c n-cm the ah
sence of an observed component of resistivity arising 
from displaced atoms is perhaps not surprising, how
ever the question of a component of resistivity from 
disordering remains. 

I£ each atom displaced by electrons had the same 
effect as the primary atoms displaced by protons or 
alpha particles, we should expect a fraction of 124 X 
7.6 X I~ = 0.094 of the atoms to be disordered. 
This, in turn, would add an increment of about 0.94 
X lo-<' n-cm to the resistivity. Actually the average 
atom displaced by a l Mev electron is given an en
ergy of about 1.4 Ea = 35 ev, which is about one
tenth that given to the average atom displaced by a 
light charged nucleon. In fact the kinetic energy of 
motion, available for the production of a thermal 
spike is proportionately even less in the case of the 
atom displaced by an electron because a larger frac
tion is e.'Cpcnded in overcoming bonding forces. Thus 
it appears that the increase in resistivity orising from 
disordering by electron bombardment may have been 
within the experimental scatter if an increase of the 
estimated magnitude exists. 

It was noted above that the resistivity of a dis
ordered specimen of Cu3Au is increased by 0.65 X 
IO~ cm as a result of bombardment with 5 X 10" 
deuterons per cm2 • Since the fraction o f atoms dis
placed is about 6f P according to the simple theory 
(Equation 16) , the corresponding increase expected 

on this basis would be 4.7 X 10-6 0-cm if we assumed 
that one per cent of displaced atoms induced a change 
o( 2.7 µO-cm . In this case the calculated increase is 
about 7.2 times larger than the observed one, which 
is to be compared with the ratio of 7.5 found for 
specimens of pure copper bombarded at liquid nitro
gen temperature ( cf Equation 32). Actually the 
e..,periments of Brinkman, Dixon and Mecchan were 
carried out near - l00°C where thermal annealing 
may have been larger. As a result it appears that the 
atoms displaced in disordered Cu3Au may produce 
a somewhat higher change in resistivity than those 
displaced in pure copper. The conclusion is not reli
able because the effects of annealing arc uncertain. 
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Neutron Bombardment of Ni8Mn 

Aronin 2• has studied the disordering produced in 
Ni

3
:_\In as a result or irradiation with reactor neu

trons and has concluded that about 5000 atoms o{ 
the lattice are disordered on the average per colli• 
sion involving each neutron in the distribution with 
an energy above 0.5 Mcv. H we assume somewhat 
arbitrarily Lhat the average neutron of thjs type pos• 
sesses an energy of 1 Me_v and that th~ average 
neutron is scattered isotropically by the N1 and Mn 
atoms of the alloy, the average energy imparted to 
the primary displaced atoms is about 3.5 X l~' e~. 
The energy of an electron with the same velocity lS 

about 0.25 ev. Thus the atoms should expend the 
major fraction or their energy in coulomb and ha_rd
sphere encounters with the ~the_r atoms of the lattice, 
ratht:r 1han in eleclro11 exc1lalton. It may be noted 
t11at the typical primary atoms of Ni and Mn can 
approach the atoms of the lattice to a distance. a~ut 
equal to the screening radius a in head-on colhs1ons. 
Thus they are scattered more nearly like ~ard spheres 
than like weakly screened charged part1cks. 

The averao-c atom displaced by a. neutron and pos
sessing 3.5 X 10• ev of energy is e~uivalent to about 
100 primary atoms displaced by light <:harged nu
cleons in coulomb encounters. Thus the disorder pr~
duced per neutron collision is a!Jout the ~ me as Ji 
each atom displaced 1,y a charged nucleon <l1sorder_cd 
50 atoms of 1he alloy. This is to be compared w1th 
the value of 124 disordered atoms computed for the 
primaries produced by 9 Mev protons in CusAu. 
The relatively close agreement between the two num
bers shows that the effects produced by atoms 
knocked on in typical coulomb encounters with 
charged nucleons arc not hasically different from 
those produced by the atoms knocked on . by. ne~
trons. :Moreover, we note that electron exc1tat1on JS 

almost absent in the specimens disordered by neutron 
bombardment, for even the fastest knock-on~ have a 
'\'elocity equi,·aJent to that of an electron w1_th only 
0.5 ev of energy. Thus we may conclude with r_e~
sonablc certainty that the dis?rdering. does not ?ng~
nate primarily in electron spikes. This conclusion 1s 
also supported at least qualitatively by Siegel's ini
tial \\Ork with Cu1 Au since the knock-ons produced 
by the neutron flux would not have produced appre
ciable electron excitation in this case either. 

lmpor1ance of Disploccmen, Spikes 

An analysis concerning events which occur in 
thermal spikes suggests that the primary cause of 
disorder in the alloys is the irreversible component 
of plastic flow which occurs about the displaceme~t 
spike and which originates in the thermal stresses m 
the region about the spikes. We would not expect 
stresses of the same magnitude when the atoms are 
displaced with electrons having.energy just above the 
threshold value ( e.g., 1 Mcv electrons). Unfortu
nately the experiments carried on ,with electron bom
bardment and described above are just borderline for 
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testing this point. For example, the increase to be 
expected in the specimen of ordered CusAu bom
barded with 1500 ,.,a-hr of electrons would be near 
0.1 ,..n-cm if the total energy transferred to primary 
atoms alone were the import:1nt factor. Electron bom
bardments of five or ten times the duration would be 
of critical value. 

Acceleration of Ordering 

A number of experiments on disordered alloys 
demonstrate that the rate of ordering at a given tem
perature can be increased"' if the m~terial is bom
barded with particles that produce d1s~laced aton:is
It seems safe to conclude that the higher density 
of lattice defects in the bombarded specimens cn
h.'\nces the rnte of self-diffusion and hence the rate 
of ordering. It seems very difficult to extract _sa!is
factory quantitntive information from the ex1stmg 
experiments since the relatively complex process of 
ordering is involved. 

Evidence for Interstitial Migration 

Brinkman Dixon and Meechan28 have carried out 
a very intc~esting study of the annealing of the 
radiation-induced increment of resistivity in ordered 
and disordered specimens of Cu3Au ::ind have used 
the results to conclude that the prominent annealing 
process with an activation energy of about 0.7 ev in 
copper and gold corresponds to intersti tial rather 
than vacancy migration. The ordered and disordered 
specimens, designated by O and D, were irradiated 
helow - l00" C with S X J01r proton<: per cm2 h:w
ing an energy of 9 Mev, an<l are in fact the specimens 
for which Equations 47 and 48 were derived. \Ve saw 
in the previous section that the resistivity of O 1s 
raised by 4.25 µn-011, whereas that o ( D is I"aised uy 
0.65 ,..o-em. \Vhcn these specimens were warmed 
the following sequence of events occurred: 

1. In the range between -60°C and 0°C, speci
men D recovered almost all of its original resistivity, 
the drop t,eing 0.60 ,.n-cm. The invcstigntors condud_e 
that no ordering occurs and that most of the addi
tional scattering centers produced hy bombardment 
ha,·c been removed. Only a small additional decrease 
(0.05 p.n-cm) occurs during a further annealing be
tween 0°C and 130°C. 

2. The resistivity of specimen O also decreases 
by 0 .60 ,..n-cm during the rise from -_60° _to 0 °C. The 
investigators conclude that the ddTus1?n proc~ss 
which occurs in this stage removes a maJOr tracllon 
of the displaced atoms, but does not decreas_e tl!e 
lattice disorder responsible for most of the n se m 
resistivity. That is, only the component o[ the dam
age which anne:ilecl in specimen D is removed during 
warming to 0°C. During further wam,ing to 130°C 
the resisti\•ity of O drops still further by 0.45 µfl-cm. 
lt is concluded that the decrease is associated with 
ordel"ing a nd that a new migralio11 process which 
permits ordering has occurred. This process is 
11Ssumed to occur in specimen D as well, and to be 
associated with the drop of resistivity by about 0.05 

\ 
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µD-cm; it is not effective in producing ordering, how
ever, because the appropriate nuclei for the ordered 
phase are not available. 

To summarize, a diffusion process which cannot 
induce ordering takes place in the lower range of 
temperature, whereas one which can produce order
ing occurs in the higher range. The appropriate acti
vat ion energies are assumed to be about 0.7 ev and 
1.2 ev, respectively. 

The investigators associate the lower activation 
energy with inters titial migration because relatively 
simple calculations show that only a copper atom 
should persist as an interstitial. These estimates indi
cate that the energy required to form an interstiti:il 
gold atom in Cu3Au is about 5 ev greater than the 
corresponding energy for a copper atom. Hence inter
stitialcy migration should take place through the 
copper lattice alone, once the initial inter sti tial gold 
atoms have exchanged with copper atoms, and leave 
the order unaltered. In contrast, the vacancies may 
presumably jump between both types of site and 
induce ordering. It follows that the activation energy 
for vacancy migration is to be associated with the 
activation energy near 1.2 ev. 

Granting both the experimental results and the 
calculations, a major flaw in the reasoning seems to 
lie in the exclusive assumption that the activation 
energy of 0.7 ev in the alloy is to be associated with 
the closely similar value in monatomic copper and 
gold. One might equally well argue that the primary 
result of the analysis is the less quantitative conclu
sion that interstitialcy migration may involve an ap
preciably smaller activation energy than vacancy mi
g ration (smaller by about 0.5 ev), and hence conclude 
that the annealing process which occurs near 40°K 
in copper and possesses an activation energy near 0.1 
ev is to be associated with interstitial mig ration. 
whereas the higher value near 0.69 ev is to be asso
ciated with the migration o[ vacancies. 

It would be interesting to know if specimens of 
ordered CulAu which are disordered by bombard
ment near 10°K exhibit annealing near 30°K. 
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Theoretical Aspects of Radiation Damage in Metals 

By G . J. Die ne s,* USA 

It is well known by now that nuclear radiations 
may alter drastically the properties of solid mate
rials.' Radiation effects are conveniently grouped 
into two categories, namely, ionization effects and 
displacement effects. In good conductors, such as 
metals, ionization effects disappear very quickly and 
only contribute to the heating of the material. Bom
bardment with massive fast particles, however, pro
duces atomic displacements in a solid and important 
changes in physical properties arise from the resultant 
atomic disorder ( crystalline imperfections). This pa
per is concerned with the theoretical aspects of radia
tion damage, particularly in metals, caused by the 
displacement of atoms from their normal lattice sites 
by high energy particle bombardment. The produc
tion of impurity atoms by nuclear transmutations will 
not be discussed although this effect may be of con
siderable importance in special cases. 

Theoretical work in this field is concerned with 
three major aspects: ( 1) theory of the production 
of displaced atoms by high energy particle irradiation, 
(2) the nature and mobility of the crystalline defects 
introduced hy irradiation and ( 3) theories of the re
lations between physical properties of solids and crys
talline imperfections. Each of these topics is discussed 
in this paper and the current status of theoretical 
knowledge is summarized. 

PRODUCTION OF DISPLACED ATOMS 

The production of displaced atoms may be de
scribed as follows . Consider first a fast neutron which 
upon entering a solid produces fast recoil atoms along 
its path. The recoil atoms in turn produce secondary 
recoils and so on. The fraction of energy dissipated 
in ionization decreases rapidly as the particle slows 
down and a large portion of the displacement damage 
is done at the end of the range although the inte
grated damage in the early part of the range cannot 
be neglected. The picture is essentially the same for 
fission fragments and for accelerated charged par
ticles except for details of assigning the energy dis
sipated to ionization and displacement effects. 

I t is clear that, on an atomic scale, knocked-on 
atoms will leave vacant lattice sites behind and will 
finally come to rest in interstitial positions. This is_ a 
fundamentally attractive picture according to which 
many of the experimental results may be correlated. 

* Brookhaven National Laboratory, ,Upton, New York, 
USA. 

The lattice disturbances may, however, be highly lo
calized and the assumption of a uniform concentra
tion of lattice defects represents a certain degree of 
idealization. The defects themselves may combine to 
form pairs and larger clusters. In addition to this, 
energy may be transmitted to the atoms near the 
path of the fast particle without displacing them from 
the lattice. The result is a "thermal spike", i.e., very 
rapid heating and quenching of a small volume of the 
material. Such thermal spikes may promote proc
esses associated with high temperatures, such as dif
fusion or disordering of ordered alloys. Theoretical 
estimates'·• indicate that the high temperature in a 
thermal spike fasts only for a time of the order of 
10-11 seconds. In metals, the energy transfer from 
excited electrons to the atoms of the lattice is ineffi
cient2 so that the degree of heating depends mainly 
on direct transfer of energy to lattice vibrations. This 
is a relatively small fraction of the energy dissipated 
and consequently rather small additional activation 
is predicted for rate processes such as self-diffosion. 

Brinkman• has recently extended these ideas by 
suggesting that displacement spikes are produced at 
the end of the range of a fast moving atom. His cal
ctdations indicate that, when the energy of the fast 
moving atom falls below a transition value ( which 
depends on the atomic number) the mean free path 
between displacement collisions becomes of the order 
of the atomic spacing. Thus, each collision results in 
a displaced atom and the end of the trail is believed 
to be a region containing of the order of one to ten 
thousand atoms in which local melting and turbulent 
flow have occurred during a very short interval. 
Brinkman suggests that vacancies and interstitials 
will anneal more or less completely i.n this region and 
that the damage is left in the form of dislocation loops 
and small misoriented regions. The calculations in
dicate tha_t this mechanism, if it exists, is only im
portant in heavy metals. 

The ~hermal spike and displ~cement spike proc
esses are evidently rather complex and it is difficult 
to carry out reliable calculations. They have been in
voked to explain the unexpectedly efficient disorder
ing of ordered alloys by irradiation. Seitz• has indi
cated recently that the simple picture of heating and 
quenching is inadequate to explain the disordering. 
He suggests that the irreversible plastic strain which 
originates in thermal stresses about displacement 
spikes is the source of the disorder. · 

Because of the very speculative nature of thermal 
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spike and displacement spike effects the major por
tion of this paper is devoted to displaced atom pro
duc~ion by elastic collision and to the properties of 
the resultant simple defects (interstitials, vacancies, 
pairs of defects). 

\Vigner• made the first quantitative estimates of 
the number of displaced atoms produced by high 
energy particles. The theory was developed in de
tail by Seitz,' based on earlier work by Bohr and his 
co-workers.8 Seitz calculated the fraction of energy 
lost in elastic collisions using the Born approxima
tion. These are the collisions which are effective in 
displacing atoms. Recent advances in the theory are 
due to Snyder and Neu(eld 0 and Harrison and 
Seitz 10 who have pointed out that the problem is 
better treated on the basis of classical scattering. \Ve 
shall make use of some of these results at appropri
ate places but shall not discuss the theory in detail 
since the material is covered in a paper by Seitz11 

at this conference. 
An important parameter which enters the theory 

is the "displacement energy", Ea, i.e., the energy re
quired to knock an atom out of its position in the 
lattice. This energy has been measured for ger
manium 12 

( 30 ev) and copper 13 (25 ev). Two at
tempts have been made recently to calculate Ea 
theoretically. Huntingtonu has considered low energy 
collisions in copper, a typical close packed metal. He 
has assumed that the principal interaction between 
the colliding atoms is the repulsion of closed shells 
which he approximated by a Born-Mayer type func
tion 

[
- (r - r 0 )p] 

V(r) = A exp Yo (1) 

Since this force law is short range, a billiard ball 
model was used for the collision calculations. For 
copper the value of p can be bracketed23 between 
13 and 17. For p = 13 an energy of 18.S ev is re
quired to move an atom to an interstitial position in 
the ( 111) direction through the triangle formed by 
its three nearest neighbors. 17.5 ev is required for 
displacement creation in the (100) direction. In this 
case the original fast atom moves to another lattice 
site displacing its nearest neighbor into an inter
stitial position. For p = 17 the corresponding ener
gies were found to be 43 and 34 ev. The experimental 
value lies well inside these rather wide theoretical 
limits. Because of this rough ·· agreement one is 
tempted to conclude, at least tentatively, that in a 
~lose pacl~ed met~llic _lattice the displacement energy 
1s detem1med pnmanly by the closed shell repulsive 
interactions. 

Kohn' 5 has carried out similar calculations forger
manium and found that some of the nearest inter
stitial positions can he reached by atoms with sub
stantially smaller energies ( of the order of 10 ev) 
than the experimentally determined value of 30 ev. 
The main reason for the much lower theoretical value 
is the open structure of the Ge lattice in contrast to 

the close packed face-centered cubic structure of Cu. 
Kohn concludes that in Ge the most easily acces
sible interstitial positions are either unstable or, if 
stable, do not give rise to acceptor levels and hence 
would not have been observed in the threshold energy 
determination which was based on electrical resistiv
ity measurements. 

A test of the general theory of displacement pro
duction is difficult mainly because most physical 
properties depend in a complicated, and theoretically 
poorly understood, way on the number of vacancies 
and interstitials. Recent theoretical and experimental 
work (as yet unpublished) by Antal, Weiss and 
Dienes ' 8 using the scattering of long wavelength neu
trons led to a significant test of the theory. 

It wilt he shown that neutrons of sufficiently long 
wavelength are scattered isotropically by isolated 
point defects and the scattering can be measured when 
crystalline effects (Bragg scattering) are absent. 
Babinet's principle may be applied under such condi
tions and, therefore, vacancies and interstitials scat
ter in exactly the same manner. The cross section for 
this nuclear type of scattering is accurately known 
from other measmements. Thus, if the scattering
from the defects is measurable an absolute method is 
at hand for determining their concentration. 

Let long wavelength neutrons be incident on a crys
tal in the wavelength region of several .Angstroms, 
i.e., the energy region of 0.001 ev. For such extremely 
low energy 11eutrons the solution of Schri.idinger's 
equation is the sum of an incident plane wave and a 
radially scattered wave. The scattered radiation at 
a large distance is 

➔➔ 

If = l:p aeik•r, (2) 
➔ ➔ ➔ ➔ 

where k = k' - k 0 = phase clifference, and r-11 = 
vector distance between origin and pth scatterer jn 
the crystal. Let a monatomic crystal contain -m point 
scatterers per unit volume in the form of interstitial 
atoms and vacant lattice sites and a total of N atoms 
per unit volume. The scattering is then described by 

N ➔➔ m -+ ➔ 
if! = L ae<,.-,1 + L a,eu.•pc 

l=1 i = l 
(3) 

where the first term is the sum over the perfect crys
tal and the second one is that over the defects. •In 
the second term a, = +a for interstitial atoms and 
-a for vacancies. 

For wavelength beyond the Bragg cut-off the first 
term is zero. The intensity scattered is then the 
square of the second term and for random location 
of defects cross terms in this square may be omitted. 
The resulting total cross section is 

o = <kma2 

The cross section per atom is 

(4) 

C1a = e1/N = 41ra2m/N = 41ra•f (5) 

where f 1s the atomic fraction of scatterers in the 
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material and od. is the cross section for scattering by 
defects alone. The scattering process is fully de
scribed, therefore, by 4"a2 which is the scattering 
cross section for vacancies and interstitials, and is 
the bound atom cross section, <Jd, for the atoms of the 
crystal. 

It is not practical to attempt to measure directly 
the isotropically scattered neutron intensity. lnstead, 
the attenuation of a long wavelength neutron beam 
during its passage through the material is measured 
in a transmission experiment. There are other sources 
of attenuation which have to be taken into account 
and whose cross sections should be very small com
pared to the cross section for defect scattering. 

In the ab5Cnce of defects and past the last Bragg 
cut-off (A > 2d.,, • .,), the transmitted intensity, I ., 
is given by 

l, = lo exp [ - NX (u~ + u, + ua .. )] (6) 

where 10 = incident intensity, N = number of 
nuclei per cm•, X = path length traversed through 
the sample, v0 = cross section for absorption, <11 = 
croi.s section for inelastic scattering, cra,, = cross 
section for disorder scattering other than defects 
(isotopic spin, etc.). 

If m defects are present the transmitted intensity, 
Id, is 

(7) 

A direct comparison of a crystal containing a frac
tion, f, of defects to a control crystal gives 

f(/, = e - NXoof 

1. 
(8) 

measurement of the ratio Id/ I• immediately gives 
then a value for f. 

Graphite was chosen for study because of inherent 
interest in this material and because it fulfilled very 
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well the theoretical and experimental requirements. 
Samples available to us were expected to contain of 
the order of a few per cent defects on the basis of 
Seitz's theory. This concentration should be easily 
measurable. For graphite ab = 4.7 barns, a. + 
CJ, =" 0.9 barns at 8 A, a,pin = 0; zero spin, 
C11,01ope = 0. 011. , 0,,. is negligibly small because of the 
combination of a low abundance of C13

( 1.1 % ) 
relative to C12 and a similarity in cross sections, 4.5 b 
and 5.5 b. T he graphite specimen served also a.<; a 
neutron filter. which resulted in a most economical 
use of the very low intensity available in a long 
wavelength neutron beam. 

The slow neutron beam was obtained from the 
Brookhaven reactor by filter ing the thermal neutron 
spectrum. This spectrum of ffux has a 1\1fax:we11ian 
energy distribution peaked near 1 A with a "tail" 
on the long wavelength side. If a polycrystalline 
material of sufficient length is placed in such a beam, 
Brag!! scattering removes all neutrons from the in
cident beam except those having 

(9) 

where d.,,a.r is the largest intcrplanar spacing for 
which diffraction is possible. In these experiments 
the graphite specimens were made long enpugh 
( approx. 9 in.) to constitute efficient filters by them
selves. A typical spectrum of the neutrons transmitted 
by a 9 in. graphite specimen is shown in Fig. 1 
as the "unirradiatcd" curve. The "cut-off" wave
length is clearly marked by an abrupt increase· in 
transmitted intensity at >. = 2d,oo,l = 6.70 A. 

In order to avoid spurious effects due to the in
crease in the c-axis of graphite upon pile irradiation 
a plot of transmitted intensity vs wavelength was 
obtained using a crystal spectrometer. Any irrelevant 
change in intensity could then be disregarded and 
the transmitted intensity obtained by measuring the 
areas under the curves for >. > 7.30 A ( see Fi.z. 1). 
Onset of second order reflections at about 13.4 A 
would place a limit on the usable wavelength region 
but is of no consequence in these experiments since 
the beam intensity is too weak to be detected past 
12 A. Care was taken to accept all small angle 
scattered neutrons, thus eliminating effects of small 
particle size in the sample. 

Several spectra were obtained from the spec
trometer•"for the irradiated and standard ( unirradi
ated) specimen run alternatively and averaged. 
Figure 1 shows the results. The areas under each 
curve give 

The estimated accuracy of this figure is about ± 105-'c . 
By Equation 8, f = 0.0526. The fraction of displaced 
atoms is f/2 = 0.0263. 

The f value obtained by the above method may 
now be compared to the nu111ber of displaced atoms 
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expected on the basis of Seitz's theory. 1 f was cal
culated from the equations 

It:,,£ 
f/2 = (11vt) X CJs\ E 

0 

where m = mass of neutron, NI = mass of carbon 
atom, AE = average energy loss per collision, Eo = 
energy required to displace a carbon atom which will 
be taken as 25 ev, E = average energy of fast neutron 
causing displacement, which will be taken as 1 Mev, 
cr8 = collision cross section for carbon atom = 2'.5 X 
l0-2

·• cm2, (iivt) = effective total integrated flux 
of fast neutrons causing displacement (11v is the flux 
of neutrons per cm• per second and t is the irradia
tion time) . 

The number to be used for (m,t) is the most un
certain quantity in these equations since the fast flux 
and its energ}' distribution are not known with any 
accuracy. Our best estimate of the effective (nvt) 
for the graphite sample used in these experiments is 
1.1 X 10°0 neutrons/cm•. 

AB is 0.142 :.\'Iev and with 1.1 X 102 0 n/cm• for 
1ivt, Equation 10 gives for the number of displaced 
atoms 

f/2 = 0.021 

The uncertainty in this number due to inaccuracy in 
( 11vt) is of the order of SOo/o. There may be a further 
error because of possible annealing of the specimen 
although its temperature during irradiation probably 

. has not been above S0°C. The use of Equation 10 
overestimates f since the pile spectrum has been 
replaced by neutrons of average energy of 1 Mev. 
On the other hand, recent refinements in the 
theory0• 10 discussed earlier in this section indicate 
that the number caknlated by Equation 10 should 
be raised by about a factor of 2. These two effects 
,,·ill largely cancel each other. Because· of the 1111-

ccrtainty in ( 11vl) a more detailed calculation was 
not carried out. 

The e.."perimentally determined value off is known, 
therefore, with greater accuracy than any theoreti
cally derived value largely because of uncertainties 
in the value of (11vt) . Consequently, the theory 
itself cannot be judged too critically. The fraction 
of displaced atoms determined experimentally by this 
method is in excellent agreement with the theory 
within the limitations mentioned above. 

The value of f determined in these experiments 
may be in error. One r eason is that if the defects 
arc aggregated into pairs or larger clusters their 
scattering will not be equivalent to those of isolated 
interstitials and vacancies. Anc;>thcr reason is that the 
inelastic cross section may be altered by the irradia
tion . It has been assumed that this effect is unim
portant. It has also been assumed that there is 
negligible inhomogeneous distortion ( i.e., distortion 

rather than just displacement of the graphite planes) 
in the neighborhood of the defect. An outward 
inhomogeneous distortion a1·ound the interstitial can be 
shown to reduce the effective cross section of the inter
stitial (a similar distortion would increase the cross 
section of the vacancy). Theoretical estimates of this 
correction are at present unreliable but it is probably 
not greater than 20%. In principle the occurence of 
pairs is delectable by examining the wavelength de
pendence of the attenuation. These preliminary ex
periments are not sufficiently accurate past 9 A to 
establish the existence of a wavelength dependence. 
The fact that no wavelength dependence which would 
be outside experimental error is observable indicates 
that only a small fraction of the displaced atoms may 
be present in the form of pairs. More refined experi
ments will be necessary to establish this point 
definitely. 

The technique described here is applicable, of 
course, to other materials. The most important limi
tation is that the absorption cross section has to be 
small. It appears that with some refi nements the 
number of displaced atoms may be determined in, say, 
aluminum ( 0 0 = 0.215 barns). Experimentation with 
such a metal ca.Us for low-temperature irradiation 
and measurement because the defects are known to 
anneal out well below room temperature. Conse
quently, the necessary techniques are considerably 
more involved. 

vVhile such e..'<periments have not yet been done 
on metals the difficulties are experimental rather 
than theoretical. This work was presented in some 
detail because the writer feels that it represents a 
significant test of the basic theory. Tentatively one 
is led to the conclusion that there is no serious dis
crepancy between the number of displaced atoms 
calculated theoretically and determined experi
mentally. 

MOBILITY OF DEFECTS 

Radiation effects can be removed (annealed) by 
appropriate heat treatment. In pure metals annealing 
has been found at as low a temperature as 
40°K.18•1 9 , 20 The current status of this field is that 
a unique assignment of activation energies and 
mechanisms to the various annealing states has 
not yet been achieved. It is clear that the problems 
are intricate and progress will come from a strong 
interplay of theory and experiment. 

From a theoretical standpoint the important par
ameters for the various annealing processes are the 
activation energies for the migration of interstitial 
atoms, vacancies, pairs of vacancies and larger 
clusters. These same energies also play an important 
r ole in all solid state processes involving diffusion. 
These activation energies have been estimated 
theoretically for simple metals. Since the calculations 
are available in published form only a brief review 
will be presented in this section. 

Huntington and Seitz21 and Huntington22 have 
calculated the energy of formation and the activation 
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energy of migration for a vacancy in copper. More 
recently, Huntington•3••• has presented a detailed 
calculation on the mobility of interstitial atoms in 
copper. In these calculations the metal is represented 
by a lattice of positive point ions immersed in a 
uniform, compensating distribution of electrons. The 
repulsion between ions is represented by a Born
Mayer type exponential potential. The calculations 
are intricate since a number of electrostatic terms 
must be evaluated, the repulsive energies summed 
for nearest and next nearest neighbors and the dis
placement of all these neighbors due to the presence 
of the defect taken into account. These calculations 
gave I ev as the activation energy £or vacancy migra
tion and 0.07 to 0.26 ev for interstitial migration in 
copper. 

Bartlett and Diencs25 carried out an approximate 
calculation to estimate the stability and mobility of 
combined pairs of vacancies in copper. Their estimate 
of the dissociation energy for a vacancy pair is about 
0.6 ev. The activation energies were determined 
using a Morse potential interaction which resulted 
in a fairly reliab.le value for the ratio of the activation 
energy for a double vacancy to that of a single 
vacancy. They finally assigned a value of 0.34 ev 
to the activation energy for bivacancy migration. The 
important conclusion is that in certain temperature 
ranges double vacancies are expected to be stable 
and highly mobile in such metals as copper. Essen
tially nothing is known theoretically about larger 
clusters of imperfections. A summary of the theoreti
cal results is given in Table I. 

Tobie I. Jheoretical Activation Energy Calculations 
for Defects in Copper 

Jfechauinn vfrti1,a.tio,r. err-erg)' Rdcr~ucc 

Vacancy migration I ev Huntington and Seitz21 

and Huntington22 

Bivacancy migration 0.34 ev Bartlett and Dienes'" 
Interstitial migration 0.07....0.26 ev Huntington13 

There are, of course, interactions between point 
defects and dislocations since the stress .fields of 
these imperfections can act on each other. Inter
stitials, for example, will tend to migrate to the 
region of dilation of a dislocation wl1ile a vacancy 
will tend to d iffuse to the region of compression. This 
type of interaction was first suggested by Cottrell"° 
and the current status of the field has been fully dis
cussed by Cottrell21 and Seitz.28 Recent studies of 
annealing of electrical resistivity29 and critical re
solved shear stress30 have shown that an annealing 
process occurs near 300°C in irradiated copper with 
an activation energy of about 2 cv. This process is 
likely to be associated with dislocations since a large 
portion of the radiation induced increase in critical 
shear stress anneals in this high temperature range. 

D islocations themselves may focilitate the migra
tion of defects. In combination with the above inter-
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actions it is evident that very complex annealing 
mechanisms may occur. At the present time the 
interpretation of annealing effects is still at a highly 
speculative stage. 

PHYSICAL PROPERTIES AND IMPERFECTIONS 

Many diverse, and often important, changes in 
physical properties have been observed after high 
energy particle bombardment.1 The intricate relations 
between physical properties and crystalline imperfec
tions are under intensive investigation but theoretical 
knowledge is still meager. In this connection it is 
pertinent to mention that radiation effects are not 
only of interest in themselves but also represent a 
powerful new tool for studying solid state problems. 

The electrical resistivity of metals is increased 
upon irradiation.31 This increase is mainly due to an 
increase in the residual resistivity although some 
changes in the thermal part of the resistivity have 
been also observed.32 Theoretical work has con
centrated on the calculation of the cross section for 
the scattering of conduction electrons by vacancies 
and interstitials. Dexter33 extended Mott's calcula
tions on the scattering of electrons from substitutional 
impurity atoms to include the scattering from inter
stitial atoms and vacancies. The effects of lattice dis
tortions around the defects were taken into account 
and were found to represent only a minor correction. 
De.,ter's result for Cu, Au and Ag was that one 
atomic per cent of vacancies would give an extra 
resistivity, 6.p, of about 0.4 ,,.ncm. A similar calcttla
t ion for interstitials gave about 0.6 ,-.0cm. 

Jongenburger34 suggested that a more reliable cal
culation is obtained if Born's approximation is not 
used. He carried out detailed calculations35 for 
vacancies based on the free electron approximation 
and using for the scattering potential the negative 
of the Hartree potential of a free copper ion. This 
potenti~I was adjusted to take care of the screening 
of the conduction electrons which was approximated 
by creating in the electron gas a spherical hole of 
11nit charge and of radius rt, where r6 is defined by 
4-,,./3r/ = n (n = atomic volume). On calculating 
the phase shifts he found that they gave good agree
ment with the Friedel36 sum rule. He also confirmed 
Dexter's conclusion that distortion around the defects 
can be neglected. For one per cent :vacancies in Cu, 
Ag and . .Au, Jongenburger obtained the following 
t:,.p values: 1.3, 1.5 and 1.5 ,_.ncm, respectively. 

Blatti1 has employed recently (work as yet un~ 
published ) a very similar theoretical technique to 
investigate the e.xtra resistivity due to interstitials in 
copper. He derived the scattering potentials for the 
imperfections from the appropriate Hartree self
consistent fields and employed the partial wave 
method in evaluating the scattering cross sections. 
The potentials were adjusted until the phase ·shifts 
satisfied the Friedel sum· rnle. The phase shift cal
culations were carried out on the University of 
Illinois High Speed Electronic Digital Computer 
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(ILLIAC). The calculated resistivities do not appear 
to depend critically on the choice of potentials. Blatt38 

finds, however, that the choice of potential is im
portirnt for the calculation of thermoelectric power. 
His calculation of thermoelectric power leads to good 
agreement with experiment in the case of substitu
tional arsenic in copper. Blatt's final value for the 
extra resistivity due to one per cent interstitial atoms 
in copper is 1.4 µ.Dem, which is practically the same 
as that due to vacancies. For substitutional impurities 
approximate agreement was obtained with resistivity 
changes measured by Linde, although the calculated 
resistivities were consistently too high. In view of 
this Blatt suggests that his, as well as J ongenburgcr's, 
calculations overestimate the resistivity increase due 
to Yacancies and interstitials. 

Using the above calculations, Harrison and Seitz"' 
compared low temperature irradiation (near 10°K) 
e.,periments 20 with the improved theory of displace
ment production. They found that the experimental 
increase in resistivity is smaller by a factor of 5 than 
the theoretical value when a 6.p of 2.17 µ.Ocm per 
one per cent Frenkel pairs is used. In view of the 
essential agreement between e.xperiment and theory 
obtained by neutron transmission experiments 011 

graphite, the ,niter is inclined to the view that 
J ongenburger's and Blatt's calculations for 6.p yield 
values which are too large by a factor of 3 to S. 

The above theoretical work shows quite clearly 
that interstitials and vacancies cannot be dis
tinguished by their effect on residual resistivity. 
Similarly, the neutron transmission technique can
not differentiate between these two defects. It is 
important, therefore, to find some other physical 
properties which may be sensitive to one type of 
defect. ·with this purpose in mind Dienes39•40•41 in
,·estigated theoretical ly the effect of vacancies and 
interstitials on the elastic constants of simple close 
packed metals. In such substances the elastic con
stants are determined primarily by the repulsive 
interactions of the close ion shells. This potential is 
of an exponential nature and varies extremely rapidly 
with interatomic distance. As the interaction distance 
is shortened by creating an interstitial the energy of 
the system inc,eases sharply on the repulsive side 
of the potential curve. The creation of vacancies 
results essentially in the destruction of some normal 
interactions. Thus, one expects the influence of the 
interstitials to outweigh heavily_ the effect of va
cancies. 

Detailed calculations, in which relaxation of nearest 
neighbors was taken into account, led to the following 
conclusions. The presence of a small fraction of inter
stitials and vacancies results in large increases in the 
elastic moduli of copper, of the order of 5-7% 
per 1 % interstitial. Lattice vacancies alone were 
found to decrease the moduli by essentially a bulk 
effect. Consequently, increases in the elastic moduli 
are to be attributed primarily to the presence of 
interstitial atoms. There is a complicating factor 

a rising from modulus changes which may occur by 
a mechanism of dislocation pinning.42 A proper ex
perimental test of this theory has not yet been 
carried out although Dieckamp0 has reported some 
preliminary experiments. It is essential to make pre
and post-irradiation measurement at very low t em
peratures (below 40°K) on low temperature irradi
ated crystals. In this way annealing effects and inter
stitial migration to dislocations can be prevented. 
It should also be mentioned that the theory indicates 
that the above effect would be absent in a soft body 
centered cubic crystal such as sodium. In this case 
the relaxation around the interstitial is large enough, 
about 30%, to essentially eliminate the crowding 
upon which the modulus incre-"lse depends. 

Tucker and Sampson44 have proposed recently a 
promising method for distinguishing between inter
stitials and vacancies, and for measuring the inter
stitial concentration. They suggest that precision 
X-ray lattice parameter measurement "see" mainly 
the interstitial atoms. The basic physical reason is 
that there is much more distortion23•39 around an 
interstitial than around a vacancy. In copper, for 
example, the nearest neighbors of an interstitial are 
displaced outward by about 5 to 9% while the 
nearest neighbors of a vacancy are displaced inward 
only about 2%,. Tucker and Sampson apply the elastic 
model of Huang45 and Eshelby46 to this problem. 
In this model each interstitial or vacancy is con
sidered a center of pressure ( positive or negative) 
imbedded in an isotropic elastic continuum. For a 
uniform distribution of such centers of pressure 
the linear strain and concentration are rela ted by 
the equation · 

(13) 

where e(p) is the strain produced by an atomic 
concentration p of centers of pressure, C is propor
tional to the strength of each center of pressure, v is 
the atomic volume, and y is related to Poisson's 
ratio, er, by the expression 

y = 3 G + :) 
The constant C is then evaluated from the atomic 
displacements due to the interstitials and vacanqes. 
For a metal such as copper they find that the effect 
of interstitials is given by 

e(p) = 1.0 p (14) 

i.e., the interstitial concentration in atomic per cent 
is equal to the linear lattice expansion expressed 
as a per cent. 

The corresponding relation for vacancies is 

e.,(pv) = - 0.2 Pv (15) 

In copper, therefore, an interstitial is five times as 
effective in expanding the lattice as a vacancy' is in 
contracting the lattice. In a soft body centered cubic 
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metal, such as sodium, the expansion would be even 
larger by a factor of 2 to 3, on the basis of Dienes'31 

estimate of the atomic distortion. 
On the basis of this work Tucker and Sampson 

conclude that: (a) precision X-ray lattice parameter 
measurements can detect 0.01 atomic per cent inter
stitials, ( b) the X -rays "see" mainly the interstitial 
atoms, and ( c) the theory appears sound enough to 
render the interpretation quantitative. They remark 
that preliminary experiments have shown lattice ex
pansions in several neutron irradiated metals. This 
method may become an important tool for observing 
essentially only the interstitial content of radiation
damaged metals. The interstitial content may be 
measured as a function of irradiation and of subse
quent thermal treatment. 

SUMMARY 

Three major theoretical aspects of radiation dam
age in metals have been d iscussed : ( 1) theory of 
displacement production, (2) the mobility of the re· 
sultant crystalline point defects, and (3) the relations 
between physical properties of solids and crystalline 
imperfections. 

The theory of displacement production was treated 
very briefly since it is discussed elsewhere at this 
conference. Recent speculations concerning the mag• 
nitude of the unit clisplacement energy were discussed 
in some detail. The theory of long wavelength neu
tron transmission of a crystal containing interstitials 
and vacancies was outlined because it shows that the 
absolute number of such defects is measurable by 
such transmission experiments. A significant test of 
the theory of d isplacement production has been 
achieved by such measurements on graphite and the 
numbers found experimentally fall within the range 
calculated theoretically. Such measurements have not 
yet been made on metals because of experimental 
rather than theoretical difficulties. 

It was pointed out that radiation effects can be 
removed (annealed) by appropriate heat treatment. 
The obviously important parameters in this process 
are the activation energies for migration of inter
stitial atoms, vacancies and their clusters. These 
activation energies have been estimated theoretically 
for simple metals. The basic features of these calcu
lations were described and the current status of 
theoretical knowledge summarized. 

Many diverse, and often important, changes in 
physical proper ties have been observed after high 
enel'gy particle bombardment. The intricate relations 
between physical properties and crystalline imperfec
tions are under intensive investigation but theoretical 
knowledge is still meager. The cross section for the 
scattering of conduction electrons by interstitials and 
vacancies has been estimated theoretically. Some the
oretical speculations have been. advanced to relate 
changes in elast ic moduli , density and lattice param
eter, to the concentration of sim[?)e defects. These 
theoretical considerations have been outlined. 
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Radiation Damage in Non-Fissile Materials 

By J. H. 0. Varley,* UK 

In this paper studies of radiation damage in vari
ous non-fissile materials carried out bv several sci
entists in the UK A.E.A. are reported. It is hoped 
that the results obtained from the various classes of 
materials studied will help to clarify the nature of the 
mechanisms whereby radiation damage occurs, in 
addition to leading, along with all other work, to a 
basic understanding and solution of the materials 
problems involved in reactor technology. Several ex
cellent reviews of radiation damage studies have 
already been written by Dienes,'•' Dugdale,• Kinchin 
and Pease• and by Glen.5 

RADIATION DAMAGE IN METALS 

Kinchin 6 has made a study of the changes in elec
trical resistivity produced in several high melting 
point metals by pile irradiation at 50°C. This tem
perature being relatively low with respect to re
crystallisation temperatures for such metals, it may 
be expected that a larger fraction of the total damage 
produced is frozen into these materials. The resistiv
ity changes as a function of integrated flux do in 
fact resemble the cuncs obtained by workers in the 
USA1 •8 •9 on such metals as copper bombarded at 
low temperatures. Thus there is an initial somewhat 
pronounced curvature in the resistivity-integrated 
flux curves which gives way to an almost linear 
change with increasing total :flux. 

Probably the simplest explanation of such a varia
t ion of resistivity with total flnx is to suppose that 
at least two classes of defect are contributing to the 
resistivity increases. One class saturates at relatively 
low doses whilst there is a steady build-up of the 
second kind of defect with increasing dose, the latter 
giving rise to a linear increase of resistivity with dose 
superposed upon a resistivity change which saturates 
at low doses. This second class of defect may be dtte 
to the clustering of vacancies or interstitials sug
gested by Seitz 10 whilst the first kind may be isolated 
vacancies and interstitials. 

Kinchin 11 has also studied the release of stored 
energy from irradiated specimens of molybdenum 
upon subsequent annealing and has correlated the 
energy release with corresponding changes in re
sistivity. I-le finds that, for a given heating rate, on 
raising the annealing temperature a small maximum 
in the energy release is followed _at a higher tempera-

* UK A.E.A.. Atomic Energy Research Establishment, 
Harwell, Berkshire. 
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ture by a larger maximum in the energy released over 
a given temperature interval. The corresponding 
changes in resistivity are inverted; thus there is a 
large resistivity change accompanying the small ma.'<
imum in the energy release curve and conversely a 
small resistivity change occurs with a large release 
of stored energy. This evidence again seems to sup
port the idea that point defects and clusters are both 
present since point defects arc considered to produce 
a much larger contribution to the resistivity of a 
metal than arc extended discontinuities such as dis
locations. grain-boundaries and presumably cluster 
boundaries. a, u 

Makinu has studied the effect o( pile radiation on 
yield strength, ultimate strength and ductility of 
several metal wires in both single crystal and poly
crystalline form. He finds in the case of copper ·sin
gle crystals a marked increase in critical shear stress 
as a result of radiation damage, qualitatively confirm
ing the earlier work of Blewitt.15 However, Makin 
finds that his results for low doses do not confirm the 
quantitative relation obtained by Blewitt, viz., that 
the increase in the critical shear stress is propor
tional to the cube root of the total flux. There is also 
some evidence for an incubation period in copper 
single crystals at small total fluxes which he tenta
tively ascribes to the accumulation of a critical num
ber of cluster defects. Below this number the sepa
ration between these cluster defects is sufficiently 
great not to interfere with slip originating from the 
weakest Frank-Read sources \\·ithin the crystal. 
Above this critical number of defects the spacing 
between them becomes less than the length of the 
weakest dislocation sources, so interfering with the 
operation of such sources in that th~y are effectively 
shortened. The critical shear stress is thus increased 
only after the accumulation of a sufficient number of 
cluster defects. 

Makin bas funher shown that there ·is a marked 
temperature dependence of critical shear stress at 
temperatures well below those at which any anneal
ing of radiation damage occurs; this effect is reversi
ble. In keeping with other studies on the effects of 
radiation damage on physical and mechanical prop
erties it is found that the effects are not completely 
removed in a given material until annealing is car
ried out in that temperature range where the rate of 
creation and movement of ¥acancies is rapid. Thus in 
copper the activation energy associated with such a 
process is about 2.1 ev corresponding to annealing in 
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a tcmperatt1rc range around 300°C. This again sug
gests that the final defects to be removed may be 
cluster defects, either of vacancies or interstitials, 
inasmuch as vacancies will be created at the surfaces 
of vacancy clusters and diffuse into the crystal so 
dispersing the clusters, or alternatively vacancies will 
be produced at dislocations in the crystal and dif
fuse to interstitial aggregates so annihilating them 
( cf. ref. 10). 

In the case of polycrystalline materials Makin has 
observed increases in both yield point and ultimate 
tensile strength and a decrease in ductility. There is 
a decrease in the breaking strength-yield strength 
ratio, and this reduction of the ability of the mate
rial to work harden coupled with a loss in ductility 
immediately suggests that the notch sensitivity of a 
metal under irradiation "·ill be increased. In fact 
American work16•

17 has already shown this to be the 
case in that the transition temperature, below which 
brittle fracture and above which ductile fracture takes 
place, is raised as a result of radiation damage, and 
there is in general a decrease in the energy absorbed 
to fracture a specimen in a ductile manner above the 
transition temperature. Such a consequence of radia
tion damage on mechanical properties has an impor
tant bearing upon power reactor design. 

The creep properties of metals do not appear to be 
a ffected significantly by radiation damage.18, 19 , 20 In 
this country Jones et al.21 have observed no change 
in creep rate of polycrystalline aluminium in the 
secondary creep range under pile irradiation, to 
within + 10 per cent. Makin 22 has made an exten
sive study of the creep of cadmium single crystals 
under a-particle bombardment from a polonium source 
g iving a flux at the specimen surface of about 5 X 
108 particles cm-2-sec-1 • He could detect no change in 
creep rate due to the effects of surface damage by 
a-particles. Slater 28 has observed that, since radiation 
damage can produce both a hardening effect, due to 
the production of point defects and extended defects 
such as clusters, and a possible softening effect 
through the thermodynamic instability set up in the 
system by thermal spikes and increased atomic mo-
1.Jility induced by the bombarding particles, the creep 
rate may be either reduced or increased under bom
bardment. Since creep occurs in a temperature range 
where recovery from any induced thermodynamic in
stahility is relatively rapid the effect of radiation dam
age on creep rate may in any .case be expected to be 
small, for rapid recovery will° never permit a large 
accumulation of defects. 

Charlesby et al.24 have measured the effects of pile 
irradiation on the Young's Modulus of several poly
crystalline metals, including molybdenum, a phosphor 
bronze and an austenitic stainless steel. No marked 
change in modulus has been observed for integrated 
neutron fluxes up to the order of S X 1018 neutrons 
cm-•. 

Theoretical considerations of radiation-damage 
mechanisms have led Kinchin and Pease 25 to the in-

troduction of the concept of replacement collisions. 
Tf a collision between a moving interstitial atom and 
a stationary atom results in ejection of the stationary 
atom leaving the interstitial with insufficient kinetic 
energy for it to escape from the vacancy it has been 
responsible for creating, then this atom will fall into 
the vacancy dissipating its kinetic energy through 
lattice vibrations as heat. They assume that for such 
a process to occur, some threshold energy, which is 
less than the displacement energy, must be imparted 
to the stationary atom to eject it into an interstitial 
position. The energy difference between this thresh
old energy and the displacement energy necessary to 
displace the stationary atom is obtained from the 
potential energy given ttp by the moving atom as it 
replaces the stationary atom. Further, for these re
placement collisions to occur it is assumed that the 
moving atom must be left with energy both less than 
the displacement energy and less than the energy 
imparted to the stationary atom. Kinchin and Pease 
then show that for a reasonable choice of energy 
parameters the number of replacement collisions far 
exceeds the number of displacement collisions, and 
they obtain satisfactory agreement with the experi
mentally determined disordering rate of MnNi3 found 
by Arowin.20 The essential importance of this mecha
nism lies in the concept that by such a process of 
replacement collisions, more displaced atoms are likely 
to fall into vacant lattice sites of the wrong kind than 
would be the case if all the atoms were displaced far 
from vacancies during bombardment and then mi
grated at random to vacant lattice sites. 

Barnes and l\1akin" have discussed the non-lin
earity of the resistivity-integrated flux relation ob
tained by Cooper, Koehler and Mar:x28 for copper 
wires under deuteron bombardment at 12~K. T hey 
consider three possible causes for this irradiation an
nealing, and show that two of these, namely local 
heating along the deuteron track (the thermal spike) 
and local melting at the end of the track of a dis
placed atom ( the displacement spike concept of 
Brinkman20

) will produce effects too small in magni
tude to account for the changes observed. The third 
possible cause is that during the movement of inter
stitial atoms with low energy by the interstitiaky 
mechanism, i.e. by successive interchange of inter
stitials with atoms on normal sites, an interstitial will 
pass within some critical distance of a vacant lattice 
site and will be annihilated. This critical distance 
they estimate to be three atomic spacings and the 
distance travelled by an interstitialcy moving with a 
velocity low enough so that it is in the energy range 
in which it will be captured by a vacancy is about 
eight atomic spacings. On this model, Barnes and 
Makin obtain satisfactory agreement with the results 
obtained by Cooper et" al. 

Lomer 80 has considered the probable effect of 
irradiation upon diffusion rates in copper, assuming 
reasonable values for the activation energies control
ling the formation and movement of vacancies. His 
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calculations are based on the assumption that a high 
energy particle produces of the order of one effective 
interstitial-vacancy pair, for he considers that local
ised damage giving high concentrations of defects will 
e.ither anneal out very rapidly or take up metastable 
configurations which will not affect the diffusion 
rates, i.e., only those interstitials and vacancies which 
escape from regions of highly localised damage will 
affect the random distribution of vacancies and inter
stitial atoms controlling the diffusion process. Lomer's 
conclusions arc that the effect of radiation damage 
on measurable diffusion rates will be small, for while 
at low temperatures the equilibrium concentrations of 
lattice vacancies will be larger under irradiation con
ditions, the diffusion coefficients are in any case very 
small. At high temperatures on the other hand the 
vacancy and interstitial concentration under irradia
tion is little different from that in an unirradiated 
crystal since recombination processes are relatively 
rapid, so that the effect of irradiation on measurable 
diffusion coefficients is again small. Between these 
e..'<tremes there is some temperature at which the 
diffusion rate is increased by an optimum. amount. 
In the case of copper, Lomer calculates this tempera
ture to be about 450°K when the diffusion coefficient 
is increased by about three powers of ten over that 
of an annealed sample. It is emphasised that the dif
fusion coefficient is increased by many orders of mag
nitude at low temperatures, but that snch an in
crea:;e does not bring the diffusion meffi.cient into the 
measurable range. Lomer also points out that the 
saturation numbers of interstitial-vacancy defects pro
duced by irradiation increases only as the square root 
of the flux; in addition this saturation value is very 
sensitive to the state of perfection of the crystal, being 
srnalJ in relatively imperfect crystals containing many 
initial interstitial traps. 

NON-METALS 

Pcase3' has studied by X-ray examination the 
effects of radiation-damage on several compounds oi 
boron, including boron nitride. He argues that sat
uration of the damage will occur when the concentra
tion of vacancies is of the order of the reciprocal of 
the number of lattice sites surrounding a given inte1·
stitial site in the lattice, for then any interstitial will 
be adjacent to a vacancy and such a vacancy inter
stitial pair will be unstable. Thus in boron nitride 
where there are 12 lattice sites surrounding a given 
interstitial site the concentration of vacancies at which 
saturation effects should be produced should be of the 
order of one-twelfth. Pease finds that as a function of 
dose the c spacing of the hexagonal layer structme 
of boron nitride and the a dimension obtained from 
(hkl) reflections (l ~ 0) do in fact saturate at about 
this value. The a dimension determined from (MO) 
reflections does not saturate, however, at this dose; 
but only shows a change of slop-e. At greater inte
grated fluxes a further slight expansion occurs in 
the C spacing. The a dimension contt!ac_ts to a satura-
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tion value of 0.1 o/o and the c spacing expands by 
about 1 o/o with a further very small change at larger 
doses to about 1.05% total e.xpansion. 

Pease has developed the simple criterion for sat
uration given above to allow for the fact that the 
intensity ratio of certain observed X-ray lines after 
irradiation is much smaller than is predicted from 
the saturation concentration of interstitial defects. 
He concludes that the effective number of atoms dis
placed into metastable positions for each bombard
ing particle is an order of magnitude smaller than 
the total number displaced, due to recombination of 
close interstitial-vacancy pairs, and that the effective 
number of lattice sites about any given interstitial 
site, such that recombination of a vacancy at one of 
these sites with the interstitial will occur, is an order 
of magnitude greater than the value 12 quoted above. 
Moreover, the movement of interstitials is considered 
to be restricted to sites between layers of the lat
tice. These refinements lead to a prediction of the cor
rect order of magnitude for the saturation value of 
the c spacing as a result of radiation damage. 

Recovery of damage produced at room tempera
ture occurs by annealing at temperatures above 300°C 
with an activation energy of about 2 ev. 

Pease•2 finds similar effects in other boron com
pounds. In some cases, including boron nitride, pro
nounced line broadening is observed. All these effects 
saturate at, or continue to vary much more slO\vly 
after a close of 2 X 10'8 them1al neutrons cm-•. 

Turning now to radiation s tudies in ionic solids 
typified by the alkali halides, some experiments re
ported by the author 33 have Jed to the suggestion of 
a mechanism whereby ions can be displaced from 
their normal sites to interstitial sites in a heteropolar 
lattice by the indirect process of utilising that portion 
of the energy of a fast charged particle which is given 
up initially to ionisation losses. Some of the ionisa
tion processes will result in more than one electron 
being removed from a negative ion in the lattice. If 
this multiple ionisation leads to the removal of, say, 
four or five electrons from one negative ion, then, 
provided the ion does not recover electrons in a time 
short compared with its vibrational period, this ion 
may be ejected from its lattice site by the lattice vi
brations. Ejection of such a negative fon. stripped of 
several electrons is probable, because the ion is tem
porarily a positive ion at a lattice site normally 
occupied by a negative ion. Thermal activation may 
then remove the ion from such an unstable position 
into some interstitial position which to a first ap
proximation is electrically neutral. A lternatively, the 
multiple-ionised negative ion may displace one of the 
neighbouring positive ions into an interstitial site, 
itself temporarily occupying- the positive ion latt ice 
site. Considerations of the magnitudes of the ionisa
tion potentials of negative ions such as chlorine, sug
gest that the anions so displaced into interstitial sites 
will regain enough electrons to become electrically 
neutral, the remaining electrons being trapped at 
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negative ion vacancies. The cations displaced inter
stitially will probably remain positively charged. 

The subsequent fate of these interstitial anions and 
catiens is that they migrate either to normal lattice 
sites of the right kind so tending to restore the crys
tal towards equilibrium, or they may be trapped at 
vacant sites of the ·wrong kind. Thus a neutral anion 
may occupy a positive ion vacancy, while an inter
stitial cation may combine with an electron trapped 
at a negative ion vacancy, so occLtpying such a va
cancy as a neutral atom. An attempt has been made 
by the author•·• to interpret radiation induced changes 
in such physical properties as optical absorption in 
alkali halides on the basis of these considerations. 

This concept of the displacement of ions in solids 
hy the indirect process of multiple ionisation is a 
logical development of the mechanisms for the pro
duction of free radicals already described from stud
ies in radiation chemistry. Furthermore, McLennan's 
work 3~ on bombardment of alkali halide crystals with 
50 kev electrons led him to suggest that single ionisa
tion of a halogen ion, leaving it temporarily un
charged, might result in the formation of some 
interstitial neutral anions. Such a process is, how
ever, unlikely, and it is only if multiple ionisation of 
a single anion occurs that the displacement proba
bility will be relatively large. Platzman 36 

( private 
communication) has suggested that the multiple ioni
sation mechanism may arise from A nger cascades 
following the ejection of a single inner electron. 

One important aspect of this multiole-ionisatio11 
displacement process is that such relatively low en
ergy radiation as X-rays can irive ri\'e to atomic dis
placements in ionic lattices. T hus X-rays will pro
duce photoelectrons which in turn may multiple-ionise 
anions and hence indirectly produce displacements. 
The cross-section, u, for multiple ionisation is large; 
thus a -.J 10--16 cm2 for the removal of one electron, 
decreasin~ by approximately ( n - l) orders of mag
nitude for the removal of 11 electrons. 

It would appear, then, that the nature of the in
cident radiatio"'n is of s ignificant importance with 
respect to the type of bonding responsible for the 
cohesion of the material under bombardment. 

To conclude th is paper, some work carried out by 
Levv et al. 37 on glasses is reported. Irradiation of 
fused silica, containing 0.3% boron, 0.04% copper, 
0.05% sodium and 0.005% iron imourities by weight, 
with X -rays, y-rays or pile radiation produced a 
patchy coloration of the specin1ens. The absorption 
spectrum revealed three bands with maxima at 2.3 
ev, 4.1 ev and about 5.6 ev. The coloration could b<! 
bleached either optically or thermally, the 2.3 cv and 
5.6 ev bands diminishini at about the same rate. By 
intercomparison of irradiated specimens of sodinm 
tetraborate, sodium silicate and the silica glass, it was 
concluded that the 2.3 ev and 5.6 ev bands arise 
from electron traps associated with sodium tetra
borate impurities. The inhomogeneous distribution 
of borate impurity would account for the patchy col-

oration. The 4.1 ev band was tentatively ascribed to 
electron traps in the silica network. Strong thermo
luminescence was observed in these glastes as also in 
sodium tetraborate specimens after irradiation. 
Sodium silicate glasses, however, produced much less 
intense thermoluminescence. Long pile irradiations 
resulted in a decrease in intensity of the 2.3 ev and 
4.1 ev bands suggesting that increasing radiation 
damage produces defects which interact with existing 
electron t raps. New centres may be formed with ab
sorption bands lying outside the range in which ob
servations were made (6.2 - 1.2 ev) . 

CONCLUSIONS 

Studies of radiation damage reported in this pa
per suggest that there is a marked dependency of the 
intensity and detailed distribution of the damage upon 
the nature of the incident radiation and the charac
ter of the bonding, heteropolar or homopolar, respon
sible for the cohesion of the material under bombard
ment. In metals existing evidence points to the 
formation of isolated point defects and extended 
defects resulting from non-uniform production of de
£ccts w ithin the material and clustering of point 
defects. 

Radiation damage of boron compounds in which 
pile sources give a high rate of damage through the 
B,0 (11,a ) reaction, has given evidence of saturation 
effects in experiments such that each atom in the lat
tice has been displaced about once. 

In ionic crystals it now seems that relatively tow
energy radiation such as X -rays can g ive rise to 
atomic displacements through the utilisation of inci
dent energy initially given up to ionisation effects. 

Finally, in glasses the results of experiments on 
fused silica containing borate impurities lead to the 
conclusion that visible coloration is due to these im
purities, in keeping with the deductions from other 
work on fused silica and quartz crystal containing 
impurities other than boron. 
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Modifications Produced in Non-Metallic Materials by 
Radiation, and the Thermal Healing of These Effects 

By G. Mayer, P. Perio, J. Gigon and M. Tournarie,* France 

The problem of the action of radiation on solids 
makes up a very vast field, the study of which is only 
just beginning at the Commissariat a l'Energie 
Atomique. It has been only for a short time, as a 
matter of fact, that we have had relatively intense 
fluxes available to us (6 X 1012 thermal neutrons 
per cm2 per sec at the center o.f the Saclay pile), even 
though they might be considered very weak compared 
with those of such reactors as NRX and MTR. In 
addition, the heavy water reactors offer but limited 
YOlumes for a wide variety of experimental needs and 
studies of the solid state require numerous measure
ments on numbers of samples. 

Thus, we have obtained only the first results in an 
integrated program of research ·which is necessary for 
all the installations concerned with nuclear energy. 

In materials subjected to radiation, we can follow 
lhe changes in a certain number of physical proper
ties and make a study of the thermal healing of the 
modifications brought about by irradiation. 

The latter is carried out at a moderate tempera
ture, for we still have no space in the high flux areas 
of our reactors which can be refrigerated or heated. 
The modifications for which annealing is rapid below 
approximately 35°C are still completely unknown 
to us. 

According to the needs, we measure one or several 
of the following properties; optical density, electrical 
resistance, speed of sound,1 piezo-electric constant, 
crystalline parameters, dimensions. \Ve also carry out 
measurements of the magnetic susceptibility, thermo
electrical power, C.'<pansion coefficient, and some 
calorimetric determinations. 

An optical study of glasses and vitreous silica was 
published earlier.~ Allain carried out similar research 
on calcium fluoride which will be published at some 
later date. Here, we shall merely discuss our ex
periments on graphite and lithium fluoride. 

MEANS USED FOR IRRADIATION 

Most irradiations have been carried out in the cen
tral part of the core of the Saclay pile, namely in an 
aluminum tube submerged in heavy water. The tem
perature there is approximately 35°C; the thermal 

Original language: French. 
* Physical Chemistry Department, Physical Chemistry 

Division, Commissariat a l'Energie Atomique. 
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neutron flux, which varies according to the power of 
the reactor and the nature and number of irradiated 
samples, did not exceed 6 X 1012 cm-2-sec-1 ; the 
fast neutron flux reached a few hundredths of this 
value. 

At times, we also placed our samples in "con
verters," namely hollow uranium cylinders, one of 
which is substituted for a reactor rod (vertical con
verter, maximurn Rux of fast neutrons approximately 
1.5 X 1012 ) , and the other in a tangential channel 
(horizontal converter, maximum flux of fast neu
trons, approximately 1012 ). In view of the difficulty 
encountered in the dosimetry of neutrons of varying 
energies, we shall express the various irradiations as 
total doses of thermal neutrons, by assuming a con
stant proportionality factor between the efficiency of 
the converter neutrons and those from the central 
core area. Since the error on the total doses received 
by the samples may be considerable ( SOo/o) the 
curves show the variation as a function of the dose 
and have illustrative value only. 

GRAPHITE 

The graphite rods used in the construction of piles 
have properties which vary according to the details 
of the conditions under which they are fabricated. 
The systematic study of the relationship between 
those conditions and the sensitivity of the product 
to irradiation has barely started. In the samples on 
which we worked, the apparent density ( d), the re
sistivity at 0°C (po) and the speed of sound at ordi
nary temperatures ( v), have the following extreme 
values: 

d (gm-cm-3
) 1.53 and 1.65 

p ( n-cm-1 ) 9.1 X 10-• and 9.8 X lQ-4 

v (cm-sec-1
) 1.9 X 1()" and 2.4 x10• 

The maximum doses received by our samples were 
4 X 1019 thermal neutrons per-cm2 • 

QUALITATIVE RESULTS 

1. No sample showed a change in linear dimen
sion reaching to lQ-4. 

2 . The electrical resistance and the speed of sound 
increased from the very beginning of the irradiation, 
without any induction period capable of being de-
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tected by the means at our disposal ( we do not make 
measurements i11 sit·zt). This increase slows down as 
soon as the total dose reaches 3 X 1010 cnr2

, the 
resistivity at the ordinary temperatures is approxi
mately doubled, while the speed of sound is multiplied 
by about 1.5. 

3. These modifications seem to take place all the 
sooner if the graphite is more highly crystalline. As 
an indication of this state of crystallization, we used: 
(a) the appearance of the X-ray diffraction dia
grams; (b) Young's modulus (which decreases as 
graphitization improves; ( c) the magnitude of the 
temperature coefficient of the resistivity ;3 ( d) the 
thermoelectrical power (see below). 

4. Different graphites have a thermoelectrical 
power of such a character that, at the hot junction, 
the electrons pass from the less well crystallized 
product to the better graphitized one. For one sam
ple irradiated at 4 X 1018, the therrnoelectrical power 
with respect to a non-irradiated control was 2.4 X 
JO--• v/°C, and the character was such that the irra
diated rod behaved as though it had been less graphi
tized than the control. 

5. Magnetic susceptibility decreases due to irra
diation. 

6. 'With annealing, the electrical resistivity and the 
speed of sound tend to go back to their initial values. 
As regards electrical resistance, this healing can be 
observed in the vicinity of 100°C. However, we were 
able to make measurements, beginning at 80°C on 
some samples, while others showed no changes until 
a temperature of 120°C was reached. 

7. Healing is complete only at a very high tem
perature, but the main part of it takes place at a 
relatively low temperature. Electrical resistivity and 
the speed of sound do not run together, the former 
goes back at a lower temperature than the other. 

QUANTITATIVE RESULTS 

\Vhen we refer in the following to "centers" cre
ated by neutron impact and destroyed by annealing, 
we mean that a limited number of atoms forms a 
localised geometric conlignration which is different 
from those they had before the impact. However, 
while only average positions of a limited number of 
atoms are modified, the thermal osc-illa1io11s { or abso-
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Figure 1 

lute zero oscillations) of all the atoms about their 
mean positions have been changed in the relevant 
grain, since the frequencies of the normal modes also 
were changed.• The findings mentioned above, in 
particular the last, give us reason to believe that a 
single type of center could not account for the whole 
of the alterations brought about by irradiation. 

1. Using the measurements of electrical resistance 
by Kinchin,3 Johnston, evaluates at l 020 per cm3 the 
number of "voids" which trap the electrons produced 
by an irradiation of S X 10'" thermal neutrons in 
the BEPO reactor. 

The theory of the increase in the speed of sound 
is not well developed and it seems reasonable that it 
concerns a variation in Young's modulus E which, 
for small irradiations, is proportional to the number 
of centers created. 

If dis the density v = \I E/d. Let us assume that 
a single type of center strongly affects the speed of 
sound ; let 11 be the number of centers per cm', and 
N the number of carbon atoms per cm• of graphite 
(N = 8.1022) 

It will be seen (Fig. l) that a11/ N reaches a value 
of 0.1 for a thermal neutron dose of 1018 cm·2 , which 
would create an enormous number of centers, unless 
alpha is very large. At first sight one would be 
tempted to feel that alpha is of the order of magni
tude of 0.1 to lQ-1. (A "center" may consist of 103 

or 10H atoms.) · 
2. Saturation can take place for two distinct rea

sons: (a) by mutual cancelling out between the crea
tion and destruction of the centers by the neutrons: 
d11/dt = a,f, - f:J•/m where 1/J = flux, n = number 
of centers, a and f3 = constants in which the cross 
section of the carbon atoms comes into play; and 
( b) by mutual cancelling out between the creation 
of centers by the neutrons and destruction due to 
thermal agitation: d11/dt = a,t, - K(T)f(11) where 
T = temperature. These two effects are not abso
lutely distinct, since it is possible that destruction by 
neutron effects takes place through a focal rise in tem
perature; the temperature itself is never defined 
other than by the agitation, regardless of its cause. 

Functions K(T) and f(1i) are the subject of the 
"recovery'' kinetics studies (below) . 

3. A graphite plate irradiated ·by 1 X 1019 neu
trons cm-2 in the central channel, then by 1.1 X 1019 

in a horizontal converter, shows a variation in the 
parameters determined by X-ray diffraction with re
spect to a control : · 

t.a - = 0 ± 1 X IQ-I measured on 1120 reflection a. 

e.a - = 10 ± 1 X 10-• measured on 0006 reflection 
Co 
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The macroscopic expansion is under 104. This is 
not entirely due to the fact that graphite is not per
fectly oriented. Jndeed, the thermal expansion of 
indhstriaJ graphite is less than that of crystalline 
graphite. Nelson and Riley 7 give for the latter: 

t::..a = - 0.01 X 10-•rc; ~ = 0.28 X 10-•;°C 
a C 

thus, in volume 

t::.VV = /).( + 2 ~ = 0.26 X 10-•rc 
C a, 

Our sample before irradiation showed linear ex
pansion coefficients which are respectively equal to 
0.025 X IO-•j°C in the direction of flow and 0.035 
X 104/°C at right angles to it and 0.095 X 10-•j°C 
in volume. Comparison of this value with that of 
crystalline graphite gave us reason to believe that in 
the industrial products, part of the expansion of the 
crystallites is compensated for by a narrowing down 
of the pores or by compression of the intercrystalline 
cement. 

It would be interesting to follow up the ,vorking 
hypothesis which identifies the grain expansion pro
duced by irradiation with a thermal expansion. The 
,·olume expansion of the crystallites is equal to: 

which would mean a cubic expansion of the whole 
equal to: 

IO X 10-• X 
0
0~; = 3.7 X 10-• 

which would be distributed linearly between the di
rection of flow and those perpendicular to it in re
spective ratios of 0.025 and 0.035 to 0.095. Should 
such a hypothesis apply, one might then expect linear 
expansion of our irradiated sample of the order of: 

25 3.7 X 
95 

X 10-• = 10 .... 

••• , .. 

313' 

IS.60° 

""" 
...,,. 

Figure 2 
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figure 3. Curve A: sample irradiated with flux of 6 X 1 O" n/ cm• 
in central channel. Curve 8: ,ample irradiated with flux of 3-4 X 

1010 n/cm!l in vertical converter 

in the direction of flow and 

3.7 X i~ X 10-• = 1.4 X lQ-1 

at right angles to it. 
As we stated above, no expansion reaching 10-

was revealed. Expansions of approximately half that 
amount were observed by Delcroix on a sample which 
had been subjected to a slightly higher dose. At the 
moment of writing, irradiation of this sample is con
tinuing. We have not been able, therefore, to take up 
a specimen for X-ray examination. 

ANNEALING OR RECOVERY EXPERIMEN,TS 

\Ve made a study of the "recovery", following 
heating up of several rods which had been irradiated 
to 3.4 X 1019 n-cm-2 in a converter, and of a rod 
irradiated to 6 X 1018 n-cm-2 in the central channel. 

After each annealing period, we measured the re
sistivity and speed of sound at 20°C, and in some 
cases, resistivity at 77°K. In each series of measure
ments, the irradiated rod was compared with two 
controls which had not been irradiated and which 
were taken side by side in the same sample of graph
ite. One of these remained close to the measuring 
instntments, and served as a check on them. The 
other went with the irradiated rod into the annealing 
oven and was measured at the same time in order to 
make sure that the changes observed were indeed due 
to irradiation. Above 350°, the samples were an
nealed in vacuum. 

Treatment at 900°C changes the speed of sound in 
the control rod which was not irradiated sufficiently 
to make a quantitative interpretation difficult. How
ever, the variations observed allow us to conclude 
that v decreases constantly, up to 1500°. In order to 
complete this type of study numerically, detailed in
vestigation of v in non-irradiated graphite as a func
tion of its earlier thermal history will be necessary. 

Figure 2 is the story of the "recovery", at various 
temperatures, of p and v . 
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figure 4. Curve A: sample irrodicded with fh,x of 6 X 1018 n/cm* 
in central channel. Curve 8: sample irradiated with flux of 3-4 X 

191
' n/ cme in vertical converter 

Figure 3 shows a comparison of the recovery 
curves of two unequally irradiated rods undergoing 
the same annealing process. Figure 4 gives the ratio 
p n•KI P29J•K for the same samples. 

Figure 5 shows the "recovery" of the speed of 
sound in a sample irradiated at 2.2 X 10'., measure
ment being made without taking the sample out of 
the oven, the temperature of which increased as a 
linear function of time, up to 400° in 55 hours. 

INTERPRETATION OF DIFFERENTIAL 
THERMAL ANALYSIS 

Figure 6 shows the differential thermal analysis, 
namely, the temperature difference between two sam
ples of equal dimensions, one of which is irradiated 
to 2 X 1018 and the other not irradiated, and both 
annealed at 475 °C in the same vessel in a nitrogen 
atmosphere. 

After the solid curve was drawn (annealing at 
475°), we allowe<l the oven to cool off, and then, 

2000 3000 
tempercturt 0 <; . 

figure 5 

without altering the experimental set-up, we sub
jected the whole to the same thermal cycle ( dotted 
line). Comparison of the two curves shows two 
humps which correspond to a release of heat in the 
irradiated graphite, one in the vicinity of 125°, the 
other in the neighborhood of 225 °. In the second ex
periment, the irradiated graphite has recovered in so 
far as the centers which disappear below 475° are 
concerned, and the temperature differences between 
two samples express the imperfections in the set-up. 

The them1al leak between the graphite and vessel 
having been approximately determined (time con
stant T of the order of 5 minutes), we note in Fig. 6, 
the average duration t o[ each exothermal hump and 
the mean temperature differential AT, which ex
presses it. Replacing the exact integral by the surface 
of the rectangle, the quantity of heat AQ which 
causes the hump is : 

AQ = MC,, X tl.T X .!. 
'T 

in which M is the mass of the sample. 

figure 6 

Thus AU, the variation of the internal enc.rl("y per 
cm3, is approximately A.Q d/M namely 0.5 cal/cm3 

for the phenomena in the vicinity of 125 ° C and 0.3 
cal/cm3 for recovery which takes place around 125°C. 

These values give us in principle, the products, 
n1 W1 an<l 11~W:, of the number of centers and the 
energy released by their annihilation. 

Supposing W1 = 3 ev,t namely S X 10-12 ergs, 
one finds that n1 _, 4 X 1018 centers/cm3

• 

Each cc of this sample had received only 3 X 101
• 

thermal nctttrons, namely, a maximum of 6 X 10" 
fast neutrons of which 6 X 1010 at most had collided 
,dth carbon atoms. After the importance of the altera
tion of Young's modulus, this is a second indication 
of the fact that primary impact may modify the mean 
positions of a number of atoms. 

Vve are currently applying the method in a more 
precise fashion on more irradiated samples of the 
same graphite and of natural graphite, and we shall 
e..xten<l the temperature range to 800° at least, a 
temperature ·at which the resistivity again starts in
creasing (Figs. 2 and 3). 

ANALYSIS OF THE RECOVERY CURVES 

By referring to Figs. 2, 3 and 5, it will be seen that, 
from 120°, p decreases rapidly and v slowly but un· 
mistakably, and that, at 220°, the reverse happens. 

j The heat of vaporization of carbon (graphite) is about 
6.5 ev. 
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Continuing our theory of the "centers", we en
deavored to cast more light on the kinetics of the 
disappearance of those two types of centers; one, 
which disappeared at a measurable speed, around 
120° and which affects the resistivity a great deal 
and the speed of sound but little; and another one 
which disappears at 220°, reacts strongly on v, and 
not much on p. 

If it be assumed that the centers disappear accord
ing to the differential law dn/dt = K(T)f(n) t be
ing the time, and T the temperature, with K (T) the 
product of a function e-W/kTby a function ,j,(T) which 
does not vary much with the temperature as com
pared with the exponential, the only quantity which 
could be calculated from (t) and v(t) curves is 
energy W. 

Indeed, the nature of f( n) is not known a. priori 
nor is the correlation between n and the measured 
variable. However, if we start with two equally irra
diated samples, it is possible, using the hypotheses 
suggested for K ( T), to obtain W by comparing the 
times t, and t2 , needed to reach at two different tem
peratures, Tl and T2 , the same degree of recovery 
of the same physical variable 

W (J... - J...) = loge~ 
f.! Tl T2 t2 

k being Boltzmann's constant. 
Another method, less accurate in pmctice, con

sists of measuring on a single sample, a variation of 
the slope er of the recovery curve, when passing from 
T1 to T 2 : 

W (_!_ - _!_) = log. a. 
k T , T2 a, 

None of these methods as applied between 80° and 
170", affords an accurate definition of an activation 
energy. For W, we find a continuous range of values 
from 0.75 ev to 1.5 ev, according to the temperature 
at which one operates. 

On the contrary, for the range where recovery 
takes place at a measurable rate between 210° and 
250", both methods give a value in the vicinity of 
2.1 ev. 

Time Mins 

Figure 1 

The required experimental values were obtained 
as follows: a rod irradiated at 1.6 X 10u n-cm-2 was 
heated for 20 hours at 160° in order to eliminate the 
centers of the first recovery range. Thereafter, it 
was cut into three equal length pieces. One of them 
was heated . to 212° for varying lengths of time. The 
second was annealed at 232° for 400 minutes, then 
heated to 254,0 • The third was annealed at 254 ° . 

The speed of sound was measm·ed at 20°C, -be
tween heating periods: these experiments are shown 
by the curves on Fig. 7. 

Comparison of the speeds at the beginning of 
a1nres II and UI gives W = 2.16 ev. By comparing 
curves I and II, it is found that W = 2.02 ev. Simi
larly, the method of slope variation as applied to 
curve JI, gives W = 2.14 ev. 

\Ve have taken the precaution of using three pieces 
of the same rod in order to increase our chances of 
operating on three identical samples before and 
after the irradiation. 

Indeed, some graphite having closely similar phys
ical properties before irradiation, occasionally show 
deep differences in the kinetics of their recovery. 

Function e-W/kT, which comes ioto play in K(T), 
being thus defined and being approximately 10-zi at 
232°C, an attempt may be made at determining the 
order of the reaction. 

Let v be the speed of sound obtained by reheating 
for 50 hours at 2(J() 0

, we can write: 

v2 - vo'l n 

v/ = a N 

The curves on Fig. 7 are not very_ different from 
curves given by this equation 

.! = J.. + >..t solutions of dd)t' = - >..y2 

Y Yo 
Independently of all microscopic theories of these 

effects, the following remarks may be made: 

At 232°, Oil curve n taken at the origin 

dn/dt 
-- """ 1.5 X 10-s sec-1 

n 

( Measurement of the recovery speed is materially 
feasib le only if (dn/dt)/n is somewhere between 
1()-' and J()-6 sec-1.) 

(a) Let us assume dn/dt = - K.(T)n, 'with 
K(T)n2

, this gives, at 232° 

v,(T) X 10-21 = 1.5 X 10-s 

,j,(T) = 1.5 X 1010 sec-1 

a value which is a little high for a frequency factor 
"normally" in the vicinity of 1013• 

We must then assume that an elementary event 
which may be assumed to be exothermal, or else give 
up the idea of a first order Jaw : 

(b) Let us assume that dn/dt = - K(T)n~, and 
we then have another interpretation of the experi
mental value : 
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d11/dt = _ K(T)n 
11 

By assuming 11 = 1010, we find ,J,(T)e- !~- 1.5 X 
X 10-1°, and if,(T) "" 1.5 X 1~. 

A second-order law of the disappearance can be 
interpreted in terms of coincidences of the two types 
of centers but, there again, one Jocks a microscopic 
theory in order to judge whether this value of tf,(T) 
is acceptable. 

For the problem mentioned above, of knowing 
whether the saturation effects on the speed o[ sound 
observed at ordinary temperatures for doses of 5 X 
1010 is due to thennal recovery, we can conclude in 
the ncgntivc. 

Lithium Fluoridet 

Some LiF powders and single crystals were ex
posed to thermal neutrons at doses ranging from 
5 X 10'" to 1010 a/cm#.§ 

Variation of the Crystalline P.orame ter 

X-ray studies on powder and crystals made it pos
sible lo show three stages in the changes which take 
place during irradiation: 

(a) Up to approximately 3 X 10" n/cm' the lat
tice expands in a manner which is essentially pro
portional to the dose and without any detectable 
distortion. The width of the reflecting power (rock
ing cnn•e) remains under 0.7 (2 8), a value com
parable to the instrumental width of the double 
crystal spectrometer used. The maximum increase in 
parall1etcr a0 reaches: 

t.a -= 1.7 ± 0.1 lo--' 
ao 

(b) From 3 X 1ou to 2 X 1018 n/cm2, the re
flecting power is analyzed as a non-broadened line 
superimposed on a widened base, which is asymmet
rical and shifted tow:ird the large angles, with a 
width which is approximately constant (20') at mid
height. The intensity of the base increases with the 
dose. In the plates taken on powder, only the centers 
of gravity of the thin line pair with broadened bases 
have been shown. They reveal a contraction with re
spect to the ma.--.:imum expansion stage reached 
earlier; and we can write 

.o.a - = (6 ± l) X 10~ for the close 1 X 10'8 n/cm 2 

a., 

( c) For the still higher doses, the broadened lines 
become essentially symmetrical, and the expansion 
sti ll decreases: 

Aa 
for 7 X 10'8 n/crn•: - = (0 . .5 ± 2) X 10-• 

Oo 

.t: In cooperation with Miss M. Gance, Department of 
Radfation Protection. Commissariat ~ l'Unergie Atomique. 

§ Comparison of our results with those of Binder and 
Sturm. and of Keating, appears to show that our flux esti
mates ::or(' two to thr« times grcat~r tlfan these authors' 
This difference is being studied. · 

On this basis, the results of Binder and Sturm• 
would correspond to the first stage of irradiation, and 
those of Keating 9 for a dose of 7 X 1017, to the third, 
with a reserve for the small value of expansion shown 
by this author. 

Thermal Re covery 

During thermal recovery, the reflecting power pro
gressively returns to its initial quality: the crystal, 
completely annealed by treatment between 470 and 
500°C is as perfect as it was before irradiation. There 
is no trace of polygonizing on the samples studied. It 
should be noted that for doses ranging from 3 X 1011 

lo 1018 n/cm2 (range b above) annealing to 350° 
first causes the peak to merge with its base to form a 
broadened line; before the line gets back to its initial 
appearance, the powder d iagrams reveal two stagt>s 
of recovery. The first is perceptible from 150°C. 
Without any change in the color (see below) there is 
a recovery of the lattice, attended by rapid contrac
tion or shrinkage. For doses above 3 X 10" n/cm• 
the parameter becomes smaller than that of the ini
tial product, without any apparent correlation between 
!he rate of irradiation and the shrinkage noted. For 
a dose of 2 X 1018 n/cm2

, we noted: 

c.a 
0 = - (2.5 ± 1) 10-i 

0 

The second stage of the recovery develops only above 
350°. The crystalline parameter returns to its initial 
value to better than 0 .5 X 10-1 while the color dis
appears ( see below) . 

lnlerpretolions 

For doses smaller than 2 or 3 X 10.,, the main 
mechanism of recovery seems to be the mutual can
celling out of the voids and interstitials. 

At the higher doses, the phenomena appear to be 
more complex. Contraction or shrinkage of the lat
tice may be ascribed to a coalescence of interstit ials, 
!11 which the degree of distortion •is related to the 
concentration gradient of the latter about the centers 
of coalescence. Recovery below 350° corresponds to 
total coalesc':nce of this type of P9int defect and 
subsequent d isappearance of any and all gradients. 
The contraction of the lattice at this point is attrib
uted to the voids which n:main dispersed through 
the cl")'.stafs. A certain number of those may already 
have disappeared due to mutual annihilation nith the 
interstitials during assembly. The last stage of re
covery characterized by the return to the initial 
parameter probably enlails more complicated mech
anisms which cause certain aggregates and Yoids to 
disappear together, and might offer analogies with a 
regres...i,ion phenomenon in the :illoys which undergo 
structural hardening. 

This interpretation can be reconciled with the re
sults of the study of the central diffusion of RX car
ried out on our sample by Guinier and Lambert.•~ 
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Miscellaneous Effects 

Irradiation causes lithium fluoride to become col
orep. The colors obtained appear to have a relation
ship with the dimensions of the crystals, particles of 
over 5014 behave like large single crystals which be
come increasingly red in color. Above 2 X ]011 

n/cm\ the optical density of single crystals 0.3 mm 
thick reaches 5 throughout the wavclen~th rnnge 
from 0.2 to 30,-., which makes any and all measure
ments impossible. 

For doses equal or greater than 1018
, thermal 

treatment below 350°C no longer has any detectable 
effect on the color. At higher temperatures, the sam
ples go through a range of hues from violet to green
ish yellow, not found during irradiation. Each color 
appears to belong to a certain temperature range, and 
total recovery is obtained only above 470° or 48O°C. 

~t should also be noted that the irradiated samples 
which are not annealed have oxidizing powers as ob
served by the release of iodine when crystals are 
mixed in solution with aluminum nitrate. This oxi
dizing power appears to disappear in the first stage 
of recovery. 

Paramagnetic resonance did not enable us to 
observe any paramagnetism of g = 2, which might 
have been related to F centers. This is surprising, 
since the irradiation takes place without cooling off, 
~vhile the power released under a flux of 1012 n/ cm2 

1s of the ord_er of 2 watts/cm3. 
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A Review of Investigations of Radiation Effects 
In Covalent and Ionic Crystals 

By J. H. Crawford, Jr. a nd M. C. Wittels,* USA 

Perhaps equally important as metals for future 
use as components in power producing nuclear reac• 
tors ai-e the refractory non•metallic solids or cernmics. 
Consequently, it is important to accumulate a body 
of knowledge relative to their stability toward 
reactor radiations. Since this class of materials is 
generally characterized by varying degrees of ionic 
and covalent binding, fundamental studies should be 
directed toward detennining the influence of bond 
type as well as crystal structure on the extent and 
nature of radiation sensitivity. Therefore, it is appro• 
priate to choose for investigation representative 
simple materials which cover the complete range of 
binding type. In addition for interest with regard to 
future reactor utility, studies of this nature arc valu
able per sc since they elucidate the influence of lattice 
imperfections on the physical properties of non
metall ic solids. 

Studies of non-metallic crystals exposed to high 
energy radiations constitute the earliest work in the 
field of radiation effects and, incidentally, were initi
ated by European investigators. Although the origin 
of such effects was not understood until well after the 
discovery of natural radioactivity, as early as 1815 
Wollaston and Berzelius1 investigated the thermo· 
luminescence of minerals containing radioactive ele• 
ments. T he so·callcd metamict minerals, i.e., minerals 
whose structui-es had been disordered by bombard
ment over geologic periods with alpha-particles from 
natural radioactive elements, have been studied for 
nearly a hundred years. As early as 1860 Des 
Cloizeaux and Damour• observed the optical anneal• 
ing in such damaged crystals. It is also interesting 
that the first radiation damage experiment was per• 
formed in 1922 when Miigge3 attempted to disorder 
minerals by eJs.-posure to the radiations of . radium. 
Unfortunately, because of the small exposures, these 
experiments were unsuccessful. The origin of the 
lattice disorder, however, was firmly established as 
early as 1913 when Rutherford and Joly' correlated 
the Pleochroic halo rings in mica containing radio
active inclusions with the known alpha-particle 
ranges. Besides these early studies involving alpha· 
particles, studies of radiation effects owe much to ·· 

"Oak Ridge National Laboratory. Including work by D. 
Binder, J. H. Crawford. Jr., C. M. Nclson, H. C. Schweinler , 
F. A. Sherrill, D. K. Stevens, W. J. Sturm, R. A. \"leeks, 
and M. C. W ittels. 
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the classical investigations initiated by Pohl and co
workers• on color centers in X•irradiated alkali 
halides. 

In this paper we wish to survey studies of radiation 
effects in non-metallic crystals currently being carried 
out at the Oak Ridge National Laboratory. These 
investigations may be divided roughly into two 
categories : ( 1) the effect of fast neutron bombard· 
ment on crystal structure and (2) effects of both 
corpuscular and electromagnetic radiation on certain 
properties which are markedly dependent on lattice 
imperfections. The first category has the greatest 
practical interest since it is directly related to the 
dimensional stability and strength of irradiated non· 
metals. Consequently, much study has been devoted 
to this group of effects. The second category in
cludes studies of optical absorption, magnetic sus• 
ccptibility, paramagnetic resonance and electrical 
conductivity on various ionic and covalent crystals 
after exposure to a variety of energetic radiations. 
Studies of these properties lead to a better under
standing of the nature of bombardment induced 
defects. 

Although investigations of the effects of fast 
neutron bombardment on the electrical properties of 
diamond•lattice semiconductors falls into the second 
classification, such studies form a special field of 
research and, since e..xtensive treatments have been 
published clsewhere,6 this topic shall be omitted from 
this review. 

STRUCTURAL EFFECTS 
In this section we shall be concerned primarily 

with the effect of fast neutron bombardment on the 
structure of non•metallic materials. Structural 
changes resulting from bombardment were followed 
by X-ray diffraction studies and density measure
ments. In addition, the annealing behavior of irradi• 
ated specimens was also investigated. In nearly every 
case, the crystals were exposed to fission-spectrum 
neutrons at an approximate temperature of 100°C. 
The integrated fluxes (nvt1 ) described here are 
estimated for neutrons having energies in excess of 
SO kev, i.e., neutrons with energies sufficient to 
displace atoms from their n9rmal lattice sites. In the 
following discussion we shall consider in turn a 
number of the materials studied. 
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Natural Crystals 

Th_e natural crystals selected for the investigations 
<le~nlJed here are in the class of low-density in
sulat_ors with oxygen atoms forming the structurally 
dominant component of the lattice. Furthermore, 
they_ have relatively high melting temperatures and a 
conStde~ab)e percentage of covalent binding. In this 
regard 1t 1s noted that Goldschmidt7 had observed 
t~at little or no ionic binding was found in minerals 
d1sordered by natural radioactivity, i.e. metamict 
minerals. Quartz (SiO:) and other polymorphs of 
s!lica, zircon (ZrSiO◄), beryl (Bc3Al~Si80 18), phena
c1te ~Be2 Si0 4 ), chrysoberyl (BeAl,O.), topaz 
(At.s,O.(OH);), and garnet (Ca.Al,(SiO,).) 
were among the natural crystals selected for this 
study. 

Studies we.re performed initially on the silica 
stru~tur_ess-11 since it was apparent from early in
vest1gallons that the silicon-oxygen bond could be 
readily ruptured upon fast neutron bombardment. 
Moreover, the lattice disorder is retained at room 
temperature. Most str iking was the effect on their 
dens!ty. Single-crystal quartz specimens suffered a 
density decrease of 14.7o/o without the appearance 
of_ any macroscopic defects such as cracks or bubbles. 
I:1gure 1 shows the change in c/a ratio of a quartz 
smg!e crystal :'-s a function of exposure, clearly re
vealing the anisotropic nature of the density change. 

Structural effects in these materials arc presum
ably produced by lattice strains associated with dis
placed at?ms. Ii:t every material of this group, a 
decrease m density was obser ved. However, as will 
be shown below, the extent and nature of the change 
is markedly dependent on the structure of and nature 
o_f bindin~ in_ th_e crystal in question. X-ray diffrac
?on studies indicate that this structure dependence 
1s closely associated with the nature and distribution 
of intersti tial volume or voids in which the displaced 
atoms, most probably oxygen atoms, may be trapped 
and hence prevented from returning to their normal 
lattice sites. J n the silica structures the lattice is 
con:iposed o~ _ linked tetrahedra of SiO. groups in 
which each silicon atom is surrounded by four oxy"en 
atoms, and each oxygen, in turn, is shared by adj~n-
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Figure 1. Change in axial ratio of quartz with fast neutron bom-
bardment 

ing tetrahedra, thereby forming a complete network 
array. Hence, only two bonds need to be broken to 
displace an oxygen atom while four bond ruptures 
would be needed to displace a silicon atom. In 
addition, many oxygens need be displaced only short 
distances (:-' I A) to find a relatively large inter
stitial void. A similar structural condition exists in 
zircon where. the zirconium atom is in tetrahedral 
coordino.tion ~vith oxygen. 

In those crystals containing beryllium and 
aluminum, additional cation-oxygen bonds must be 
broken in order that oxygen atoms be displaced. 
As it will be seen, these crystals tend to have a higher 
radiation stability than the polymorphs of quartz. In 
addition, it was observed that many irradiation in
duced defects had a high thermal stability. Tempera
tures required to anneal the lattice damage :ippreci
ably in single crystal specimens were usually in e..,
cess of I S00°C. Other noteworthy effects include 
varying degrees of disorder, mosaic block formation, 
and large lattice expansion with or without large 
distortions. · 

Since Des CloizeatL, and Damour• had observed 
the optical and densi ty annealing of alpha-disordered 
crystals of zircon, nearly 100 years ago, the effect 
of fast neutrons on single crystals of this material 
is of considerable academic interest. Tn this connec
tion, Vegard12 in 1916 noted the absence of coherent 
X-ray reflections in thorite (ThSi04 ) a mineral 
structurally similar to zi rcon. which had become dis
o:dered by t}atural alpha-emission. ln the naturally 
disordered zircon crystals, impurity atoms from the 
uranium-actino or thorium series occupy zirconium 
sites in the crystal lattice and it is these atoms which 
furnish the high energy alphas that produce the dis
ordering displacements. Some natu ral crystals have 
been apparently reduced to the amorphous state 
following a bombardment with 10u alpha-particles 
per milligram,18 these particles having energies close 
to 6 Mev. 
. Zircon crystals free of these alpha-emitting impuri

ties were selected for fast neutron irra<.liation studies. 
Progres:,ive bombardment with exposures up to 
3.6 X l020 neutrons/cm2 produces n highly dis
ordered lattice. Nevertheless. consider:thle long range 
orde_r is p~eservcd, as seen in single crystal X-r ay 
studies (Ftg. 2). The trapping of displacements in 
the open portions of the lattice expands the stn1ctt1re 
anisotropically as shown in Fig. 3 and reduces the 
crystal density by more than 4o/o. Mosaic blocks 
are created, presumably as a result of lattice strain, 
which may be disoriented by more than 3°, and a 
large a?'1~unt of lattice distortion is induced. X-ray 
transmission photographs of these heavily bomharded 
crystals show the formation of "extra" reflections 
a~ small angles in the fonvard region visible in Fig. 2. 
Smee these are sti ll v isible al liquid nitrogen tempera
tures, they are not of thermal origin. It is probable 
that these "extra" reflections (Fig. 2) result from 
the scattering contributions from interstitials and 
vacancies residing at preferred positions and which 
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Unirradiated nvt, = 7.8 X 10'° 

n-.tr = 2.8 X 
figure 2. Laue transmission patterns of fast neutton bombarded zircon single crystals 

gh·e rise to a warped lattice . Another striking feature 
in these neutron irradiated zircons is their remark
able annealing behavior. Very small amounts of 
damage are annealed below 10O0°C and the annealing 
is incomplete even up to 1600°C. At th.ese h.igh 
temperatures, however, the single crystal lattice·· 
becomes more perfect as defects. tend to diffuse to 
normal positions. Moreover, the mosaic blocks tend 
to resume their proper orientation and distortion is 
considerably reduced. 

"Extra" X-ray reflections (Fig. 4) are a lso ob
served in sin:;le crystals of quartz bombarded in the 
range of exposures 6 to 9 X 1010 n/cm2 • Unlike the 
annealing effects in neutron irradiated zircon, how
ever, quartz s ingle crystals bombarded in this region 
do not tend to revert to their original condition on 
annealing. This behavior is not unreasonable since 
silica has a very complex ·thermodynamic behavior 
in the unirradiatecl state. Attempts to produce single 
crystal quartz from any of the irradiated phases 
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of silica by annealing have proved unsuccessful to 
date, but the formation of polycrystalline material is 
readily accomplished.tt With regard to the annealing 
behavior of irradiated quartz single crystals, one 
extremely interesting effect was observed. A Z-cut 
plate was e."<posed to 7.6 X 1010 n/cm2 and subse
quently annealed at 950° C for 30 minutes. Parallel 
to the ,-axis, two rows of macroscopic holes were 
formed. These were nearly regularly spaced about 
0.3 mm apart and were about 0.05 mm in diameter 
extending enti rely through a crystal 5 mm thick. 
The formation of these holes is expected to bear some 
kind of relation to the ,-axis interstitial channels and 
the anisotropic e."<pansion of quartz upon neutron 

bombardment. One possible interpretation of this hole 
formation is that an a-axis strain is set up in the 
crystal due to the crowding of oxygen atoms into 
the interstitial channels, and t hat the subsequent 
thermal diffusion of these tra pped atoms out of the 
channels results in a strain release over some small, 
finite distance perpendicular to the ,-axis. This strain 
relaxation m<9r result in the generation of macro
scopic holes parallel to the ,-axis. 

Beryl, which is structurally and cl1c111ically similar 
lo quartz is affected by fast neutron bombardment in 
much the same manner. Both materials have an open 
structure with irregular c-axis channels. By analogy 
from observations on quartz, the effects on beryl 
are very nearly predictable. ·with a bombardment 
of 2.8 X 10"' n/cm• beryl undergoes an anisotropic 
lattice expansion that exhibits a structure dependence 
similar to quartz. In addition, at this stage of irradia
tion. " extra" reflections are again observed in the 
fon vard region at small angles ( F ig. 5). Bombard
ment with 3.6 X 1()2° n/cm2 results in the destruction 
of all coherent X-ray reflections and the crystal is 
rendered essentially amorphous. However, as in 
the case of quartz, large single crystals remain free 
of macroscopic de£ects. 

Chrysoberyl was selected for irradiation studies of 
a close-packed system since its oxygen atoms are 
hexagonally close packed. Bombardment of single 
crystals with 3.6 X 1Cr 0 n/cm2 e.xpands the lattice 
by more than 1 % in the c-direction hut little or no 
distortion is observed in single crysta.1 diffraction 
patterns. A similar lack of d istortion is observed in 
phenacite bombarded with 3.6 X 1020 n/cm2 • Since 
phenacitc has an open hexagonal structure like 
quartz, one might e."<pect that it would be affected 
similarly under neutron bombardment. Indeed, dis-

c-oxis nvt, = 7.8 X 10•• o-oxis 

figure ,4, l,radia ted qu0r11 Laue transrobslon photograph. 
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Unirradiated nvt, = 1.72 X 10"° nvl, = 2.8 X 10"' 
Boryl, c-oxis loue tron,misslon photographs 

Unirrodiated nvt, = 1.72 X 10-... nvt, = 2.8 X lo"° 
Beryl, (HKD) precession photogtaph$ 

Figure 5 . Transmission patterns of fast neutron bombarded beryl 

placed atoms appear to be trapped along the c-axis 
in phenacite causing an a-axis e>..-pansion of about 
0.79'0. 

The effects of fast neutron bombardment on quartz, 
beryl, phenacite and chrysoberyl, are apparently pri
marily dependent on crystal structure. In addition, 
there are indications that wide differences exist in 
stability of the different cation-oxygen bonds under 
fast neutron bombardment, or at least that some 
types \\'hich are ruptured by irradiation may be 
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Figure 6. Eff•ct of neutron irradiation on the density of diamond 

readily reformed at low temperatures. In the order 
of decreasing stability under irradiation one would 
place ( 1) beryllium-oxygen, (2) aluminum-oxygen, 
( 3) zirconium-oxygen, and ( 4) silicon-oxygen. 1 t is 
interesting to note that this is also the order of de
creasing of ionicity of binding.7 

Knock-on displacements are readily produced in 
garnet and topaz, and these materials show effects 
similar to those in zircon. Lattice expansion and 
distortion of the same order of magnitude is pro
duced, but in topaz the trapping of displacements 
apparently occurs in layers, thereby producing random 
stacking alpng certain lattice planes which is mani
fested as streaks in Weissenberg patterns. 

Diamond and Diamond-Lattice Semiconductors 

Lattice expansion of diamond induced by fast 
neutron bombardment was first observed by Primak 
and co-workers." Extensive bombardment data have 
Leen collected at this laboratory and the following 
is an account of these studies, as well as some obser
vations on the diamond-lattice semiconductors. 

Figure 6 shows the density decrease in diamond as 
a function of irradiation and indicates this change is 
approaching saturation near 4'.fo. It is evident that 
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a large number of atomic displacements are produced 
in diamond and examination of the diamond lattice 
rev~als the ( ½ ½ ½) and ( ¼ ¾ ¾) positions 
in the unit cell ( cubic indexing) lo be the most 
probable trapping sites for interstitial atoms. Random 
checks on the X-ray density measurements made 
wi1h conventional density methods were found to 
~gree within experimental error ( ±0.05%). T his 
1s the result to be expected for uniformly distributed 
Frenkel defects.u-17 

A high degree of long range order is maintained 
in heavily irradiated diamonds. This does not lend 
support to the proposal of unsaturated covalent bonds 
and weak disordered regions.ls Single crystal X-ray 
studies of irradiated crystals reveal no appreciable 
line broadening and preliminary measurements indi
cate there is an increase in the integrated intensity 
of some of the coherent reflections which would 
follow if Frenkel defects were produced. 

Preliminary theoretical calculations by Schweinler 
have led to the search for the so-called "forbidden'' 
reflections in irradiated diamond and it can be 
reported that the (200) reflection is observed in 
neutron irra<liated diamond following bombardments 
as small as 5.0 X 101 0 n/cm'. At the same time an 
increase in integrated intensity is observed for the 
anomalous (222) reflection. In addition to these 
observations of coherent X-ray scattering in neutron 
irradiated diamond, the bombardment induced diffuse 
scattering, which is seen at small angles in the 
forward region ( Fig. 7), is currently being investi
gated. It is hoped that theoretical and experimental 
evaluation of these effects will shed light upon the 
exact atomic configuration of lattice defects induced 
by fast neutron bombardment. 

Annealing phenomena in the damaged diamond 
structure are indeed complex.14 It should be men-

nvfr = 4.2 X 10• 

figure 7. Diamond (110) loue 1ron•ml1Jlon pholo9rc,ph 
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Figure 8. lattico expansion onneolin9 in diamond 

tioned that clear crystals become an opaque black 
color after an approximate bombardment of 1017 

n/cm2, and retn::iin so upon continued irradiation. 
One crystal bombarded by 2 X 1020 n/cm2 failed to 
lose this opacity after annealing at 1600°C for two 
hours. The same crystal recovered approximately 
70'70 of its density change during this anneal. Fig
ure 8 shows the effect of 30-minutc isothcnnal an
neals at successively higher temperatures on irradi
ated diamond powder. The result'> indicate tliat 
approx imately 70% of the lattice parameter change 
is annealed during this process. From Krishnan's 
work19 on the thermal expansion of the diamond lat
tice, the expansion at 2000°C would not even re
motely approach the expansion resulting from neu
tron bombardment. These results indic:-ite that some 
of the defects in irradiated diamonds have an e.x
tremely high thermal stability. 

Similar irradiation studies are being carried out 
on germanium, silicon, indium antimonide, :md 
gallium antimonidc. Interesting results have been 
obtained on single crystals of germanium with X-rays 
using sensitive Geiger-counter techniques prior to fast 
neutron bombardment. The following "forbidden" 
reflections were observed in Sb·doped germanium: 
(200) , (222) and ( 420). In addition, the (200) 
reflection was observed in germanium of 99.999999'70 
purity. The e,.._istence of these "forbidden" reflections 
in unirradiated germanium results from the . fact 
that the atoms are not spherical, as is usually as
sumed, but rather possess a charge density with 
a lower symmetry. It should be pointed out that 
these extra reflections are exceedingly weak, being 
one thousandth as intense as normal reflections. 

The fast neutron bombardment of InSb single 
cryst:-ils prodnce.c; a highly rlistorted latt ice (Fig. 9) 
but the structural effects of the irradiation arc com
plicated b! the very ~igh thermal neutron absorption 
cross-section of indium. Followincr bombardment 
with 1.09 X 10,o n/cm2 it is esti,;ated that 1.8% 
of the indium atoms are transmuted to tin. In addition 
to the mosaic structure which is induced by bombard-
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Unirrcdiatod nvt, = 1.09 X 10°~ 
Figure 9. Indium antlmonide (110) lave trcnsmission photographs 

ment, we also observe the irradiation-induced diffuse 
scattering which is characteristic of the damaged 
diamond structure previously discussed. 

Lithium Fluorido 

Structural effects in one ionic crystal, namely 
lithium Auoridc, have been extensively investigated 
by Binder and Sh1rm.20 In this material, by taking 
advanta1Zc of the large cross section for the (11, a) 
reaction on Li8, it is possible to introduce throu,zhout 
the lattice, energetic charged particles, an a lpha
particle and a triton, with a total energy of 4.5 Mev. 
In many respects this process stimulates the fission 
reaction. Measurements of the density change result
ing from reactor exposure were made using both 
gravimetric and X-ray techniques and both methods 
gave the same values within cxp<:rimental error. 
These results have been interpreted as indicating 
that the high energy charged particles introduce pre
dominantly Frenkel defccts.15- 11 Recent studies of the 
annealing kinetics indicate that the annealing process 
is most probably second order and its activation 
energy is ~1.5 ev. These results are consistent with 
the assumption that radiation induced lattice damage 
in this material can be described in terms of Frenkel 
defects. 

OTHER INVESTIGATIONS 

Optical and Magnetic Studies of Irradiated Silica 

Optical absorption bands introduced into both 
crystalline quartz and s ilica glass by energetic radia
tions mve been the subject of numerous inves tiga
tions. Besides coloration with ionizing radiation,t1- 23_ 

recent studies of effects produced2• - 21 by reactor 
exposure have been performed in both France, 
England and the United States. Oq.irradiation both 
quartz and glass develop a number of absorption 

hands in the visible and near ultra\'iolct. Regardless 
of the source of material, hoth forms of sil ica de\'elop 
a band in the region of 2100 to 2200 ,.\, whereas the 
visible coloration is apparently markedly sensitiv~ to 
either impurities or lack of stoichiometry. In both 
materials prolonged e.'<posure to fast neutrons tends 
lo bleach the visfble l>ands while further enhancing 
the near ultraviolet band.'° 

Work at this laboratory by C. ?IL ~c:.:lson has been 
confined primarily to silica from three sources: 
( I ) natural quartz crystals, (2) impure fused silica 
(Vitrosil), and ( 3) "purified" Corning silica glasq. 
Spectra for quartz and Vitrosil are in agreement 
with those previously reported. The Corning glass, 
however, possesses almost no visible absorption, but 
ralher shows a narrow absorption band centered at 
2150 J....2

' In the fo!Jowing we shall consider each 
of these materials in turn. 

For fast neutron exposures up to 1018 n/cm' . 
studies of optical absorption in natural quartz crystals 
are in essential agreement with the results reported 
by Mitchell and Paige.2 $ For greater exposures, the 
, ,isible coloration is rapidly bleached and, after 
_, 2 X 101

• 11vt, the crystals were nearly colorless 
in the visillle, possessing only pink to magenta colora
tion. Abs~rption measurements indicate that this is 
c:aused predominantly by the long wavelength tail 
of the intense ultraviolet band at ~ 2200 A. 

It has been observed that irradiatPd quartz has a 
paramagnetic component.28 If it is assumed that the 
paramagnetism is associated entirely with unpaired 
electrons which, in turn, are responsible for the 
ultraviolet absorption band, the concentration of 
absorbing centers can be obtained directly from 
magnetic susceptibility measurements. Stevens has 
measured the susceptibility of a series 0£ irradiated 
quartz specimens. The diamagnetic susceptibility \'S 

temperature curves for these speci111ens are shown 
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in Fig. 10. The curve for the unirradiated specimen 
is temperature independent, possessing no para
magnetic component, whereas all irradiated specimens 
sho,v a decreasing diamagnetism toward low 
temperature. T he paramagnetic component, obtained 
by subtracting the curves from, that of the unirradi
atcd specimen, is plotted agninst reciprocal tempera
ture in Fig. 11. These curves obey the Curie Jaw 
and their slope is proportional to the concentration 
of centers. The dependence of unpaired electron 
concentration on fast neutron e."posure is s l1own in 
Fig. 12. It is noted that the concentration is not a 
monotonic function of exposure but rather reaches a 
maximum at ~ 6 X 1010 nvl. It is interesting that 
this is the e.xposure at which the rate of density 
change of quartz becomes largc.11 The saturation 
paramagnetic center concentration is estimated from 
Fig. 12 to be~ 2 X 10' 0 for an exposure tempera
ture of 100°C. If these arc associated only with the 
2200 J... absorption band, it is possihle to ohtain the 
oscillator strength of the absorbers di rectly. Such 
a determination for Corning fused silica will be dis
cussed below. 
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Besides magnetic susceptibility measurements, 
paramagnetic resonance in neutron irradiated quartz 
is currently being investigaled by ·weeks. Preliminary 
resulls indicate that for exposur es < S X 1Ql1l the 
resonance spectrum is exceedingly complex. A num
ber of lines with spectroscopic splitting factors or 
g-factors in the vicinity of 2 are observed whose 
amplitudes and g-factors are orientation dependent. 
These observations confirm previous results reported 
by Griffiths el al. 2° For exposures of S X 1019 n/cm2 

and greater, the orientation dependence is consider
ably diminished and, at 3.3 X 1020 n/crn2, the 
resonance lines are isotropic. This behavior is ex
pected from structure studies11 since, at these high 
exposures, quartz is converted to an isotropic glass. 
In addition to becoming isotropic, the spectr um is 
much simplified. T he integrated microwave absorp
tion is plotted against 9-factor in Fig. 13 for ex
posures of 5 X 1019 and 3.3 X 1020 n/cm2

• After 
5 X 10" n/cmZ, two overlapping resonance lines arc 
visible, but after the higher exposure, only one line 
is apparent. However, its asymmetry indicates the 
presence of a weak w1resolvcd line. These results 
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figuro 12. Bombordmont introduced poromogneti<i centers in quartz 

vs irradiation 

suggest that two fundamental resonance lines are 
produced by prolonged fast neutron bombardment 
and that one of these grows more rapidly than the 
other with exposure. Perhaps the most interesting 
property of these lines is their narrowness. Even 
after 3.3 X 1020 n/cm2 , the half-width is only 3.9 
gauss with an exciting frequency of 9121 kilo
mcgacycles. 

A number of specimens of Vitrosil glass have been 
exposed to fast neutrons, high energy electrons (0.2 
to 2 Mev), 250 kv X-rays, and gamma-rays from a 
Co00 source. The variety of radiations was used in 
an attempt to detect possible differences in effects 
arising from the nature of the radiation. The optical 
absorption spectra obtained for each type of source 
were essentially the same. Although not nearly so 
pronounced as with fast neutrons, prolonged X-ray 
exposure was also observed to bleach the visible 
absorption band while further enhancing the ultra
violet band. In agreement with the results of Levy 
and Varley26 it was found that the visible bands 
could be optically bleached to some extent by ex-
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posure to light with a range of wave lengths corre
sponding to that of the band in question. Much more 
effective bleaching of the entire spectrum could be 
accomplished by exposing to wave lengths in the 
ultraviolet band. Studies of magnetic· resonance indi
cate the presence of the same type of resonance lines 
shown by quartz after prolonged exposure and by 
Corning stlica glass ( see below). 

Corning fused silica is extremely resistant to 
coloration by ionizing radiation. 23•2 ' Consequently, 
the material is a valuable one, aside from its practical 
importance, in which to study the ultraviolet ab
sorption bands without the complication of the visible, 
impurity-sensitive coloration. Optical studies have 
been carried OLlt on this material with the same 
variety of high energy radiations used in studies 
of Vitrosil. The absorption spectrum was qualitatively 
the same for each type of radiation. but the efficiency 
in producing the ultraviolet band differed widely 
from one type to another. The form of the absorption 
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band obtained after a fast. neutron exposure of 
5 X 1017 n/cm2 is shown in Curve I of Fig. 14, 
from which it is evident that the band is a composite 
of at :ieast two overlapping bands. It was found that 
the shorter wavelength band, which is apparently the 
most intense of the two, was bleached much more 
rapidly with ultraviolet light. Curve II was obtained 
after prolonged exposure to a mercury-vapor lamp 
in which most of the emission was concentrated in 
the 2537 A line. The difference between Curves I and 
II, indicated by the dashed line, may be used as a 
basis for resolving the composite band into two 
approximately symmetrical bands, one centered at 
2120 A and the other at 2570 A. The origin of these 
two absorption bands is not yet understood. 

The efficiency of the various radiations in pro
ducing the composite ultraviolet band varies widely. 
Curves of the absorption coefficient at 2150 A are 
plotted as a function of exposure in Fig. 15 for both 
X-rays (Curve I) and gamma-rays (Curve II). 
It is interesting that the 250 kv X-radiation is four 
times as effective as the Co00 gamma-rays and, in 
addition, produces a greater saturatiou absorptiou. At 
saturation the absorption coefficient of Curve I is 
l 1.5 cm-1 as compared to 8.7 cm-1 (not shown in 
Fig. 15) for gamma-rays. High energy electrons 
are also effective in producing the ultraviolet bands 
with both the rate of growth and saturation absorp
tion depending on electron energy. The saturation 
absorption coefficient for 2 Mev electrons is 
----20cm-1 . 

Of all types of radiation investigated, fast neu
trons are the most efficient in developing the ultra-
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Figure 16. Absorption and unpaired electron concentration In irradi
dioted Corning stltco glen 

violet band. This presumably results from the fact 
that fast neutron bombardment introduces additional 
lattice defects. The growth of the composite band is 
shown in Fig. 16. Although the absorption at 2150 A 
apparently reaches a maximum of 270 cm-1 at 
__, 1.5 X 1019 n/cm2, the point at 2.7 X 1010 n/cm• 
is somewhat in doubt as indicated by the dashed line. 
The longest e."<posure was obtained in a position 
where the temperature was not controlled and, hence, 
it is possible that appreciable thermal bleaching 
could have taken place. Also shown in F ig. 16 is the 
concentration of paramagnetic centers as determined 
by magnetic susceptibility measurement. It is inter
esting to note that the concentration of paramagnetic 
centers, presumably unpaired electrons, is approxi
mately proportional to the absorption coefficient at 
the maximum of the composite absorption band. 

Using the concentration of unpaired electrons de
termined magnetically it should be possible to cal
culate the oscillator strength of the absorbers in Com
ing silica. Unfortunately, the situation is complicated 
by the presence of two absorption bands. However, 
for all exposures used the absorption in the 2570 A 
band was less than 20o/o of that in the 2120 A band. 
Hence, if it is assumed that the oscillator strengths 
are comparable for the two bands, and that there 
are no absorption bands at shorter wavelengths, it 
should be possible to obtain an approximate value 
by means of Smakula's formula. Calculations for 
three specimens give oscillator strengths of 0.14, 
0.18 and 0.22 for exposures of 4 X 101 8, 1 x 1018 

and 2.7 X 1010 n/cm•. If the assumptious indicated 
above are valid, it appears that the oscillator strength 
for the 2120 A line is,_, 0.2. 
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Paramagnetic resonance absorption was investi
gated in fast neutron irradiated Corning silica. The 
results for two exposures, 1 X 1016 and 2.7 X 1019 

n/cmz, arc shown in Fig. 17 where the integrated 
power absorbed is plotted against g-factor. As in the 
case of quartz (Fig. 13) two overlapping peaks are 
observed and again one of these appears to grow 
more rapidly with exposure than the other. The two 
resonance lines have been resolved approximately for 
the short exposure curve. 

Preliminary thermal bleaching experiments have 
been performed for all three forms of silica. The 
results seem to indicate that the fast neutron induced 
optical absorption is removed long before any appreci
able annealing of structural changes has occurred. 
It therefore seems reasonable to conclude that the 
color centers may be identified with trapped electrons. 

Radiation Effects in Ionic Crystals 

Ionic conductivity and optical absorption are two 
properties of ionic crystals which are convenient in
dices of lattice imperfections resulting from high 
energy irradiation. Ionic conduction is dependent on 
diffusion rate and hence on the concentration of 
mobile, charged defects. Optical absorption, on the 
other hand, is electronic in origin and depends on 
the concentration of electrons and holes trapped in 
the vicinity of lattice defects. A number of experi
ments are currently being performed which are 
designed to detect any differences which may exist 
between gamma-ray and fast neutron ex.posure on 
these properties in potassium chloride. Potassium 
chloride was chosen for investigation because it is 
quite reprcsenlative of the ionic type crystal and has 
been extensively studied. Furthermore, it is not 
rendered excessively radioactive by exposure to 
neutrons. ,, 

The ionic conductivity of a number of specimens 

were measured as a function of temperature both 
before and after exposure. A direct current method 
was used employing a vibrating-reed electrometer for 
current measurements. Early experiments30 revealed 
that exposure to Co60 gamma-radiation and short 
reactor irradiations decreased the ionic conductivity 
by as much as an order of magnitude, whereas pro
longed reactor exposure to both gamma-rays and 
iast neutrons increased the conductivity by about 
the same factor. This behavior has been interpreted 
as follows: the ionizing radiation is expected to 
produce hole-electron pairs which are trapped at 
lattice vacancies, thus rendering them electrically 
neutral. This effect would tend to decrease the con
centration of charged positive-ion vacancies ( the:: 
mobile defect), hence decreasing the conductivity. 
Fast neutrons, on the other hand, increase appreci
ably the concentration of both vacancies and inter
stitial atoms and, even though an appreciable fraction 
of these defects may be neutralized by trapped 
charge, the net effect is to increase the conductivity. 
Similar effects to those of gamma-irradiation have 
been observed in X-irradiated crystals. Seitz3 1 has 
pointed out that an effect on activation energy for 
diffusion may be responsible for the conductivity 
decrease observed here. 

Attempts have been made by Nelson to identify 
the radiation produced defects by studying the an
nealing kinetics of the property change. U nfortu
natcly, the annealing behavior is exceedingly com
plex, both increases and decreases of conductivity oc
curring with time at various annealing temperatures. 
At certain temperatures a conductivity decrease 
is successively followed by an increase during a 
single isothermal anneal. These results indicate that 
the annealing of the conductivity change produced 
by both fast neutrons and gamma-rays proceeds by 
nlllltiple processes. Attempts to separate and to 
identify the various steps have not thus far been 
successful. 

The results reported here are in qualitative accord 
with observations on alkali halides bombarded . with 
400 Mev protons.32 

Because of the complexity of the annealing of 
ionic conductivity changes, it is desirable to utilize 
other structure sensitive properties in order to 
obtain independent information about some of the 
processes in question. Consequently, thermal bleach
ing of th~. optical absorption of irradiated potassium 
chloride specimens is now being investigated. Pre
liminary studies reveal that room tempenture irradi
ation with either gamma-rays or fast neutrons intro
duces only two bands in the range from 2000 to 
10,000 A: a well developed F-band and a band at 
2150 A which has. been attributed to holes trapped 
at some negatively charged defectst 

( V3-band). On 
moderate heating, the F -band apparently reverts to a 
colloidal hand <'Ind annealing at ~200°C bleaches 
the crystal. Attempts will be made to correlate the 
kinetics of bleaching with those of the ionic con
ductivity change. 

:I 
I 
·1 

'I 



RADIATION EFFECTS IN CRYSTALS 665 

REFERENCES 

I. Berzelius, J., Forsok Ti/ Et Rn1t K~miskl Mineral 
System, Afhandl, Fys. Kem. Min., 4: 217 ( 1815). 

2. Des Cloizeaux, A. and Damour, A., E s ameudes Pro
prietes Optiqucs el P-:;rogc11itiq11es des Jlfi,1ereo11x 
Co11111u Sous /es No111s de Gadoli11 itcs, illlonitts, 
Ort!,itts, E11sc11ite, T:,,iitc, Ytt rolantalitc cl F11rguso11ite, 
Ann. Dhim. Phys. (3) 59: 357 (1860). 

3. Mugge, 0 ., Ober lJolrop Geworde11e Krystalle, Zentrail
blatt f. Min. u. Geol. (1922) 721, 753. 

4. Joly, J. and Rut.berford, E., Age of Pleochroic Haloes, 
Phil. Mag .• 25: 644 (1917). 

5. Pohl, R. W .• Elutro1> Cond11ctivily and Photo-clic111ical 
Processes it£ Alkali-Halide Crystals, Proc. Phys. Soc., 
49: 3 (1937). 

6. For a review of early work see Lark-Horovitz, K., 
"Nucleon Bombar-dcd Semiconductors," Semico11d11cting 
Materials, Academic Press, Inc., New York (1951), 
1>. 47 ff. Other papers include : Cleland, J. W ., Crawford, 
J. H., Lark-Horovitz, K., Pigg, J. C. and Young, F. W., 
T he Effect of Fast Ncutro1• B0111bardme11/ 011 tl,e E lec
trical Properties of Gen11a11i111n, Phys. Rev., 83 : 312 
(1951); Cleland, J. W. and Crawford, J. H., Neutr on 
lrradiat(!d indium A11ti111011ide, Phys. Rev., 95 : 1177 
(1954); and Cleland, J. W., Crawford, J. II. a nd Pigg, 
J. C., Fast Neut,011 Bombard111e11t of 11-type Gem1a11i11111, 
Phys. Rev. ( in press). 

7. Goldschmidt, V. M. and Thomassen, L., Ceoclie111ical 
Dislrilmtion Laws of the Ele111e11ts JU, Norsk, Ak. Skr., 
I, 1, No. 5: 58 (1924). 

8. Berman, R., Thi' Thermal Conductivity of Dielectric 
Solids at Low Tempera tures, Advances in Physics, 2; 
103 (1953). 

9. Berman, R., Thi! 1 hcrmaf Co11d1tctivity of Some Di(!/ec
tric Solids at Low Temperatures, Proc. Roy. Soc., A 
208, 90 (1951) . 

10. Wittels, M .• Lattict E:rPausion of Quart:: Due to Fast 
Ne1rtron B0111bard111e11t, Phys. Rev., 89: 656 (1953). 

11. Wittels, M. and Sherrill, F. A., Radiatio1• Damage in 
Si02 Structures, Phys. Rev., Y3: 1117 (1954). 

12. Vegard, L., Results of Crystal A11alysis, Phil. Mag., 32: 
65 (1916). 

13. Hurley, P. 11.L and Fairbairn, H. ,v., Radiation Damage 
i• Zirco11, Bull. Geot. Soc. Amer., 64; 659 (1953) . 

14. Primak, W., Fuchs, L. H. and Day, P .. Radiatioi• Dam
age i11 Insulators, Phys. Rev., 92: 1064 ( 1953). 

15. Miller, P. H . and Russell, B. R., Effect of lutm1al 

Strai11s 011 Linear Ex1>a11si011. X -Ray Latlice Co11sto11I, 
and Density of Crystals, J. Appl. Phys. 23: 1163 ( 1952) . 

16. Miller, P . H. and Russell, B. R., Effect of Dislrib11tioii 
of Lollicu D,fects 0 1~ Linear E:r:pai,sion and X-Roy 
Lattice Constant. J. At>11l. Phys. 24 : 1248 (1953). 

17. Eshelby, J. D., Geometrical a11d AP/lare11t X-Ray E:r
pa11sio11s of a Crystal Co11tai11ir.g Lat/ice Defects, J. Appl. 
Phys. 24: 1249 (1953). 

18. Dienes, c:·1. and Kleinman, D. A., Nature of Radiatio1• 
Damage i11 Dia111n11d, Phys. Rev. 91 : 238 (1953). 

19. Krishnan, R. S., Tlurmol Es1>011sio11 of Dia111011d, Proc. 
Ind. Acad. Sci., A 24: 33 ( 1946). 

20. Binder, D. and Sturm, W. J., Eqiiit1ale11ce of X-Ray 
Lattice J>orametc,· and Density C!to119es i11 N~11tron
lrradi11ti-d LiF., Phys. Rev. 96 : 15 I 9 ( 1954) . 

21. Cohen, A . J .. Reg11larily of the F -Ceuter Atoxima i11 
Fused S ilica a11d Q11ort::, J. Chem. P hys., 22: 570 ( 1954). 

22. Arnold, G . W., Color Centers ill Synthetic Q11art.:;, ). 
Chem. Phys., 22: 1259 ( 1954) . 

23. Cohen, A. J., Impurity fod11ccd Co/Qr Cc11/crs i11 Fused 
Silica, ] . Chem. Phys., 23 : 765 ( 1955). 

24. )fayer, G. and Gueron, J., Ce11tiq11e de la De coloration 
de V trrcs Co/ores par I rradiatio11 dans la Pile de Chatil
/o,., J. Chim. Phys., 49: 204 ( 1952) . 

25. Mitchell, E. W. J. and Paige, E. G. S., Q,. the Fonua• 
tio1• of Color Centers in Quart;;. Proc. Phys. Soc., B 
67: 262 (1954). 

26. Levy, M. and Varley, J . H. 0., Radiatio11 lnduced Color 
Cm tors iii Fu.ud Quart::, P roc. Phys. Soc., B 68: 223 
(1955) . 

27. Levy, P . W., Reactor a11d Gamma-Ray Induced Coloring 
in Crystalline Q11art::,md Coming F used Silica,]. Chem. 
Phys., 23: 764 ( 1955). 

28. 11cClelbnd, J. D . and Donoghue, J. J., T1ie Effect oJ 
Neutro11 Bombardment 11pon tire }.Jaguetic Smce/Jtibility 
of Several Pure O:ridcs, ]. Appl. Phys., 24: 963 ( 1953). 

29. Griffiths, J. H. E., Owen, J. and Ward, r. M., Poro
"'"9"'1ic Rc.so11a11cc irr Ne11tron-Jrradiated Diamond 
011d Smoky Quarti:. Kature. 173 : 439 (1954) . 

30. Nelson, C. M., Sproull, R. L. and Caswell, R. S .. Co11-
d11ctivily Cha11gcs in KCI Prodrtced by Ga111111a and 
Neutro,, lrradiatio11, Phys. Rev., 90: 364 (1953) . 

31. Scit:a:, F., Color Ceuters i,, Alkali llalide Crystals. II, 
Rev. Mod, Phys .• 26: 7 (1954). 

32. Pearlstein, E. A., P/748. Cl1011gc of Electrical Co11 -
d11ctivity of Sodium Cliloridc Hf/On 80111bard111c11t with 
Hiyh Energy Protous, Phys. Rev., 92 : 881 (1953) . 
See also paper by R. Smoluchowski, Vol. 7, Session 
13B, these P roceedings. 



Interpretation of Radiation Damage to Graphite 

By G . R. Hennig* and J. E. Hove, t USA 

Graphite is used extensively in nuclear reactors 
both as a moderator and as a structural material. T he 
effects of neutron irradiation on such properties as 
thermal conductivity, gross dimensions and me
chanical strength are therefore important in reactor 
engineering. Thus the development of :i b:isic under
standing of the mechanism of radiation damage in 
graphite is of great technological significance. It is 
the purpose o{ this paper to summarize the present 
st:ite of our knowledge of the mechanism of the radi
ation damage. This problem h:is a great deal of 
scientific interest, aside from its technological impor
tance, since the thermal and electrical proper ties of 
graphite e.xhihit astonishingly large changes when the 
material is subjected to particle irradiat ion. Further
more, there appears to be good evidence that graphite 
is ouc of the few substances in which most of the 
displacements produced by particle bombardment 
can be frozen in at bombardment temperatures which 
are not inconveniently low. Therefore it consti tutes 
a good material on which to test radiation damage 
theories. 

The damage effects anticipated to occur in i;raph
ite will be discussed first, together with specul::itions 
about annealing processes. The experimentally <le
tem1ined property changes will then be related to 
these anticipated damage effects. It will be shown 
that a precise description of the damage centers a nd 
the processes by which they anneal crumot be de
duced from an analysis of the property changes. 

A set of experiments will then be described from 
which the annealing processes can apparently be 
deduced. 

Structure of Undamaged and Damaged Graphite 

G raphite has a he.xagonal, planar slructure with 
predominant ABATI stacking of planes o.nd with a 
very large c/a r:itio (6.7 /2.46) . The in-pl:ine bonding 
is covalent, made up largely of (2s, 2p.,, 2p,,) trigonal 
hydrides, while the bonding between planes is due to 
van der Waal's forces. The (2p.) orbitals then form 
the electronic conduction band with extremely aniso
tropic properties. Tims, the electrical resistivity in :i 
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direction perpendicular to the basal plane is greater 
than that in a direction parallel lo the basal plane 
by a factor of several hundred. The thermal conduc
tivity seems to show about the same anisotropy, and 
many other properties are considered to be also 
highly anisotropic. 

The structure and properties of graphite are 
changed considerably by particle 1,ombardmcnt, but· 
ionizin g radiation is nearly ineffective. These changes 
are referred to as radiation damage. The detailed 
process by which the particles produce this damage 
has been discussed in a preceding paper.1 Figure 1 
is a schematic representation of this process as it is 
believed to occur in graphitt!. A high energy neutron 
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figure 1. Sche,.ati< representcllon of displacement proa,ss 

will produce primary displaced atoms at locations 
rel:itively far apart: the me:in free path of neutrons 
i5 about 4 cm, thus the primary deplacements (A, 
Fig. 1) are spaced about 4 c.m apar:t along the path 
(E) of the neutron. The vacancies produced in this 
primary process are very likely single vacancies. The 
energetic, primary displaced atom loses energy prin
cip:illy by'excitation and ionization, with only an occa
sional elastic colJision which produces secondary dis
placements, until its energy is less than a critical value, 
assumed to be about 10 kev in graphite. l t then loses 
most or :ill of its energy by elastic collisions, par t of 
which produce secondary displaced carbon atoms (B, 
Fig. 1 progressively closer together along the path of 
the primary. Near the end of its range the primary 
displaced atom may displace atoms so close together 
that they remain as Ct molecular complexes or at 
least recombine to such molecules immediately. The 
displaced secondary atom will have enough recoil 
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energy on the average to displace one more atom, 
the tertiary ( C, Fig. l). As shown in F ig. l, it 
appears that the displaced atoms are formed pre
dominantly in clusters, consisting mostly of tertiary 
atoms near the beginning of the range, and secondary 
atoms near the end of the range (D) . 

In or<ler to eject an atom from its lattice position, 
a collision must transfer to thal atom more than the 
dispbcement energy, estimated to be 25 cv in graph
ite,1 a value which has incidenblly been confirmed 
by electron bombardment experiments.2 Those col
lisions which transfer less than the displacement 
energy will excite lattice vibrational modes; this 
heating of the lattices becomes progressively more 
important near the end of the range of the primary. 

ln many collisions, the displaced atom has little or 
no excess recoil energy available to move far from 
the vacnncy. These atoms will remain as close va
cancy-interstitial pairs arid may anneal in n different 

0 

b C d e g 

o. Two-dimensionol d. Double voconcy plus one ot om 
edoe•dislocot ion e. Double voconcy plus three otom! 

b. Single voconcy f. Double voconcy plus lour atoms 
c. Double voconcy g. Double voconcy plus siK otoms 

figure 2. Probable confiourotions of 2-dlmanslonal dl,localion, 

way from those atoms which recoiled with sufficient 
energy to be displaced a relatively large distance. The 
close pairs are most likely to persist along the early 
portion of the path of the primary displaced atom, 
because lattice heating near the eud of the range may 
either anneal these close pairs or cause diffusion and 
separation of close pairs. . 

The rate of displacement of atoms can be estimated 
from the theory of disordering of solids1 if the ener
gy di5tribution of the damaging particles is already 
known. 

This leads to an estimate of 0.35 to0.7 displacement 
per 104 atoms for each Mwd (megawatt day per ad
jacent ton of uranium) of reactor irradiation in the 
locations where most of the irradiations have been 
performed. The bombardment uni t, Mwd, has been 
described in a preceding paper ;3 it is associated ap
proximately with an integrated flux of slow neutrons 
of 5 X 101r n/cm2 for gr~phite-moderatcd reactors. 

In addition to inter5titials and vacancies, il is con
ceivable that dislocations may also be produced. A 
plausible type of dislocation which could occur in 
damaged graphite is the two-dimensional edge-dis
location sho,m in Fig. 2a. Such dislocations in 
graphite apparently always constitute regions in 
which at least one of the rings is no longer six
membered. S tich defects are most likely to be formed 
when displaced atoms try to reintegrate into the lat
tice and arc presumably present only after some an
nealing has taken place, either thermally, or in the 
heated region of the track. 

I n Fig. 2, several possible configurations are 
drawn which would result from such reintegrations. 
Type g, for example, represents the same configura
tion which would be produced by two close edge
dislocations of type a. 

Some speculations on the mobility of the damage 
centers at various temperatures arc possible without 
referring to the actual experimental work to be dis
cussed later. It appears likely that the simple center s 
of a given kind are always more mobile than the 
complex ones; single interstitials will move through 
the lattice at lower temperatures than complexes of 
several carbon atoms, and single vacancies ,,,ill move 
before double vacancies move. This latter assumption 
is believed to be correct for graphite although it may 
not apply to metals.4 It can also be anticipated that 
the activation energy for motion of single displaced 
atoms is low. It is likely that they move only against 
van der W aal's attraction and that their activation 
energy for motion should be of the -order of one 
electron volt. The activation energy of motion is 
mud1 more difficult to predict for the single vacan
cies. Fortunately, the self-diffusion in graphite has 
recently been measured ;11 the activation energy is 7 
cv. If this self-diffusion occurs by a vacancy mecha
nism, the energy of activation for moving a vacancy 
is 7 ev minus the energy of formation of a vacancy. 
The formation energy of a vacancy should be equal 
to the heal of sul>limation of graphite (7.5 ev) minus 
the rela.--mtion energy associated with fonnation of 
an internal vacancy. Therefore, the activation energy 
of motion o[ a vacancy is nearly equal to its relaxa
tion energy. Jf the relaxation is considerable, the 
activation energy is h_igh and vacancies will be mobile 
only at high temperatures. If the self-diffusion is not 
due to a vacancy mechanism, it can be shown that 
the activation energy for vacancy motion must be 
even higher than the relaxation energy. 

The mobili ty of damage centers is likely to be sen
sitive to the amount of damage present. Interstitial 
atoms will be considerably more mobile in a perfect 
lattice than in a distorted, strained lattice; thus the 
interstitial atoms are less mobile in interlayer planes 
above or below other displaced atoms. T herefore, 
motion of interstitials in damaged graphite will not 
be describable by discrete activation energies, one 
for each size of interstitial complex, but rather by a 
wide distribution of activation energies. 
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Figure 3. Property changes du ring bombardment at room tempera• 
ture 

Having described the probable distribution and 
mobility of damage centers, one is ready to examine 
whether these are confirmed by experiments. 

ROOM TEMPERATURE IRRADIATIONS 

Irradiation by pile neutrons produces considerable 
changes in nearly all the physical properties of 
graphite, as described in a previous paper.3 The 
changes in the mechanical properties are apparently 
caused by the interstitial atoms which distort the 
)attic~. The production of interstitials immediately 
increases the c-spacing, as measured hy X-ray dif
fraction (Fig. 3). The bulk expansion is found to be 
ini tially much smaller, presumably because the crys
tallite can expand into voids which are an inevitable 
consequence of the manufacturing process.6 This 
t ightening of the structure results in an increase of 
the elastic modulus. The saturation behavior of this 
modulus increase (Fig. 3) may be due to progressive 
loosening of crystallite contacts. Both the c-spacing 
and elastic modulus increases anneal in approxi
mately the same temperature range, which is higher 
than for most other properties. 

Both the stored energy and change in thermal re
sistance increase considerably faster for low bom
bai:-dments than for bombardments in e..-xcess of 100 
Y.f wd (Fig. 3) . Stored energy is created because 
bonds are broken in forming interstitials and vacan
cies. The decrease in accumulation rate with increas
ing bombardment must therefore be attributed to a 
decreased rate of formation of interstitial entities. 
This is most conveniently described as a coagulation 
during bombardment of single interstitials into larger 
complexes containing at least two interstitial atoms. 
This same explanation applies to the changes in the 
thermal resistance. Both of these properties anneal 
considerably at about 200°C, presumably because of 
thermal coagulation of single interstitials. As would 
be expected, it is ohserved after•'heavier bombard
ments, where coagulation has already occurred to a 
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large extent, that a progressively smaller fraction of 
the damage anneals near 200°C, and a larger fraction 
requires much higher temperatures for annealing 
(Fig. 4). 

The changes in the electrical properties (Fig. 5) 
show conclusively that most of the damage centers 
are electron traps. Since these damage centers are 
also very effective electron scatterers, the changes of 
electrical properties must be separated intq contribu
tion from each of these two effects. Electron traps 
actually increase the number of electrical carriers, by 
lowering the Fermi energy to a region of higher den
sity of states ( see Hall coefficient, Fig. 5). The elec
trical resistance should, therefore, be decreased by 
radiation damage were it not for the large increase 
in scattering probability which overcompensates the 
first effect at low bombardments and cancels it at 
high bombardments (Fig. 5). The magnetoresist
ance, which probably changes as the inverse square 
of the scattering probability, decreases very rapidly 
as this quantity is increased by bombardment. The 
magnetic susceptibility of graphite is highly diamag
netic due to the presence of electrons near the edge 
of the Brillouin zone. Since the damage centers trap 
these electrons, the diamagnetism decreases rapidly 
with bombardment (Fig. 5). This property is nearly 
independent of the scattering probability. 

The concentration of electron traps in irradiated 
graphite can be determined independently by intro
ducing known amounts of electron traps as chemical 
impurities into nnirradiated graphite. These chemical 
traps do not materially change the electron scatter-
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ing. By this method one finds that the electron trap 
concentration in irradiated graphite is 10➔ trap per 
carbon atom after one Mwd. This value differs by 
less than a factor of two from the total number of 
atoms displaced, as calculated by Seitz. The produc
tion rate of traps is constant during light bombard
ments, but appears to decrease by a factor of two 
after heavy irradiations ( 100 M wd). 

The annealing of the resistance and susceptibility 
changes are shown in F ig. 6. These have·been con
verted in Fig. 7 to annealing of electron traps and 
scattering centers. Both of these anneal predomi
nantly near 200°C, but show a peculiar secondary 
annealing near 1200°C. Eatherly has shown that all 
the electrical property changes can be correlated with 
each other nearly quantitatively. It is, however, not 
possible to assign the ability to trap electrons to 
specific types of damage centers or to assess the scat
tering strength of different centers. 

Since different properties anneal predominantly in 
different temperature regions, it seems reasonable to 
expect that the quantitative contributions of the vari
ous damage centers to the property changes could be 
obtained from studies of the annealing kinetics. Ex-
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perience has unfortunately revealed that the anneal
ing kinetics are far from simple. The reasons for this 
are several. First of all, a given type of damage cen
ter will have a broad spectrum of activation energies 
for annealing because its mobility depends upon the 
environment. Secondly, the ranges of activation ener
gies for different types of centers seem to overlap 
for weak borribardments and certainly overlap to a 
progressively greater extent after heavier bombard
ments. In addition, the annealing of a given center 
may affect some properties simultaneously in differ
ent ways, as for example by changing both the car
rier concentration and the scattering probability in 
the case of the electrical resistance. 

SPECIAL EXPERIMENTS 

It has been shown why a unique damage mecha
nism and annealing mechanism cannot be deduced 
from the measurement of property changes described 
thus far or from annealing kinetics. In order to de
rive such a damage mechanism one can proceed in 
one of two ways. One can attempt to control the 
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damaging process in such a way that only one type 
of center or at least more simple centers are formed, 
or one can determine changes of such properties 
which are predominantly affected by one of the many 
different centers present. Controlling the damaging 
process is possible in several ways. If graphite is 
damaged at low temperature, the centers are ~
pected to be simpler and, therefore, to anneal in a 
more predictable fashion so that conventional kinet
ics may be applied. It may also be possible to produce 
only that type of damage center which has the lowest 
energy of formation, by heating graphite to suffi
ciently high temperatures so that thermal motion 
disarranges the lattice. Subsequent rapid co_oling may 
freeze-in the disorder. It can be anticipated that such 
treatment will produce graphite which contains va~ 
cancies only. These e.,xperiments have thus far been 
only partially successful and will therefore not be in
cluded in this discussion. The alternative procedure 
of measuring selectively sensitive properties has been 
quite successful. Properties which are selectively sen-
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sitive are lattice expansion ( which is sensitive to 
interstitials), paramagnetic resonance absorption 
( which is selective to single interstitial carbon ions), 
radioactivity (by which isolated interstitials can be 
tagged), and specific heat ( which is semitive to iso
lated unbonded atoms). As a monitoring property, 
·the neutron scattering ca11 be utilized since it happens 
to be almost completely non-selective and detects all 
damage centers. 

lrrodiations at Liquid Nitrogen Tempera ture 

It was previously mentioned that the damage cen
ters produced at very low temperatures should be of 
a simpler type than those produced at higher tem
peratures. Thus, the damage and annealing kinetics 
should be easier to interpret. Of course, if these cen
ters were immobile below room temperature, no 
information could be obtained. It was, however, an
ticipated that they would be mobile because consid
erable annealing of radiation damage has been 
observed in metals near liquid helium temperatures.7 

Radiation damage in graphite has been studied for 
both proton and neutron bombardments at liquid 
nitrogen temperatures. The proton irradiations were 
carried out in the Berkeley 60-inch cycloLron with 
an energy of about 8 Mev, and the neutron irradia
tion was done in the low-temperature facility of the 
Brookhaven reactor. Property measurements were 
made at -196°C before and after bombardment. In 
addition, the samples were pulse annealed in ZS-de
gree increments to slightly above room temperature 
and remeasured after each pulse at a temperature of 
- 196°C. In most cases the annealing time at each 
temperature was five minutes, which was found to be 
sufficient to achieve almost ·all of the property recov
ery possible at that temperature. The properties 
measured were the stored energy, the thermal and 
electrical resistance, the thermoelectrical power, and 
the magnetic susceptibility. In all cases, thermal an
nealing to room temperature restored each property 
to the value it would have had after an equal irradi
ation at room temperature. The maximum total 
bombarding fltuc in the cyclotron caused a tlamage 
equivalent to about 50 Mwd neutron exposure and 
therefore heavy irradiation effects could not be in
vestigated. Only one low-temperature neutron bom
bardment of 20 M wd has been studied although 
heavier irradiations are in progress. 

Typical plots of the annealing behavior of the 
thermal and electrical resistivities and the thermo
electric power are shown in Fig. 8. These data 
are for a sample which was irradiated ,vith neu
trons for 20 Mwd, but proton-irradiated samples 
show a qualitatively simjlar behavior. The resistivity 
ordinate of -Fig. 8 gives the fraction of the property 
change remaining after annealing. The stored energy 
release rate in tl,is temperature region is shown in 
Fig. 9, while Fig. 10 shows the change in the fraction 
of trapped electrons as obtained from the magnetic 
susceptibility annealing data. Contrary to expecta-

G. R. HENNIG and J. E. HOVE 

tions it is apparent from these curves that there is 
no sharp annealing, which would be indicative of a 
single simple process. 

It may be noted that all of the properties measured 
start to change at about -130°C, but that the elec
trical properties do not begin to recover strongly 
until about -70°C, while the thermal resistivity does 
not really begin to recover until -20°C. Further
more, there is a definite structure to the curves in 
the low-temperature region, including some apparent 
reverse annealing. This unusual behavior can be ex
plained and will be discussed more fully later. 

X-Roy Diffraciion Measurements 

The effect of vacancies on the unit cell size in 
graphite is probably quite small. The only conceiv
able effect of vacancies might be a slight decrease in 
the in-plane spacing if the bonds around the vacan
cies relax considerably. The presence of interstitials 
would cause an increase of all spacings in isotropic 
media; in graphite only the c-spacing is appreciably 
altered. 

The observed change in X-ray spacings with room 
temperature bombardment is shown in Fig. 3. A 
small controction of the a-spacing (in-plane spac
ing) has been rcported,3 which can probably be at
tributed to buckling of the plaues.8 The c-spacing 
increases linearly up to very heavy bombardments 
(greater than about 1300 M wcl), in contrast with 
the behavior of nearly all other property changes 
which saturate strongly. The stored energy, for in
stance, also represented in Fig. 3, increases at more 
than twice the rate during weak bombardment as 
during heavy bombardment. This is believed to sig
nify that single carbon atoms, which have a high 
energy content, are converted dm·ing bombardment 
to complexes of low energy content, or are reinte
grated with the lattice at a rate which increases with 
bombardment. On the other hand, the fact that the 
c-spacing increases linearly over a wide range of 
bombardment values shows that the reintegration of 
displaced atoms with the lattice is independent of 
bombardment. The linearity of the increases further 
indicates that single displaced atoms cause nearly the 
same increase in spacing per atom. as complexes of 
many atoms, because the interstitials formed in weak 
bombardments are predominantly single, and in 
heavy bombardments predominantly multiple. 
vVhether.these conclusions are valid up to 1300 Mwd 
is somewhat doubtful, since 0th.er compensating ef
fects might occur during heavy bombardments. It 
is apparent that the X-ray spacing behavior strongly 
limits the types of damage models which can be 
postulated. 

Attempts have been made to estimate the charac
ter and distribution of the interstitial material, hut 
unfortunately only after heavy bombardments. Small 
angle scattering and the · line shape of the 001 lines 
have been analyzed for this purpose. [t appears that 
after heavy bombanlment~ the interstitial material is 
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present in disk-shaped aggregates, e..'Ctending several 
times as far in the a direction as in the c direction. 
Furthermore, these complexes tend to position them
selves with some degree of regularity so as to avoid 
being close to one another.9 

There are also some data on the c-spacing behavior 
of graphite irradiated at liquid nitrogen temperature 
and subsequently annealed to room temperature.10 

Although these results are rather sparse at present, 
it may be concluded that the c-spacing change is 
linear with bombardment and that about half of the 
change is recovered by annealing from ....:...196°C to 
room temperature. This recovery appears to take 
place predominantly in the same temperature range 
as the recovery of the other properties (see Figs. 8, 
9, and 10). Further experiments on the low-tempera
ture c-spacing annealing, including line shape anal
yses, are at present underway. 

Neutron Transmission and Specific Heat Experiments 

The measurement of the transmission of slow neu
trons ( of wavelengths greater than about 6.7 A) 
through the graphic lattice allows an estimate of the 
total number of defects present if these can be as
sumed to scatter the neutrons independently. Such 
measurements, made11 for a room temperature ex
posure of about 500 M wd, indicate a production rate 
of about S X 10-5 displacement per atom per Mwd, 
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which is reasonably close to the theoretical value cal
culated by Seitz and also to the initial electron-trap 
production rate. 
· It has been observed that radiation damage has an 

appreciable effect on the low-temperature specific heat 
of graphite.u The specific heat at - 260°C is in
creased after :very heavy irradiations by a factor of 
about two which is probably to be attributed to the 
excitation of vibrational modes of single interstitials. 
Additional modes will be created by the presence of 
vacancies and interstitial complexes, but these most 
likely have quite high frequencies which are ineffec
tual at low temperatures. If specific heat measure
ments after lower bombardments, and as a function 
of bombardment, were available, this property would 
presumably measure the production rate of single 
interstitial atoms. Such measurements, particularly 
after bombardment at low temperatures, are at pres
ent under way. 
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Paramagnetic Resonance A bsorption 

The intensity of the absorption in graphite irradi
ated near room temperature is shown in Fig. 11. The 
intensity of absorption was calibrated against an or
ganic free radical, so that the concentration of cen
ters, which has been plotted as the ordinate in F ig. 
1 l, is known with fair precision. At measuring tem
peratures below irradiation temperature, the number 
of paramagnetic centers remains constant. Unfortu
nately, it is not possible to decide with absolute cer
tainty which of the damage centers are paramagne\ic; 
the assignment can only be made by inference. It is 
certain that only a small fraction of all the damage 
centers is paramagnetic, because the rate of electron
trap production is at least twice as large as the rate 
of Fig. 11. Thus, one concludes that many damage 
centers are diamagnetic, i.e., they trap two electrons 
on a center. The saturation at heavy bombardments 
of the paramagnetic center concentration suggests 
immediately that the centers are single interstitials 
or single vacancies, because the heavier bombard
ments favor formation of more complex centers. It 
was found in experiments to be described later that 
the paramagnetic centers produced at - 196"C are 
somewhat mobile at - l00°C. It is very unlikely that 
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vacancies are mobile at this low temperature, but 
qui te likely that interstitials are mobile. Thus the 
paramagnetism is most likely due to single intersti
tial carbon ions. I t is also inferred that all the single 
interstitials are paramagnetic, because if only a frac
tion were paramagnetic, this fraction would most 
likely be temperature dependent, contrary to the ob
served temperahire independence of the paramag
netic center concentration below room temperature. 

The annealing of the paramagnetic centers and 
thus of single interstitials is shO\rn in Fig. 12. It is 
apparent that the stability of the centers is very sen
sitive to the total damage; this was anticipated and 
is attributed lo distortion and strai11 in the lattice 
which reduces the mobility of interstitials. 

If graphite is bombarded at liquid nitrogen tem
peratures, paramagnetic centers are also produced, 
but the line width of the paramagnetic resonance 
absorption is larger than after room temperature 
bombardment. Linc broadening is usually attributed 
lo magnetic interaction of centers with one another, 
and thus the observation is interpreted to mean that 
the interstitials produced at low temperature remain in 
loose clusters. On warming, the line sharpens near 
- 100°C to a minimal width of about one gauss; 
thus, the interstitials are able to drift apart at this 
temperature. The contribution to the broadening due 
to spin-center concentration was determined by line 
width measurements on material having known con· 
centrations of uniformly dispersed spin-centers 
( weak pile irradiations). Using tl1is calibration the 
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low-temperature concentration of spin-centers in the 
clusters was calculated from the resonance line 
width. An average separation between spin-centers 
of 10 A was obtained. Above - !00°C, the inter
stitials drift to an average distance of more than 30 A, 
after weak bombardments. 

Rodiocorbon Trocer Experiments 

Another useful procedure to analyze the distribu
t ion and mobility of dispbced atoms in irradiated 
graphite is provided by a radiocarbon tracer tech
nique. 'WheneYer radiocarbon C11 is produced in 
graphite by betatron gamma or cyclotron neutron 
bombardment, the radiocarbon is inevitably displaced 
from its lattice position by gamma or neutron recoil 
and becomes a tracer for most of the displaced atoms, 
but not for all. The recoil energy is so high that the 
radiocarbon atom travels a considerable distance and 
ejects many secondary carbon atoms before coming 
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to rest. It is therefore representative of all of the 
other displaced atoms whicl1 have been displaced far 
from their original vacancy, but is different and 
may anneal differently from those displaced atoms 
which remain close interstitial vacancy pairs. It must, 
therefore, be remembered that the conclusions which 
will be drawn from the radiocarbon tracer experi
ments may not apply to close pairs. The experiments 
have been carr ied out on rather well-formed crystal
lites of natural graphite. The graphite was first bom
barded in the pile to produce displaced atoms and 
then e..-xposed in the accelerator to produce C11• 

· T o study the annealing behavior of the displaced 
atoms, the distribution of C11 throughout the par
ticles was determined. This was accomplished by oxi
dizing the samples in air at sufficiently low tempera
tures (400°C) that only outer surfaces of the graph
ite particles burned. The oxidation products were 
continually analyzed for radiocarbon. The distribu
tion of radiocarbon \\'as found to be affected by an
nealing (Fig. 13 ) . The surfaces of the particles 
contained a higher C11 concentration than the in
terior, and this surface enrichment increased as the 
annealing temperature was raised. Although the con
centrations were affected considerably by annealing, 
the fraction of all the C11 atoms which had migrated 
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to the outer surfaces was, at most, 0.06 per cent. 
F rom this surface enrichment and the dimensions of 
the graphite crystals, the avera~e linear ~isplace
ment of the displaced atoms during annealing was 
estimated as 2000 A (Fig. 12). Obviously, this large 
scale migration is not due to motion of single dis
placed atoms, because these are m~bil: at much l?wer 
temperntures. The results seem to md1cate that s111gle 
displaced atoms combine into complexes, probably 
C:!, without any large-scale migration to surfaces, 
possibly because they cannot react with surfaces .at 
this low temperature. The complexes are mobile 
above 400°C and react with surfaces, imperfections, 
and vacancies between 400°C and 800°C. Obviously, 
the mean linear displacement of the complex int~r
stitials has to decrease as the vacancy concentration 
is increased by bombardment. This bo!}1bardment 
dependence (Fig. 14) is very pronounced; thus, the 
fraction of displaced atoms which does not eventually 
anneal to vacancies but rather to surfaces and imper
fections is quite small. Large-scale motion of inter
stitial atoms similar to the kind described for graph
ite was not observed in diamond during annealing 
of damage. This result may mean that large-scale 
motion does not occur in diamond or that the dis
placed atoms lose their identity during migration and 
thus fai l to be detected by radiocarbon tracers. 

The reinteo-ration of displaced atoms with the lat
tice can be d~tected by the radiocarbon technique if 
the graphite is oxidized with chromic acid. This 
agent is able to penetrate the lattice and oxidize 
loosely bonded atoms preferentially. The results :have 
shown that the displaced atoms become completely 
indistinguishable from lattice atoms only at anneal
ino- temperatures above 1700°C; annealing at all 
10:,er temperatures leaves some of the displaced 
atoms in a more active condition which renders them 
more susceptible to attack by the oxidizing agent. 
The experiments have shown also that less than 8% 
of the. radiocarbon has reintegrated with the lattice 
after room temperature bombardment followed by 
annealing at l00°C. 

DISCUSSION 

A unique damage and annealing mechanism ca_n 
be selected which is consistent with all of the experi
mental results which have been described. During 
neutron or proton bombardment_ at -200°C .nea~ly 
all the atoms which have been displaced remam dis-

placed. Roughly one-third of the displaced atoms 
are sufficiently close to vacancies to constitute close 
pairs; such intersti tial atoms are probably ~ot able 
to trap electrons. The remainder of the displaced 
atoms are sufficiently far from vacancies that they 
trap one electron, thus causing paramagnetic reso
nance absorption. They are, however, still clo~e 
enough to eadi other to broaden the param~gnettc 
resonance line. The vacancies are predommantly 
single vacancies which trap a pair of electrons ~nd 
are diamagnetic. On annealing, the p_rocess which 
occurs first is the motion of interstitials. The clus
tered interstitials will drift apart because of the 
Coulomb repulsion of their negative charge, and the 
close interstitial vacancy pairs will reintegrate since 
tl1ey do not repel one another. The separation of in
terstitials will increase those scattering properties 
which are associated with wavelengths comparable 
to the size of the cluster. Therefore, the scattering of 
electrons will be increased first, and the scattering of 
thermal waves only later when the separatio_ris are 
larger. The reintegration of close pairs, which oc
curs simultaneously with this separating process, .de
creases the scattering property. Thus, the electrical 
and thermal resistances are a ffected by opposing 
processes in this low-tcmpernturc region. Initially 
the separation of close interstitials increases the elec
trical resistance, while the thermal resistance is de
creased by the annihilation of close pairs. Later, the 
continued annihilation of close pairs decreases the 
electrical resistance, but now the clustered intersti
tials have drifted far enough apart to increase the 
scattering of the relatively Jong ther-mal waves so 
that the thermal resistance increases again and con
tinues to increase until the interstitials are separated 
by more than the wavelength. This appears to occur 
near -30°C; above this temperature both the ther
mal and electrical resistances decrease due to con
tinued reintegration · of close pairs. Other· properties 
anneal more simply; the X-ray spacing is affec~c::J 
only by reintegration and therefore decreases uni
formly, and the paramagnetic resonance line ~idth 
is affected only by the separation of clustered mter
stitials and therefore decreases uniformly. The stored 
energy is decreased by both processes, reintegration 
releasing the energy of reformed carbon bonds, and 
separation of interstitials releasing the stored C,ou
lomb repulsive energy, which is presumably not 
large. . 

As the temperature is raised to room tcmpcr~ture, 
a few close pairs remain to be annealed; their an
nealing apparently coincides with the next process, 
recombination of single interstitials into C2 mole
cules. This process obviously requires an activation 
energy sufficiently high to overcome the Coulo111;b 
repulsion of the charged interstitials; however, this 
may not be very large, because of the dielectric con
stant of graphite ( estimated to be about 6) and also 
because the charge will leak off at least one of the 
approaching ions as soon as the repulsion exceeds 
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the effective electron affinity of carbon atoms in a 
graphite medium. At this critical separation the elec
tron is returned to the graphite conduction band. 
The considerable annealing of stored energy, resist
ance, susceptibility, etc., in the range 100°C to 200°C 
is presumably due to this reaction of single inter
stitials forming C2 • This reaction will also annihilate 
the paramagnetic resonance which is associated with 
C1. The combination reaction is probably not com
plete before a third process begins to occur, rein
tegration of complexes, predominantly C2, with 
vacancies. Reintegration decreases the c-spacing be
cause it removes interstitial atoms. This process is 
practically complete near 600°C, since the c-spacing 
anneals almost completely at this temperature. Rein
tegration in this temperature range could conceivably 
occur either by motion of vacancies or by motion of 
C2. The radiocarbon experiments have shown, how
ever. that the comple.."es arc mobile since some of 
them diffuse to outer surfaces in this temperature 
range; thus the reaction must be due to motion of 
the interstitial complexes. Above 600°C, a few dam
age centers still remain. Some vacancies are left be
cause a few will have reacted with surfaces and 
imperfections. Dislocations are also probably formed 
during the reintegration process as was discussed 
earlier. F urthermore, complete reintegration of in
terstitials and vacancies may require a higher tem
perature than trapping of interstitials by vacancies. 
These residual damage centers are required to ex
plain why some properties show additional annealing 
at temperatures above 600°C, where no interstitials 
remain in the lattice. This high temperature anneal
ing appears to affect mainly the electrical resistance. 
It is quite obviously complex and a detailed explana
tion has not been attempted here. 

Thus far, only the annealing of damage centers 
produced at low temperature, has been discussed. If 
graphite is irradiated at room temperature, the dam-

. age process will necessarily be different because the 
C1 interstitials arc relatively mobile at this tempera
ture. Thus, clusters of interstitials will not persist 
and close interstitial vacancy pairs will immediately 
recombine. The interstitial atoms may move through 
con!;iderablc distances. Newly formed interstitials 
may encounter previously formed interstitials and 
react to form complexes, while the newly formed 
atoms are still "hot" atoms, i.e., have not dissipated 
their recoil energy. This reaction may, furthermore, 
be facilitated because the newly formed interstitial 
atoms ·may be temporarily neutral and may thus not 
have to overcome the Coulomb repulsion. The bar
rier potential opposing the transfer of an electron to 
a newly formed carbon atom is probably a consider
able fraction of the work function of graphite. Trans
fer probably occurs by h.mnelling but may require 
sufficient time to permit several encounters of thi~ 
carbon atom with previously formed interstitial ions. 
Thus it is possible to explain the strong bombard
ment dependence of most property'changes at room 

temperature as a progressive conversion of single 
interstitial carbon ions to complexes of two or more 
carbon atoms. A corresponding reintegration of in
terstitials with previously formed vacancies is less 
likely to occur during room temperature irradiations, 
because this reaction, which normally occurs above 
200°C, requires too high an activation energy. The 
annealing mechanism discussed here is not expected 
to apply to heavily irradiated samples, in which 
more complex damage centers arc present. 

A curious observation should be mentioned which 
further confirms the damage mechanism. If two sam
ples are bombarded at different temperatures for 
exactly the same exposure, and if the sample exposed 
at the lower temperature is then annealed at the 
higher temperature for a long time, the properties of 
the two samples are not always the same, the an
nealed sample usually showing more damage. This 
phenomenon seems to occur only in e.xposures at or 
:-ibove room temperature. It can be explained by the 
reactions which occur when the displaced atoms are 
still "hot"; these reactions cannot be cluplicatecl by 
thermal annealing. 

The damage mechanism which has been described 
here appears at the present time to account best for 
all the observations. The mechanism is based to some 
e.."tent on the interpretation of paramagnetic r~s0-
11::mce measurements. It was mentioned that the 
identification of resonance centers as carbon ions was 
inferential and could not be proved. It can now be 
shown that any other identification of the resonance 
centers leads to rather strong contradictions. If the 
vacancies are supposed to be paramagnetic, they 
must be assumed to be mobile at -100°C because 
of the decrease in line width at this temperature. This 
would imply rather extensive reintegration by va
cancy motion below room temperature and could not 
explain the linear dependence of the c-spacing with 
bombardment at room temperature. 

Other mechanisms which assign the resonance to 
other interstitial complexes, as well as C1-, fail to 
explain why the resonance anneals at 200"C, where 
most of the c-spacing has not yet annealed. If one 
assigns the resonance to Cc and C2-, and assumes 
all larger complexes to be neutral, one cannot ex
plain why the annealing of the resonance at 200°C 
is accompanied by such a large decrease in stored 
energy. 

In view. of the ability of the postulated mechanism 
to explain nearly all property changes and their an
nealing behavior, it is felt that th·e mechanism has a 
good chance of being correct. It is hoped that it can 
be confir111ed by a number of additional experiments. 
Among these experiments are the introduction of va
cancies into graphite by quenching, measurement of 
their energy and mobility by annealing experiments, 
completion of the measurements after bombardment 
at - 200°C, and bombardment at liquid helium tem
peratures and measurement of various properties at 
this temperature. 
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Effect of Nuclear Irradiation on Ionic Crystals 

By R. Smoluchowski, * USA 

The fact that various kinds of low energy ionizing 
radiations, primarily X-rays, produce well observable 
effects in ionic crystals has been known for a long 
time. It is also known that many of the observed 
effects find an at least qualitative if not quantitative 
interpretation on the basis of fairly simple models.1 

This is the reason for the hope that the study of 
effects produced in ionic crystals and in particular 
in alkali hal ides bv nuclear radiation will lead not 
ouly to an underst~nding of the phenomena in these 
crystals but that more general conclusions pertaining 
to other solids may become avail:ible. 

In this paper some of the results obtained at the 
Carnegie Institute of Technology together with a 
brief review of some related results obtained else
where will be summarized. Since most of these re
sults have been already reported much experimental 
detail will be here omitted. 

PRIMARY EFFECTS 

According to thcory2 a high energy corpuscular 
particle passing through a solid loses its energy 
through electronic e,-:citation and by elastic collisions. 
It can also be captured inelastically. Since the sig
nificance of the latter as an important factor in pro
ducing radiation effects in solids apart from intro
ducing foreign atoms has not bee11 recognized until 
quite recently3 it will l>e briefly described. 

An inelastic collision of an incident particle, proton 
or deuteron, of an energy say 10-20 Mev with the 
stationary nuclei of the solid is an occurrence of 
relatively low probability and its consequences are 
usually enti rely neglected in the theory of radiation 
effects. On the other hand when high energy protons, 
in the range 100--400 Mev, are impinging on the 
solid then the essentially energy independent cross 
section for an inelastic collision is given by the usual 
foi-mula 

u = ,.,, rl A21a 

where r0 = 1.2 X 10-13 cm and A is the atomic 

"Carnegie Institute of Technology. Including work by H. 
Ingham, K. Kobayaski, W. J. Leivo, W. Pearlstein J. W. 
Smith and W. H. Vaughan, Carnegie Institute of Technol
ogy; C. S. Smith, Case Institute of T echnology; P. Day, 
C. J. Dclbecq, L. H. Fuchs, vV. Primak and P . Pringsheim, .. 
Argonne National Laboratory; G. J. Dienes, D. T. Keating 
and P. \V. Levy, Brookhaven Nalional Laboratory; D. R. 
vVcstervclt, North American Aviation Company, Inc. ; D. 
Binder, R. S. Caswell, C. M . Nelson, R. L. Sproull and 
W. J. Sturm, Oak Ridge National Laboratory. 

weight of the nucleus. This leads to about 0.013 
proton captures per centimeter path in KC!. Since 
each capture results in the emission of several sec
ondary nucleons of energy of ahout 10 Mev, one 
obtains roughly 0.05 low energy nucleons per centi
meter per incident proton. In comparing the effective
ness of the high energy primary protons with the 
effectiveness of the low energy secondary nucleons 
as factors in formation of lattice defects by elastic 
collisions one has to take into account the fact that 
a typical sample of an alkali halide, say S mm thick, 
can effectively stop the low energy nucleons gener
ated in it while it is an order of magnitude or more 
smaller than the range of the high energy incident 
primaries. Thus the number of atoms displaced in a 
typical sample by elastic collisions of a particle cal
culated using the formula given by Seitz is at least 
a factor of one hundred higher for the slower par
ticles than for the fast ones. This result, in con
junction with the number of slow nucleons calculated 
above, leads to the conclusion that at high energies 
the radiation effects produced by the secondary nu
cleons originating in the inelastic collisions are· at 
least as important, if not more, than those produced 
directly by elastic collisions of the incident primaries. 

A plausible evidence that this phenomenon of in
elastic collision really plays a significant role is the 
dependence of the radiation effects on the energy of 
the incident particlcs.4•5 Having at our disposal a 
440 Mev synchrocyclotron it was relatively easy to 
compare the effects obtained at va1·ious energies by 
simply placing the sample between the pole pieces of 
the magnet at various distances from the center. The 
mea:;urement of the total flux per sample was ob
tained by irradiating simultaneously• an aluminum 
foil and measuring its activity. The result was rather 
unexpected: The influence of radiation, in this case 
a change o{.resistivity in a tungsten wire, increased 
s lowly with increasing energy of the primary protons 
in the range 90 to 410 Mev. 

In order to compare this result with theory, one 
should note first that it is in complete disagreement 
with the theory of elastic collisions of the primary 
protons which would lead to a roughly 1/E depend
ence. The theory of the dependence of the effects 
produced as consequence of inelastic collisions is 
somewhat more complicat~d : Using the Monte 
Carlo calculations of Bernardini6 et al. and of 
Meadows7 for 400 and 100 1'.fev respectively, the 
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figure 1. Ratio of electrica l resistivities of irradiated and normal 
NaCl os o function of temperature ri1ing al the role of 2°C per 
minute. Tolol flux of 350 Mev protons 5.3 X 10' 0 (curve A) and 

9 X 10'5 (curvo 8) p er cm• 

spectra of the knock-ons and the thermal evaporation 
spectra of the secondaries for the two energies were 
calculated. It appears that the number and the energy 
of the secondary nucleons per inelastic collision in
creases slightly with increasing energy of the pri
maries. This increase is in good agreement with the 
observed gradual increase of the radiation effects. 

The presence of a number of secondary nucleons 
in a relatively small volnme surrounding the site of 
an inelastic collision may produce a high degree of 
electronic excitation in this area. As a result the in
elastic collision mechanism may be particularly im
portant in producing .radiation_ effec~s in dielectric 
materials such as alkali halides m which most effects 
are caused by electronic e.xcitation rather than by 
direct displacement of atoms in an elastic collision. 

ELECTRICAL CONDUCTIVITY 

One of the well-established facts about alkali ha
lides is the 111echanism of their electric conduction 
through the motion of positive ion vacancies. In 
NaCl and KCl below the so-called "knee" the pres
ence of these vacancies is attributed to a small con
centration of divalent impurities. Since irradiation 
leads, among others, to the forrnati?n of lattice. ~a
cancies one might expect that electrical conducttv1ty 
and the closely related self-di/Tusion would be in
creased. On the other hand one may also expect the 
opposite result since as shown by ~apo~her8_ s71f
diffusion in NaCl is slowed d~w11 during irrad1ahon 
by X-rays. · . 

First experiments on influence of nuclear irra
diation were made by Nelson, Sproull et al.0 They 
irradiated KCl crystals either in a pile ( total fast 
neutron fltLx of the order 1018) or with Co y-rays 
(106r). The electrical resistivities (10-9-10·10 ohm) 
were measured in the range 25-280°C. It appeared 
that long irradiation with neutrons increased the 
conductivity while irradiation with y-rays decreased 
it. Also some pile annealing was noted. An isothem:al 
annealing at elevated temperatures could not be in

terpreted for one reaction with a specified order. 

In order to throw additional light on these phe
nomena NaCl and KCI crystals were irradiated10•11•12 

in a 400 Mev proton beam (1013-1017 total flux) and 
by MsTh y-rays from a 30 me source. The crystals 
were previously carefully annealed in helium and the 
electrical r.esistivities were measured by means of de 
and ac methods while the irradiated crystals and a 
normal o·yst:al were simultaneously and uniformly 
heated at the rate of about 1 to 2 degrees per minute 
from room temperature to over 400°C. Typical 
curves for NaCl are shown in Fig. 1 for a total flux 
5.3 X 1013 ( curve A) and 9 X 10'• ( curve B ) pro
tons per cm2 respectively. In order to avoid an over
shadowing of the observed effects by the exponentially 
decreasing resistivity only the ratio of the resistivity 
of the irradiated crystal to the control crystal is 
shown. A similar set of curves for gamma irradiated 
KCI is shown in Fig. 2. The important characteristic 
of these results is a striking increase of resistivity 
during the initial part of the heating curve and a 
return to normal resistivity at higher temperatures. 
The first maximum seems to be rather Aux inde
pendent while the second is increasing rapidly with 
increasing flux. It is interesting to note that these 
maxima of the relative increase of resistivity above 
normal seem to coincide fairly well with minima of 
dielectric loss tangent (thus of conductivity) ancl of 
dielectric constant as measured by Suita13 at 3 me/ 
sec while heating an additively c~lored KCI crystal. 

It is thus clear that the simple point of view that 
additional v;1cancies produced by irradiation will in
crease conductivity is not correct in general : Even 
the positive ion vacancies present in a normal crystal 
are either eliminat<.>d or immobilized. Since conduc
tivity is a product of the number of carriers and of 
their mobility there are several possible explanations. 
One of them originally proposed by Mapother6 is that 
positive ion vacancies are neutralized by trapping 
positive holes in the valence band. This explanation 
may be satisfactory at low temperatures but it is 
doubtful whether it applies here since the stability 
of such a configuration is known to be low. On the 
other hand Seiti::1 suggested that these V-centers 
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figure 2. Same as fig. 1 for KCI irradiated by MsTh gamma rays 
ond temperature rising ot the role of 1 ¼ °C per minute. Total 
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may be more stable in the proximity of impurities. 
This will be discussed further in connection with op
tical measurements. 

A more likely explanation is that the positive ion 
vacancies form neutral clusters with negative ion 
vacancies. This possibility is particularly attractive 
in connection with Varley's suggestion14 that the 
primary effect of ionizing radiation on alkali halides 
is to ionize the halogen ions until they become posi
tive and are easily displaced into interstitial positions. 
This mechanism provides an overabundance of nega
tive ion vacancies which can be an order of magni
tude or so higher than the normal, low temperature 
concentra,tion of positive ion vacancies. Under such 
conditions, at temperatures high enough to provide 
sufficient mobility, neutral clusters of positive and 
negative ion vacancies will form with the resulting 
increase of resistivity. Thus the effect is primarily 
caused by lowering of the number of carriers though 
mobility may be also affected. At increasingly higher 
temperatures the clusters of vacancies will dissociate 
and the defects will anneal out. This will lead to a 
gradual return to nonnal conditions. 

A partial additional support for this mechanism 
of clustering can be obtained from isothermal an
nealing.11 A KC! crystal irradiated by a total flux 
of 1011 protons per cm2 was annealed at about 125°C. 
The decrease of the resistivity difference with time 
seemed to follow a monomolecular rate equation with 
a time constant of 37 minutes. Equating the recip
rocal of this time to the jump frequency of a positive 
or a negatjve vacancy one obtains for the activation 
energy about 1.5 ev. This is just the activation energy 
for the motion of the slow negative ion vacancies 
and it can be interpreted here as the activation energy 
for the motion of vacancies necessary to form large 
neutral clusters. 
. The presence of the second peak in F ig. l which 
1s so dependent on the total flux is likely to be 
associated with capture of vacancies at dislocations, 
especially at dislocation jogs. Although the crystals 
have been carefully annealed it is certain that many 
dislocations are still left and that irradiation, espe
c_ially the displacement spikes, produce new disloca
t1on. Since dislocations, in contrast to defect pairs, 
are difficult to anneal, their density and thus the 
height of the second peak would increase rapidly 
with the total flux. At still higher temperatures nor
mal equilibrium conditions would be attained. 
Naturally an interpretation of the observed phenom
ena on the basis of annihilation of pairs of vacancies 
and interstitials is not possible since this would not 
account for immobilizing or annihilating those posi
tive ion -vacancies which are present in a normal 
crystal. 

THERMAL EFFECTS 

It is clear that in order to interpret satisfactorily 
the conductivity results additional inf9rmation is nec
essary. Important conclusions seem to be obtainable 
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figure 3. Excess heat evolution by NaCl irradiated with 350 Mev 
protons a, a function of temperature ri,ing at the rate of 2•c per 
minute. Total flux 9.3 X lOu proton, per cm•. Sample size 1.218 gm 

from stored energy measurements.1 2 These were per
formed by measuring very accurately small tempera
ture differences between a normal and an irradiated 
crystal while both were simultaneously and uniformly 
heated. 

It appears that there is a substantial heat evolved 
during the process of heating and annealing. The heat 
emission shown in Fig. 3 reaches a maximum at just 
about the temperature of the m inimum between the 
t:vo peaks of the resistivity curve shown in Fig. 1. 
1 he total heat evolved by a NaCl crystal irradiated 
to a total flux of 9.1 X 1015 protons per cm2 is 1.43 
cal per gm and is very well reproducible. If one as
sumes that a recombination of a vacancy with an 
interstitial is associated with the emission of a few 
ev of energy, one obtains the result that the number 
of lattice defects produced per incident proton is 
around 5000. This result will find confirmation in 
other measurements described below. 

OPTICAL ABSORPTION 

A very sensitive way to study defects in alkali 
halides is to measure their absorption spectra. So far 
this has been done only for crystals right after irra
diation that is previous to any special annealing.12,1~ 
The results fo r a NaCl crystal irradiated by a flux of 
the order 1014 protons per cm2 arc summarized in 
T able I. 

It should be noted that the positions of the band 
maxima are slightly displaced from their "normal" 

Table I. Concentration of Color Centers in Proton 
Irradiated NaCl 

Ba>1d Nu»ibcr of centers Centers per proton 

v. 10" 100 
v. 1010 100 
K S X 10"' 50 
F 3 X .10'0 3000 
R. 7 X 10" 7 
M 7 X 10"' 70 
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ideal position. This may be due to the high concen
tration of lattice defects and an associated interaction 
b_etween them. In connection with the previous dis
cussion of the increase of resistivity it should be 
pointed out that the concentration of V centers, i.e., 
of positive ion vacancies with associated holes is 
rather low and one would expect that with increas
ing temperature it will still decrease. This makes the 
interpretation of the high resistivity in terms of the 
formation of V-centers quite unlikely. The "cluster
ing" bands R and Jl1 are still weak but will probably 
grow with increasing temperature. The F-band is 
very strong and the production of F -centers per in
cident proton is a bout the same as that obtained 
from stored energy data. The difference can be easily 
accounted for by the fact that not all negative ion 
vacancies are converted into F-centers. vVith in
creasing temperature one would expect the F -centers 
to become ionized and clustering of negative and 
positive ion vacancies to proceed as indicated earlier. 

The high concentration of negative ion vacancies 
in a crystal which has been irradiated by protons 
shows up clearly in the following experiment.16 A 
high intensity proton beam leaves a KCI crystal 
often in a bleached condition presumably because of 
general heating. If such a crystal is then irradiated 
by X-rays it becomes deeply colored throughout its 
volume while a simultaneously irradiated normal 
crystal develops the usual thin colored ·layer on the 
surface. The difference in coloration at a given depth 
below the surfaces e..-xposed to X-rays is then a meas
ure of the concentration of negative ion vacancies 
produced by the proton beam. 

A very careful and extensive investigation of the 
influence of X-ray, electron and neutron irradiation 
on the absorption spectrum of LiF has been made by 
Delbecq and Pringsheim.17 A lthough most of their 
results per tain to X-rays certain observations con
cerning the effect of nuclear irradiation can be made. 
As an example Fig. 4 illustrates the quite sharp ab
sorption line produced at 5230 A by a ten minute ex
posure to neutrons followed by a nine hour irradia
tion by a M ineralight which gives essentially the 
2537 A resonance line of mercury. The sharpness and 
intensity of the absorption bands drops rapidly with 
increasing temperature. It is quite likely that this 
line is associated with displaced atoms produced dur
ing the disintegration reaction of the lithium atoms. 
The line has been also observed after a strong X-ray 
irradiation from which one might conclude that this 
particular color center also may be formed by a 
Varley14 mechanism. According to authors the color 
center is probably an electron ejected from an F ( or 
neighboring) center which has been captured by a 
lattice defect. 

An interesting observation of the effect of irradi
ation . on the absorption of A'2Oa was made by 
Dienes.18 He found that neutron irradiation produces 
a pronounced absorption band with a maximum at 
2040 A. Its intensity increases with the total flux, 

gradually approaching saturation caused by the simul
taneously occurring annealing. What is important is 
that this peak is not formed by huge doses of gamma 
irradiation and thus seems to provide a direct meas
ure of the intensity of the particle irradiation. Gamma 
irradiation alone produces a different absorption spec
trnm with a strong peak near 2300 A. Irradiation 
with 400 Mev protons produces both the "particle" 
peak at 2040 A and several "ionization" peaks at 
longer wavelengths.19 The 2040 A band may be thus 
associated with a displaced positive ion. Similar 
effects are apparently observed in fused pure silica 
and in crystalline quartz.20,21 

DENSITY AND X-RAY MEASUREMENTS 

An interesting effect of irradiation of crystals is the 
change of their density. These changes are on the 
whole small and thus very precise methods have to 
be used. One of the best is the method of floatation 
of KC! crystals in di-bromopropane.22•23 This liquid 
has a high thermal expansion coefficient and a density 
similar to that of KCI. The measurement consists 
of comparing the temperatures of sinking of an irra
diated crystal and of a normal crystal. Under well 
controlled conditions, differences in density as small 
as l X 10-:i can be measured. 

A crystal of KC! irradiated by 10111 protons per 
cin2 showed a change of density of about 5 X 1 Cr" 
which if interpreted in terms of vacancies alone would 
give about 5000 vacancies per incident proton. O ne 
should, however, take into account the additional 
lattice expansion due to interstitial atoms. This would 
lower the number of vacancies per proton by about 
10 to lS o/o. In any case this number of vacancies 
formed by an incident high energy proton is in good 

2.6 

2.4 

2.2 

2.0 

Log lo/I 

1.8 

J.6 

1.4 

1.2 '-::-=::--~:---'---~ ---'--__.,_ 
505 · 510 SIS 520 525 530 

Wavelength ( fflJJ) 

Figure 4. Absorption bands of Lif ofter ten minute neutron irradio• 
lion and nine hours Mineralight ot room temperoture. Meosurod al 

(a) - 190°C, (b) - 120°c and (c) - 7:J°C 



680 VOL. VII P/748 USA 

agreement with the value obtained from measure
ments of stored energy and of optical absorption. 

Very important results on neutron irradiated LiF 
crystals were obtained by Keating21 and by Binder 
and Sturm.25 LiF is particularly suitable for neutron 
irradiation because lithium absorbs neutrons and dis
integra tes into helium plus tritium. These have en
ergies over 2 Mev and are very effective in producing 
lattice defects in the usual way. Keating measured 
carefully the line broadening caused by neutron irra
diation and analyzed it in terms of < L2> u 2, i.e., 
root mean square distortion in length of a column of 
length L. He found no particle size b~oadening ?ut 
substantial strain broadening from which, followmg 
the \Varren and Averbach26 analysis, he concluded 
that there arc large regions o( uniform strain which 
however become gradually non-uniform with increas
ing L. T he suggested atomic model was flat cluste~s 
of defects separated by uniformly stressed or um
formly extended material. Recently Bowman, Krum
hansl and Stock27 have shown that actually line shape 
analysis cannot give uniform strain and that all the 
published data, including I<eating's, give linear de
pendence of <!)..L2> on L in accord with a random 
distribution o[ defects. This picture seems to be 
much more satisfactory. 

Ilinder and Sturm have compared the change of 
lattice constant and of density of neutron irradiated 
L iF. For a total flux of 6 X 1010 they obtain a lattice 
increase of about 0.13 per cent which within a few 
per cent is in accord with the directly measured 
change of density. This indicates, using Eshelby's28 

theoretical result, that the defects are of the Frenkel 
type and not Schottky defects. 

In connection with density measurements it may 
be pointed out that according to Smith20 total proton 
flux of the order 1010 protons per cm2 produces no 
visible surface changes of a KCl crystal but at much 
higher fluxes appreciable blistering of the surface 
can be noted. 

Primak et al.21 in their extensive studies of the 
influence of neutron irradiation on quartz and on 
vitreous silica observed s ignificl'lnt changes in the 
X -ray diffraction spectrum and in density. The den
sity of quartz decreased on irradiation while the 
density of silica increased. The difference may be 
associated with the availability of large interstitial 
spaces in the latter and with the breaking of ordered 
bands in the former. In vitreous silica, on annealing, 
the displaced atoms seem to migrate back t? their 
proper places or they join the local configuration. 111 
quar tz, neutron irradiation produces a decr~ase . of 
the refractive index, rotating power and btrefrm
gence. 

MECHANICAL PROPERTIES 

Whether irradiation produces primarily vacancy
interstitial pairs or clusters of defects or dis)ocations 
one would expect it to have a pronG1unced influence 
on the mechanical properties of alkali halides. So far 
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very few data are available primarily because of the 
inherent lack of reproducibility of measurements. 
This is presumably caused by the strong influence of 
impurities which are difficult to control. 

\Vcstervelt30 has observed the annealing out of 
chano-es in hardness of KC! and NaCl crystals ir
radia~ed with electrons and X-rays. To begin with 
the hardness of crystals more than doubled after 
irradiation by 2 pa-hr of 1 "i\fev electron or 16 hours 
of X -ray irradiation from a Cu tube operalerl a t SO 
kv and 20 ma. This factor of two in hardness seems 
to be a saturation value since neither it nor the in
tensity of simultaneously measured absorption ban~s 
did increase with further irradiation. As shown 111 

Fig. 5 the hardness anneale<l out gradually reaching 
a constant value at each temperature. An exposure 
to light, which induces the formation of Jl![, R, N and 
K centers did not affect the hardness. A decrease of 
hardness on annealing was accompanied by a gradual 
disappearance of the F-band and a growth of the 
"colloidal" Z-band. A substantial increase of hard
ness of KCI crystals exposed to high energy protons 
has also been reported.31 

A very striking effect of irradiation bas been re
cently observcd32 in a study of elastic constants of 
KC!. These crystals were irradiated by 400 Mev 
protons of a total flux of the order 1015 ~nd t_he 
elastic constants measured before and after irradia
tion by means of an ultrasonic method. The results 
thou<>h still incomplete indicate a lowering of the 
longitudinal and of the transverse sound velocities 
and thus also of the corresponding elastic constan!s 
by amounts varying from one to two per cent. The 
magnitude of this effect is interesting because it in
dicates that the vibration frequencies of as many as 
10-15 atoms may be affected by one vacancy-inter
stitial pair. This is based on the assumption, de
scribed in previous sections, that one high energy 
proton produces of the order 1()3 defect pairs per 
cm3• 
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From the above summary of radiation effects pro
duced in aJkali halides by nuclear radiation it is clear 
that certain basic aspects of the effects begin to be 
understood but that many details of the observable 
changes require further quantitative analysis. 
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The CIIAIRM AN : This session will be devoted to a 
discussion of the effect of radiation on solids and 
will in a sense be a continuation of Session 11 B. 

We know from experiment that irradiation of 
solids by ionizing radiation and neutrons produces 
s tructural changes, namely distortions and defects in 
the crystal lattice:, resulting in alterations of the prop· 
erties of the irradiated substance: specific weight, 
elasticity, sound propagation characteristics, electric 
resistivity, magnetic susceptibility, optical density and 
other properties. We have seen examples of the ef
fect of radiation on the more readily apparent prop
erties of solids, in particular in the exhibits displayed 
by the United States of America. Many other cases 
of the effect of radiation on various substances were 
brought to our attention in Session llB. 

·while the question of the effect of radiation on 
solids is of great practical significance, it also pre
sents considerable theoretical interest. From the 
point of view of both practice and theory, investiga
tion of the mechanjsm of radiation effects in solids is 
highly important. The papers to be presented at this 
session arc devoted primarily to the study of this 
mechanism. 

The effect of radiation on solids and the mecha-· 
nism of this effect have been relatively little explored. 
We know that elastic scattering of fast particles pro
duces displacements of individual atoms and ions in 

a crystal, displacements resulting in distortion of the 
crystal structure and the appearance of alien intru
sions and vacant sites in the crystal lattice. Under 
the influence of ionizing radiation and also of nuclei 
dislodged as a result of elastic scattering of fast par
ticles, ionization of the atoms and ions comprising 
the structure of a solid occurs, and this leads also to 
various changes of certain properties of the solid. 
Furthermore, we know that in a number of cases 
saturation occurs; this is indicative of the operation 
of processes the reverse of those giving rise to struc
tural defects in the solid. There is reason to assume 
that the saturation effect is to an appreciable extent 
caused by particles formed during the course of the 
radiation process. 

The papers which are to be discussed at this ses
sion contain· data confirming and refining our under
standing of the mechanism of radiation effects in 
solids. The experimental data cited in the papers 
prove, in conformity with theory, that the nature of 
the radiation effects depends both on the type of 
radiation and on whether the bonds in the irradiated 
material arc metallic; covalent or ionic. In particular, 
there is reason to think that in the last case multiple 
ionization of negative ions plays an important part. 
We shall see that impurities also play a significant 
role in the changes produced by radiation as well as 
in the process of recovery of the original properties 
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of the material. The papers presented for discussion 
bear convincing evidence of the great value of kinetic 
measurements, investigation of paramagnetic reso
nance and the use of tagged carbon atoms for study
ing the mechanism of radiation effects and establish
ing the character of defects arising in graphite 
exposed to irradiation. The importance of theoretical 
calculations is also brought out; the fact that the 
values of the calculated parameters are in quantita
tive agreements with experimental data proves that 
we are on the right track. 

N cvcrtheless, it should be emphasized that our 
notions regarding the mechanism of the effect of ra
diation on solids are still rudimentary and relate 
mainly to the case of small radiation doses, i.e., to 
the case presenting the least practical interest. We 
still know very little regarding the nature of the 
secondary processes taking place in irradiated sub
stances and the part played in these processes by 
"hot" atoms. We do not know exactly how far the 
conventional concept of temperature can be applied 
to the irradiated substance. Nor do we know exactly 
which radiation effects lead to reversible changes, 
i.e., to changes completely healed by heating, and 
which result in non-reversible changes. Vv e arc still 
in the dark regarding the essential difference between 
reversible and non-reversible changes where the 
structure of the solid is concerned. 

Answers to these questions can be found only 
through further detailed investigation in this field. 
As is rightly empl1asized in one of the papers, in 
such investigations a closer conne..--.;;ion should be 
maintained between theory and experiment than has 
hitherto been the case. 

Mr. F. SEITZ (USA) presented paper P /749. 

DISCUSSION OF P/ 749 

Mr. P. PERro (France) : The questions I ask Mr. 
Seitz bear mainly on bis written paper. 

The first concerns the change in resistivity ob
served after copper has been bombarded with deu
terons at 10°K and 90°K; the theoretical values 
calculated from the data of Jongenburger and Blatt 
being respectively 5 and 7.5, the authors conclude 
that this difference is due to thermal recovery during 
irradiation in the second experiment. But when bom
barding with electrons at between 80°K and 120°K, 
the theoretical value is again 5·. Do the authors think 
that this shows that the defects caused by the elec
trons are thermally more stable than those caused by 
c.leuterons? As this seems rather improbable, what 
explanation do the authors suggest? 

My second question: There are two theories giv
ing the increment of resistivity in terms either of the 
number of interstitials or that of the point lattice de
fects, the first being by Dexter and the second b} 
J ongenburger and Blatt. 

What are Mr. Seitz's grounds for preferring the 
second theory to the first? The first, I believe, i5 

based on Born's approximation, but it seems to me 
that the same is true for the calculations of threshold 
energy of displacement and of the number of perma
nent defects created. That is my second question. 

My third question concerns the disordering of 
CusAu alloy. I should like to know what Mr. Seitz 
means by the number of atoms disordered. Would it 
not be better to use the Bragg-James long-distance 
order parameter, S, which takes account of the co
operative nature of ordering phenomena? In that 
case, we know that, resistivity being related to the 
square of the order parameter, Brinkman's results 
correspond to a reduction of 0.8 of the long-distance 
order coefficient. Bearing in mind the considerations 
put forward by Briolnnan on the differences in free 
":nergy of the gold interstitial and the copper inter
stitial and taking equal account of the differences in 
the effective displacement section for the two types 
of atom, one can show that it would be enough for 
10 per cent of the atoms to be displaced at a given 
moment to enable the change in resistivity observed 
to be attributed to a disorder effect. · 

My fourth question bears on Mr. Seitz's treatment 
of the phenomenon of interstitial migration as pre
sented by Brinkman. Mr. Seitz would attribute re
covery in the low temperature range to interstitial 
migration, and recovery in the intermediate range to 
vacancy migration. In that case, I should like to 
know whether Mr. Seitz has any views regarding 
the third phenomenon that occurs at a temperature 
higher than the general ambient temperature, and at 
an activation energy of about 1.2 ev, and which, in 
the case of the gold-copper alloy, is-accompanied by 
a partial ordering of the alloy. 

My last question refers to structurally hardened 
alloys. The authors do not mention the results ob
tained by Murray and Taylor, and supplemented by 
Bilington and Crawford, which seem to show clearly 
that some phenomena hitherto attributed to "ther
mal" or "displacement spikes" are due rather to 
thennal scattering and to selective displacement of 
the various types of atom. I think that the same type 
of mechanism might apply to the transformation of 
heterogeneous alloys into homogeneous alloys during 
irradiation, reported in Session llB by Mr. Zhdanov. 
What is Mr. Seitz's opinion on this point ? 

Mr. SEITZ (USA) : It is clear that the results 
obtained at the temperature of liquid nitrogen in
clude annealing of the step which takes place at 
30°K, so that we have more scattering centers. You 
were emphasizing the difference in specimens bom
barded with deuterons and electrons. I am afraid 
that the experimental accuracy is not high enough to 
enable us to be certain about this difference, which is 
in the region of 30 per cent. It could easily be an 
experimental matter . The analysis of the experiments 
with electron bombardment, or rather their inter
pretation, was made by guessing what the resistivity 
was at the temperature of measurement. Mr. P eria 
had a number of other questions, but I suspect that 
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we shall do better if we get together and discuss 
these as individuals. 

Mr. T. HOFFMANN (Hungary) : I am studying 
the theory of melting, and a few days ago a short 
conversation with Mr. Dienes drew my attention to 
some problems in Mr. Seitz's paper which perhaps 
may be cleared up with the aid of the slide which I 
propose to show. The basis of my work on the theo
retical calculation of the melting point anp melting 
entropy of metals was that I have considered the 
metal as an alloy of the metal itself and of vacancies. 
Thus it was possible for me to calculate the energy 
of the metal as a function of the concentration of the 
vacancies. This has been done up to now for the 
alkali11c metals only, but I think that the qualitative 
features of this work can be applied to other metals 
also. 

The entropy of the metal, arising from the mixing 
up of the vacancies, can be ca)culated in a similar 
way, so that we can draw the free energy.:vacancy 
concentration curve for different temperature (Slide 
1). 

This means that in an ideal metal-vacancy alloy 
there exists an equilibrium concentration of vacan
cies for all temperatures sufficiently below the melt
ing point. T his equilibrium concentration increases 
with the increase of temperature. 

In connection with Professor Seitz's paper, if we 
irradiate the metal, cons idering the effect of produc
ing vacancies only, we e:xpect the concentration of 
the vacancies to become larger than the equilibrium 
concentration at the temperature of the irradiation. 
This means that, for instance, on the curve corre
sponding to the smallest temperature on _L11e slide 
we are climbing up to the point shown, which corre
sponds to the natural vacancy concentration plus 
that resulting by irradiation. Now, ii we do not raise 
the temperature, then this state developed by irradia
tion will not be stable. The result will be the recom
bination and wandering of the vacancies to the surface 
of the elementary crystallites until the equilibrium con
centration at this temperature is reached. I wish to 
emphasize that this does not mean that the star ting 
state was rearranged, because this recovery is prob
ably connected with the breaking up of larger crystal
li tes to smaller ones, which have relatively larger 
surface, from the sublimation of the vacancies. 

On the other hand, if we raise the temperature 
we can arrive, for instance, at a temperature where 
the natural concentration of vacancies is the same as 
the natural plus irradiated one was at the tempera
ture of irradiation. This means that at about this 
temperature the effect of irradiation due to vacancies 
ceases. I suppose that this is the annealing point in 
Mr. SeiL:z:'s diagrams; but, if this is true, the follow
ing situation must be clear. If the irradiation flux 
gets larger, the shifting of the concentration in
creases, and so the temperature of the sudden an
nealing will be shifted to higher temperatures. I 
should therefore like to put this question to Mr. 
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Seitz. His Fig. 7 shows the jumps in the annealing 
at 30°K and 40°K for silver and copper respectively. 
My question is, will these temperatures remain the 
same if the intensity of the irradiation is raised-? • 

I suppose that with higher flux the annealing tem
perature would also be higher, if it is caused by the 
vacancies only. 

lVIr. SEITZ (USA): I doubt whether there is any 
influence of flux intensi ty on the temperature of an
nealing. Our measurements were made with a cyclo
tron, and the specimens were bombarded for five 
days. Similar work is in progress at Oak Ridge. The 
results are not yet completed, but the workers there 
are observing the same annealing temperatures in 
pile irradiation. The equivalent flux density is much 
lower in the reactor experiment, yet the annealing 
temperatures are the same. This is what I should 
expect if the process has to do with the way in which 
the particles-that is, the defects-are behaving. 

Mr. G. J. DmNES (USA) presented paper P /750. 
Mr. H. M. FINNISTON (UK) presented paper 

P/444. 

DISCUSSION OF P/750 AND P/444 

Mr. LINTNER (Austria): I should like to refer to 
Mr. Varley's paper. He quoted the experiments by 
Makin, who.studied the influence of alpha particles 
on the creep of cadmium single crystals and could 
not detect any change in creep rate. As already men
tioned by the speakers, similar experiments have 
been made in Vienna by Schmid and myself* using 
single crystals of zinc, and polonium alpha particles. 
We found with thin crystals of a thickness of only 
0.3-0.4 mm an appreciable increase in the creep rate. 
I should like to illustrate our results by a slide. The 

* Schmid E. u. Lintner K.: Sitzungsberichte d. Osterr. 
Akadcmie, 163, 109, 1954; z. Mctallkunde, 46, 71, 1955; 
Lintner K. u Schmid E.: Ergebnisse der exakten Natur
wissenscha[ten, 28, 302, 1955. 
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experiments were carried out in the following way. 
First a creep curve was taken without irradiating the 
c_rystal, then the crystal was allowed to recover with
out stress for three minutes. Subsequently the stress 
was applied again under irradiation, and another re
covery period of three minutes followed. This was 
repeated a number of times. In Slide 2 the upper 
curves represent the creep without irradiation. The 
lower curves are those with irradiation which fol 
lowed in the experiment in the way indicated. vV c 
believe that we can conclude from our experiments 
that alpha particles produce a hardening of crystals 
whereas corresponding experiments with beta parti
cles carried out by us seem to indicate a sofrening 
of the crystals. 

200.----,,---. 
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Slide 2. Creep curves 

Mr. G. V . KuRoIUMOV (USSR): In Session llB, 
the question of the influence of neutron bombard
ment on the transformation of austenite was raised. 
In that connexion, and also in connexion with the 
papers presented, I should like to infonn the Con
ference regarding the results of e,--;:periments of Za
kharov and Maksimova on the influence of radiation 
on the austenite-martensite transformation. In these 
experiments, steel containing 0.5 per cent carbon, 
7.9 per cent manganese and 2 per cent copper, and 
also iron-nickel-manganese alloy containing 21.5 per 
cent nickel and 3.4 per cent manganese, were bom
barded. The martensite transition point for both ma
terials was below room temperature. 

After irradiation with a flux of about 4 X 101
-0 

neutrons per cm2
, there was ~ marked change in the 

shape of the martensite transformation curve inci
dent to cooling to the temperature of liquid nitrogen. 
In the case of the steel, the martensite point went up 
by about 20 degrees, while the total amount of mar
tensite forming increased by 50-60 per cent. In the 
case of the iron-nickel-manganese alloy, the opposite 
effect was observed ; the rnartensite point was low
ered and the total amount of martensite forming ·was 
reduced. In this alloy, the austenite can easily be 
super-cooled, and the amount of martensite forming 
will vary depending on the rate of cooling. Hence 
in this alloy, transformation of austenite into mar-

tensite occurs even during the subsequent heating of 
the alloy to room temperature. Thus we see that the 
effect of radiation is the same in heating as in cooling. 

It should be noted that a similar difference in ef
fects stems from the low plastic deformation of au
stenite: in the steel, it raises the martensite curve 
and in the alloy it lowers the curve. 

I should :like to note here that the question of the 
reasons for the limited nature of the isothermal phase 
transitions occurring in martensite trnnsformations is 
one of the most important questions in the field of 
solid state phase transitions and it arises, in particu
lar, in connexion with the tempering of steel. At 
temperatures below the martensite point, the number 
of martensite centres forming in each unit o( time 
rapidly decreases with the temperature and the proc
ess soon comes to a stop. Further formation of mar
tensite centres in the remaining austenite occurs only 
when the temperature is lowered. No satisfactory 
e.'q)lanation for this phenomenon has been found so 
far. 

Before we can clarify the nature of martensite cen
tre formation, we must have more experimental data 
regarding the effect of various factors on their cre
ation. Such factors include plastic deformation and 
bombardment by neutrons or other particles. It is 
to be hoped that when we know more about the ef
fect of these factors on phase transitions and the 
character of the damage to crystal structure produced 
by these factors, we shall have a clearer understand
ing 0£ this aspect of martensite transformation phe
non,ena. 

Mi-. S. F. PuGn (UK): I just ,vanted lo make a 
short comment on the <:."Xperiment which 11:r. Dienes 
has described on neutron scattering as a meaus of 
determining defects in graphite and metals. vVe had 
considered this method at Harwell and came to the 
conclusion that with melals it would be a very inac
curate way of determining displacements because 
the neutron scattering from other sources in metals 
would be so great. Even in favourable cases like lead 
and bismuth the accuracy would still be quite low, 
but it may be possible, when we have separated iso
topes of low scattering cross section, to obtain some
thing worth while. 

Mr. DIENES (USA) : In answer to Mr. Pugh's 
question I am not sure that what he says is true for 
aluminum. I think experiment should be possible in 
aluminum. 

I have a. comment on Varley's proposed mecha
nism for displacement production. In connection with 
this proposal I would like to call attention to some 
experiments with alpha aluminum oxide which we 
reported on at the Bristol Conference. In this crystal 
an absorption band has been observed in the ultra
violet which is produced by reactor irradiation but 
is not produced by heavy gamma radiation. vVe feel 
that this crystal is a most important material for 
testing Varley's proposal on displacement produc
tion. If his mechanism operates we would expect the 
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band to be produced by elect.on irradiation even 
when the electron energy is kept well below the 
threshold energy, say somewhere round about one
tenth Mev. 

Mr. FINNISTON (UK) : I would like to come back 
on Mr. Dienes' paper. As he suggested an experi
ment for us, may I suggest an experiment for him? 
There is this problem of trying to distinguish be
tween effects due to interstitials and vacancies. I do 
not think one can do this by simple irradiation ex
periments; I think one has to do non-irradiation 
experiments to discriminate. One method of getting 
extra vacancies into materials without getting extra 
interstitials is to quench the material a t a high tem
perature, and I think that by comparative experi
ments with quenched and with irradiated materials 
we ought to be able to discriminate between effects 
clue to interstitials and those due to vacancies. 

Mr. BROOKS (USA): Thjs question is directed to 
Mr. Finniston. With reference to Mr. Lomer's esti
mate of effect of radiation on diffusion, this is of 
course a quantitative question depending on the neu
tron flux. I would like to ask at what flux will an 
effect on diffusion first be obsen-ed, the other con
ditions being the same as assumed in the calculation? 

Mr. FmNIS'l"ON (UK) : I am afraid that I cannot 
in fact answer that off-hand. Perhaps the speaker 
and I could get together and I will look this up. 

l\fr. PERIO (France) : My question relates to the 
document submitted by Mr. Dienes. He has told us 
that experiments on the transmission of long-wave 
neutrons failed to show the collections of pin-point 
defects. Now from Mr. Kinchin's paper of last Satur
day, it appears that similar collections of defects oc
cur in graphite, even at a low temperature. Does it 
not therefore seem that comparison between the re
sults of neutron transmission experiments and any 
theoretical calculation of the number of atoms dis
placed may not be of much value? 

Mr. D rnNES (USA): The question is whether 
there is clustering of defects during even room tem
perature or low temperature and therefore the concen
tration of displaced atoms may be quite different from 
wh.!t we measure. The only answer I can give to this is 
that you do not expect large clusters at low tempera
tures; you do expect pairs, perhaps. If pairs are 
present we should see a wavelength dependence in 
the transmission, and perhaps more accurate experi
ment will show there is such a wavelength depend
ence; but with the accuracy we have, if you take the 
ratio of the transmitted intensity of unirradiated and 
irradiated material, you find this ratio does not de
pend on the wavelength of the neutrons over the 
region we have been able to cover. Therefore my 
conclusion would be that we are seeing single defect, 
and the concentration of clusters can only be a rela
tively small fraction of the total number of displaced 
atoms. 

Mr. G. H. KINCHIN (UK): I would just like to 
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ask Mr. Dienes whether he considers that the relaxa
tion of the atoms near an interstitial would give rise 
to any contribution to the neutron scattering over 
and above the direct cross section for the interstitial. 

Mr. DIENES (USA): Yes, it actuafly would. This 
is not very easy to estimate. This will happen if the 
displacement of the graphite planes is not just a 
simple displacement. When there is unl10mogeneous 
distortion on top and over that displacement of the 
planes, then this distortion will change the cross 
section somewhat. We tried to make a rough estimate 
of this, and estimated the effect cotrld not be over 
about IS per cent, and again it would introduce a 
wavelength dependence. Further work, however, is 
required to really answer this point. 

Mr. MAYER (France) presented paper P /362 as 
follows: The investigations of the effect of fast neu
trons on the properties of solids being carried out at 
the Commissariat a 1'.cnergie Atomique ( Atomic 
Energy Commission) arc principally concerned with 
the damage to graphite, lithium fluoride and qunrt?.. 

The test materials were irradiated in the pile at 
Saclay. Samples were placed in an aluminium tube 
(the central channel ) immersed in heavy water in 
the centre of the tank. When the pile is operating . 
at 1000 kw, which is its normal rate, the thermal flux 
is 4 X 1012 and the temperature is 35°C. Heavy water 
being an excellent moderator, the energy spectrum 
of the neutrons lies in a region of lower energies 
than in the case of a graphite pile. To accelerate our 
irradiation studies, we irradiated graphite in a tube_ 
of cooled uranium placed in the tank, which we call 
a converter. Under these conditions, the irradiation 
effects are produced five times faster and have al
ways proved to he of the same nature as in the thermal 
recovery experiments. Along the abscissa of our 
curves, therefore, we plotted the values of the total 
thermal flux which would have been necessary in 
the central channel, without the uranium tube, to 
produce the state of irradiation in question. Our 
curves do not extend beyond 4 X 1019 n per on~. 
Being anxious to study these heavy flux phenomena 
before the opening of this Conference, we resorted to 
mixing a lithium salt and graphite in ·very finely 
powdered form. In these tests, the function of fast 
neutrons was performed by atoms of helium and triti
um. Internal energy measurements, about which I 
will say more later, have shown that by this pro
cedure the rate of obtaining radiation effects in the 
central channel was speeded up by a factor of nearly 
one hundred. 

The quantitative results which J shall give all re
late to a polycrystalline graphite obtained from pe
troleum coke by heating at a temperature at 2500° 

' for several days. Its properties are shown in Table I. 
We observed that the effect of fast neutrons on 

the electric resistivity and on the velocity of sound 
was inore pronounced and more rapid for higher de
grees of graphitization. In comparing the degrees of 
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Table I. Graphite from the Reflector of the Saclay Pile 

Density, gm-cm-• 1.59 :!: 0.06 
:· Electrical resistivity, w gm-cm-1 9 .5 >< 10·• ± 0.311 

• P 100°c _ , 
Ratio p 00C - 0.822 

Velocity of sound II 2.1 X 10' cm/sec± 0.1 
Velocity of sound .L l 1.6 X 10' 
Velocity of sound -1. 2 1.4 X 10' 
Poisson modulus 11 0.13 

graphitization of the two graphites, we went by the 
following: comparison of the heating temperatures 
when the initial material was the same; Young's 
modulus. which is lower for more fully graphitized 
specimens; X-ray diffraction; the ratio of the elec
tric resistivities at 100° and 0° (suggested by Kin
chin) and the resistivity; and thermoelectric power 
at 0°. 

These parameters are still too few to truly charac
terize a material but already too many for an investi
gator to be able to obtain a number of specimens 
having the same value of all these parameters. Hence, 
whenever we could, we measured several physical 
constants on the same specimen, first as affected by 
irradiation and then during the thermal recovery 
process. 

Slide 3 (Fig. 1 of P/362) shows the beginning of 
the curves which you already know in their entirety 
from the reports of 1\fr. Woods and Mr. Kinchin 
and the article by Mr. Klimenkov and Mr. Alek
semko. 

The resistivity and the velocity of sound, obtained 
by measuring the resonance frequencies, are for the 
same rod, in which the axis of the graphite grain 
runs parallel to the length of the rod. Poisson's ratio 
does not change, which shows that the modulus of 
rigidity changes at the same rate as Young's modu
lus. Internal friction, which is very great before ir
radiation, decreases by a factor of 10 at the point 
where Young's modulus appears to reach a satura
tion value. 

Where the increase in the velocity of sound is 
concerned, theory has not advanced to the .;ame point 
as in the case of electric properties. There is reason 
to assume, however, that Young's modulus, rather 
than velocity itself, varies in proportion to the num
ber of centres created, at least in the case of weak 
irradiation. 

In speaking of centres cr~ated by the impact of 
neutrons and destroyed by annealing, we mean that 
limited numbers of atoms form local geometric con
figurations which differ on the average in time from 
those that they formed before the impact. But while 
only the mean positions of a limited number of atoms 
are changed, the thermal oscillations of all the atoms 
of the grain about their mean position are · altered 
because their normal frequencies are disturbed. 

Let us assume that the velocity of sound is influ
enced primarily by one type of centres ; let 1i be the 
number of these centres per cm2 and N be the mun-

ber of carbon atoms per cm3 of graphite (N = 
8 X 1022

); we have 
V2 n 
Vl = 1 +" N 

where V /Vo is the ratio of the velocities of sound 
after and before irradiation. If both of these are 
squared, V2/V0

2 may well be proportional to the 
number of centres formed, a t least at the beginning 
of the curve. 

We saw from Slide 3 that the product o.n/N attains 
a value of O. l for a thermal dose of the order of 1018 

per cm2
, which gives an enormous number of centres, 

except in the case when a is very large. One might be 
tempted to assume a priori, from an examination of 
other curves, that a. should lie between 1 and 10. 
Moreover, calculations based on the theory of Seitz 
show that with the above dose not more than one 
atom in 104 is displaced. The slope at the origin of 
Young's modulus for graphite has a surprisingly high 
value as compared with that of curves for other irra
diatecl substances. It is probable that the macroscopic 
effect observed is only indirectly related to the changes 
in the elastic parameters of the graphite micro
crystals. It will be recalled that non-irradiated poly
crystalline graphite has three distinctive properties: 
as a result of compression, Young's modulus in
creases, whereas under tension it decreases, which 
makes static measurements d ifficult ; graphites ex
pand two to four times less than might be predicted 
from the thermal expansion of single crystals of 
natural graphite; Young's modulus increases with 
the temperature, which is an anoma.ly. Furthermore, 
our determinations show that when the expansion of 
the crystal parameter c measured by X-rays has at
tained a relative value of 2 X 10-3, the macroscopic 
expansion is still less than 10-4 • 

Vve advance the hypothesis-and hope to be able 
to prove it quantitatively in the future- that the in
crease in Young's modulus with the temperature on 
the one hand and owing to irradiation on the other, 
have a common cause : the state of compression of 
the grains, which results from the fact that the 
microscopic parameter c increases more rapidly than 
the macroscopic dimensions. 

Slide 4 (Fig. 2 of P /362) illustrates the thermal 
recovery of a graphite specimen irradiated with 2 X 
1010 neutrons per cm2• vVhat you see are successive 
isotherms; each change of temperature has been indi
cated by dotted lines. The entire experiment covered 
a period of about 250 hours. As will be seen from 
the curve, the decrease in resistivity is very pro
nounced and starts before the decrease in the velocity 
of sound. All these measurements were made at room 
temperature, between periods of heating. 

This figure suggest that there may be two types of 
centres: the first rapidly disappearing at abot.1t ] 50° 
or under and having a strong effect on the resistivity 
and little effect on the velocity of sound ; the second 
disappearing at 220° or above and strongly affecting 
the velocity of sound. We have not succeeded in de-
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termining an activa tion energy for the disappearance 
of the ftrst type of centres on the basis of the recov
ery isotherms for either of the properties. Thus, 
while a value of 1.4 ev would seem to be obtained in 
the neighbomhood of 160°, we found only l ev at 
100°. In contrast, one can find a value of 2.1 ev for 
lhe energy w from a study of the recovery curve 
above 220°; this can readily be done with reference 
to the velocity of sound, because it drops off mark
edly. 

Slide 5 (Fig. 7 of P/362) gives the recovery iso
therms we used to obtain the activation energy of 
2.1 e,·. The activation energy is the only quantity 
which one can calculate from these curves wi thout 
knowing the relationship between the physical prop
erty being cletem1ined and the number of centres 
which seem to vanish. Vic can arrive at the energy 
either by comparing curve 1 with curve 3, i.e., com
paring the times required lo 1·eacl1 the same degree 
of recovery, or from the change of slope of curves for 
the same specimen first heated to 505°K and then to 
527°K. Once we have the activation energy, the ques
tion arises whether the variation conforms to a law of 
the firsl order or of the second order. 

11 
F. _ Eo (I + o N) 

E=p1P 

'ii ) , 11 ( - "=l+a 1-v· • V3 

(1) 

(2) 

(3) 

where 11 = number of clefects/cm'J and N = number 
of atoms/cm3• 

dn = - K(T)n 
dt 

dii = -K' (T)n~ 
dt 

K (T) = cJ> (T)e- .!'!... 
k7' 

(4) 

K'(T) = w(T)e-.!E-
t 1• 

(5) 

If we assume the law to be of the first order, Equa
tion 4 applies. Now that we have w, we can compute 
cJ>(T). We find cJ>(T) = 1.5 X 10-u sec·1 . Assum
ing that the law is of the second order (which is more 
in keeping with the shape of the curve) and that n = 
10w, we have 

d11/dt w --= cJ>(T)e- Ti' and cJ>(T) = 1.5 X 10-1 sec·1 
t i 

\Vith these values, we find that the first order law 
hypothesis leads to an excessively high value for a 
frequency factor, while the second order law hypothe
sis gives us a frequency factor of 10-a. vVe have no 
macroscopic theory of the phenomena to tell us 
whetber this is reasonable or not. 

Slide 6 shows the decrease in the velocity of sound 
in the case of heating when the temperature increases 
linearly at the rate of 3.5 degrees per minute. Our 
procedure allows us to make measurements without 
removing the specimen from the furnace. The varia-
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tion of Young's modulus alters the deductions we 
can draw from this curve, but only very slightly, in 
view of the very appreciable drop in the velocity of 
sound. The slope of curve AN does not become 
clearly apparent until after 200°. 

The other curve shows the release of internal en
ergy stored by a specimen similarly irradiated, the 
rate of heating being exactly the same. We carried 
out many other tests involving differential heat anal
yses, since it is surprising to find that the recovery 
of mechanical properties is accompanied by the 
liberation of relatively low amounts of heat. 

It will be noted that this curve has a first hump. 
The maximum rate of liberation of heat occurs at 
about 180°, that is to say, before the large drop in 
the value of Young's modulus. I t is true that there 
is a small isothermal effect at the point where the 
velocity of sound falls off markedly, but the amount 
of heat associated with this effect is only about one
third or one-fourth (of the amount associated with 
the first hump). Varying the rate of heating changes 
the appearance of the humps corresponding to the 
exothermic phenomena, but we feel certain that at 
about 220° there is a slight but sharp rise in the rate 
of heat liberation which implies a jump in the activ_a
tion energy associated with the phenomenon in ques
tion. 

Tests show that the less the graphite is irradiated, 
the clearer the separation of the two peaks. Assuming 
that the heat liberated by the recovery oi an indi
vidual centre is equivalent to 12 ev, we find that for 
the gh·en curve the total number of centres is about 
6 X 1018• 

The investigation of li thium fluoride was carried 
out by Mr. Perio and Mr. Tournarie. LiF in the 
-form of powders and single crystals was exposed to 
thermal neutrons in doses of from S X 10''-' Lo 1019 

neutrons per cm2• X-ray diffraction studies on pow
ders and single crystals furnish evidence of three 
stages in the modifications incident to irradiation: 

(a) Up to about 3X 1017 n per cm2, the lattice 
expands proportionally to the dose, wi thout notice
able d istortion. The width of the reflecting power-

3. 0 
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the "rocking curve," as we say even in Paris-remains 
less than 0.7' (20), a value comparable to the instru
mental angle of the twin crystal spectrometer used. 
The ma.~imum increment of the parameter a0 reaches 

ti.a_ + - - 1.7 _ 0.1 
ao 

(b) F rom 3 X 1017 to 2 X 1018 n per cm2 , the 
"rocking curve" may be characterized in terms of a 
narrow line which stands out against a broadened 
base that is asymmetric and displaced to the side of 
large angles; the width to half weight is approxi
mately constant ( 20'). The intensity of this base 
increases with the radiation dose. In the powder dif
fraction photographs we have marked only the cen
tres of gravity of the fine-line-plus-broadened-base 
groups. They indicate a certain contraction as com
pared with the previous state of maximum expansion. 
Here 6.a/a0 = (6 ± l) X 10-4 for a dose of l X 1018 

n per cm2
• 

( c) For . still higher closes, the broadened lines 
become fairly symnietrical and the expansion is fur
ther reduced. Here t.a/ao = · 0.5 ± 2) X 10-;1, for a 
dose of 7 X 1018 n per cm2 . 

Jn the light of the above, the results obtained by 
Binder and Sturm correspond to the first stage of 
irradiation and those reported by Keating for a dose 
of 7 X lQli correspond to the third, with due allow
ance · for the weak expansion by the last ·author. 

During the thermal recovery, the rocking curve 
gradually returns to its initial condition; after an
nealing between 475 ° and 500°, the crystal becomes 
as perfect as it was before irradiation. Vve note that 
for doses from 3 X 1017 to 1018 n per cm2 (zone b), 
heating at 350° first leads to fusion of the peak and 
base into a broadened line. Before the line returns 
to its original form, the material goes through two 
stages of recovery, as indicated by the powder dia
grams. The first stage becomes apparent at 150°. 
There is a restoration of the lattice accompanied by 
rapid contraction, but without any change in colour. 
For doses above 3 X 1017 n per cm\ the constant 
becomes even smaller than that of the initial mate
rial, without any apparent relation between the con
traction observed and the rate of irradiation. For a 
dose of 2 X 1018 n per cm2, we found Aa/a0 = 
- (2.5 ± 1) X 10--11. The second recovery stage be
comes manifest only above 350° . The crystal param
eter then returns to its initial -value of better than 
0.5 X 10-4, with complete bleaching. 

Our suggested interpretation is that, for closes in
ferior to 3 X 1017, the recovery mechanism may be 
mutual annihilation of vacancies and interstitials. At 
higher doses, the phenomena appear to be more com
plex. The contraction of the lattice may be attributed 
to a coalescence of interstitials, the distortions being 
connected with the concentration gradient of the 
interstitials about the clustering centres. Recovery 
below 350° is connected with the total coalescence 
of this type of point defects and the progressive dis
appearance of the gradients. Contraction of the lat-

tice at this stage may be attributed to the vacancies 
still scattered through the crystal, after a certain 
number of them have disappeared through encounters 
with interstitials. The final stage of recovery, char
acterized by a return to the initial parameter, appar
ently comprises a more complex mechanism by which 
clusters and vacancies disappear simultaneously. The 
process may l1ave analogies with the phenomenon of 
regression in alloys characterized by structural hard
ening. This interpretation is not in conflict with the 
results of the X-ray central diffusion study carried 
Ollt on our specimens by Guinier and Lambert. 

Slide 7 (Fig. 8 of P /302) shows the curve for a 
. differential thermal analysis on a specimen irradiated 
with a dose of 4 X 1017• We were able to calibrate 
our differential analysis measurements with r eference 
to measurements of the heat of solution which gives 
the total internal energy imparted by the radiation, 
it being assumed that the specific heat is not appre
ciably affected by irradiation. During the first stage, 
LiF stores one calorie per 1010 n/cm2 • 

According to Voigt's classical theory, quartz has 
six independent elastic coefficients, two piezoelectric 
constants and two expansion coefficients ( Slide 8, 
Fig. 9 of P/362). We know from the studies by 
Wittels, Lukesh and Primak that after radiation doses 
on the order of 5 X 1020 fast neutrons per crn2, 

crystalline quartz becomes an almost amorphous sub
stance similar to glass and probably isotropic. At this 
stage presumably only two of the independent elastic 
coefficients remain, the two piezoelectric constants 
vanish and the two expansion coefficients become 
equal. \Ve have begun to follow the evolution of these 
parameters in quartz crystal specimens of different 
cut, irradiated in the Saclay pile. The rate of change 
is very slow. So far we have only the slope at the 
beginning of the curves for the coefficients Su and 
S 33• Su decreases and S 3,i increases. At the bottom 
ot the diagram, we show the two elastic coefficients 
of non-irradiated vitreous silica. It is probable that 
the final stage of crystalline quartz after irradiation 
is not appreciably different from the vitreous stage. 
This seems to be confirmed by our first measure
ments. At the dose of 1 X 1019 thermal neutrons per 
cm2 , which we have now reached, the p iezoelectric 
constant d11 is reduced by about 5 per cent. At the 
present stage in our experiments, the electric, con
ductivity of quartz had increased to such an extent 
that static measurements are no longer feasible; we 
have consequently developed another method for 
measuring the piezoelectric constants. 

At Harwell, J ohnson investigated the variation of 
resonance frequency of a quartz plate of the type em
ployed in electronics. This frequency, which depends 
on four of the elastic coefficients mentioned above and 
on the thickness of the plate, was reduced by about 
1 per cent after a dose of approximately 101~ fast 
neutrons. At this point it becomes difficult to produce 
vibration of the plate piezoelectrically, which indi
cates a considerable reduction of the coefficient d11, 

We are diligently continuing these studies. 
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DISCUSSION OF P/362 

Mr. J. H. CRAWFORD (USA) : I should like to in
quire about the temperature scale on the stored en
ergy release figure that you showed. 

Mr. MAYER (France) : The ordinates arc propor
tional to the rate of the release of heat, which is a 
very clear-cut process. We can calibrate our differen
tial thermal analysis tests simply in terms of the heat 
of solution. The variation of the heats of solution 
gives tl1e sum total of the internal energy stored up 
by ii-radiation. This permits us to calibrate our 
curves. Thus in Perio's first stage of irradiation, 
lithium Ruoride stores approximately one calorie per 
1010 thermal neutrons received, which corresponds 
to about one one-thousandth of the total fission en
ergy of the lithium atoms. 

Mr. J. H. CRAWFORD (USA) presented paper 
P/753. 

DISCUSSION OF P/753 

Mr. M. MAGAT (France): The luminescence and 
colouration of vitreous silica produced by irradiation 
with gamma-rays from cobalt and 30 kev X-rays 
have recently been investigated by Miss Lautout. I 
w.ill not speak here of the investigations relating to 
luminescence, phophorescence and thermo-lumines
cence; I merely want to mention a few points con
nected with the questions discussed by Mr. Craw
ford. 

Miss Lautout found five bands situated at 2.3 ev, 
3.1 ev, 3.8 ev, 4.8 ev and 5.6 cv in commercial grade 
quartz. The second and fourth bands are weak and 
do not become clearly visible until the neighbouring 
bands (3.8 ev and 5.6 ev) are weakened by irradia
tion with ultraviolet radiat ion. 

The behaviour of the bands varies greatly. Thus, 
the 3.8 cv band is readily bleached by heating for one 
and a half hours at 300°C, as well as by radiation 
with the near ultraviolet. At the same time, phos
phorence ceases. 

Then, if we let the quartz specimen rest for sev
eral days, the 3.8 ev band comes back; at the same 
time, it once again becomes possible to excite phos
phorescence by irradiation with the near ultraviolet. 

The 2.3 ev band, that is to say, the green band, is 
bleached more slowly by heat than the first one : in 
about ten hours at 300°C. It does not weaken if the 
quartz plate is kept several months in daylight. 
H ence there is disagreement here with the results 
reported by M r. Crawford. This band weakens 
slightly if the specimen is irradiated by ultraviolet 
of the frequency which produces fading of the 3.8 
ev band, but it weakens greatly and rapidly if the 
specimen is irradiated by the far ultraviolet which 
causes fading of the 5.6 ev band. This last-named 
band is not bleached thermally until the heating 
temperature is raised above 500°C. . .' 

The 4.8 ev band observed by Mr. Crawford in 
Corning quartz was also observed by Miss Lau tout; 
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it is first strengthened and then weakened when the 
specimen is irradiated with the far ultraviolet. This 
band may therefore be the F' band of the 5.6 ev band 
which is presumably the F band. 

The origin of the 2.3 cv band is probably con
nected either with the vitreous structure or with the 
stoichiometric structure. A quartz crystal which was 
not coloured, or at least not visibly coloured, by ir
radiation with 500,000 r and which was not phos
phorescent, was pulverized and melted in the furnace, 
with due precautions to prevent the introduction of 
impuri ties. The glass so obtained coloured very 
rapidly and readily became phosphorescent. We 
therefore: think that the only changes that can be 
involved are either a change in structurc--transition 
from crystal to glass--or a change in stoichiometry. 

Mr. CRAWFORD (USA): J would like to reply 
very briefly to the comment. This work is most in
teresting. V,./ e have made observations extending 
considerably with regard to optical bleaching of 
the 5500A peak, and from some of the .observations 
made by us we found-and I think the people in 
England concur in this- th;it this can be done opti
cally provided the temperature is elevated slightly. 

Mr. G. R. HENNIG (USA) presented paper • 
P/751. 

DISCUSSION OF P /751 

Mr. KrncmN (UK): I should like to refer to 
Fig. 12 of Mr. Hennig's paper. It shows that some 
paramagnetic resonance effect remains after an
nealing up to temperatures of about 1000°C, and 
this should be high enough to remove all the single 
interstitials. Would it not be better, therefore, to as
sociate the paramagnetic resonance effect with va
cancies? 

The other point relevant to this is that the dose at 
which the saturation occurs in the paramagnetic 
resonance does not seem to fit very well with the 
dose at which one gets saturation in stored energy 
and thermal resistivity. 

Mr. HENNIG (USA): In answer to the first ques
tion, we find actually that our paramagnetic reso
nance disappears completely at about 250°C after 
moderate bombardment, and the curve to which ref
erence has been made shows that only after heavy 
bombardment ·exceeding 1000 megawatt days will 
there be some paramagnetic resonance.left after 1000 
degrees annealing. We think that this residual para
magnetic resonance could be attributed to the break
ing up of very large comple.-xes in this temperature 
range during annealing, producing some paramag
netic ions in the process which are frozen in on 

.cooling. All the explanations, which I have tried 
to enumerate, do apply and do fit at lower radiation 
values, where resonance completely disappears. I 
feel that to attribute resonance to vacancies is not 
possible, for quite a few reasons as I have already 
mentioned, one being that the paramagnetic reson-
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ance certainly is associated with centers which move 
below room temperature, and we cannot visualize 
vacancies moving in graphite near room temperature. 

The second question dealt with the region in which 
the paramagnetic resonance saturates compared with 
the saturation of the stored energy. I do not feel 
that there is very much of a difference in the 
bombardment regions; we iound that agreement was 
fairly good, and that resonance seemed to level off 
after 200 or 300 megawatt days, while the stored 
energy certainly had a kink in it after 200 megawatt 
days. Any disagreement may be due to different bom
bardment temperatures of the two sets of examples. 

Mr. H . F . MORAN (Venezuela): In connection 
with the papers presented in this session, I should 
like to make a brief comment on a method of exam
ination which is very likely to prove of great value 
in studies on the structure of normal solids and the 
effects of radiation. I refere specifically to the elec
tron-microscope and other electron studies of hard 
solids, like metals and crystalline substances. Most 
of the studies which have been carried out up to now 
have dealt with the surface structure of metals and 
crystals. Study by means of replica techniques has 
hitherto not been possible to apply to sections of 
the order of 200A or less, especially to the study of 
metals and crystals. In a series of studies carried 
out during the past three years in Stock!Jolm, and 
later in Caracas, we have developed a diamond knife, 
together with an ultra-microtome, which makes it 
possible to produce a series of thin sections of metals, 
including germanium. 

Using these instruments, we have been able to 
carry out a number of studies, particularly in rela

. tion to X-ray diffraction patterns which show the 
degree of orientation of the crystalline and permit 
other studies of the structure of these materials. 

(Mr. Moran demonstrated the application of these 
instruments with the aid of photographs.) 

Mr. G. V. KuRmu.r.10v (USSR) : The influence of 
irradiation on the moduli of elasticity of crystals has 
been discussed in a nwnber of papers. \Ve know that 
plastic deformation and irradiation often have the 
same effect on a number of physical properties, for 
example, on the strength of metals and on the dis
ordering in soli<l solutions. For practical purposes, 
the change of properties by means of irradiation may 
sometimes be more advantageous .than by plastic de
formation, since the former does not involve the 
changes in shape always accompanying the latter. 

In this connection it seems to me that parallel in
vestigation of the effects of radiation and plastic 

deformation should be of great interest. 
I should like to take advantage of the fact that we 

have present here many famous investigators in 
solid-state physics and the physics of metals, and 
draw attenti9n to the problem of the influence of 
radiation on the binding forces in crystals. I t has 
long been known that plastic deformation has the 
effect of reducing the intensity of X-ray interference. 
This was commonly ascribed to the displacement of 
atoms from their normal position in the lattice as 
the result of plastic deformation. However, the same 
effect would be obtained if the moduli of elasticity 
were changed or the thermal factor in the scattering 
of X -rays modified. 

We have carried out plastic deformation of iron 
and measured the total intensity of X-ray interfer
ence at room temperature and at the temperature 
of liquid nitrogen. These experiments showed that 
the principal decrease in intensity is due to the static 
displacement of atoms rather than to changes in the 
dynamics of the atomic oscillations. However, in the 
case of solid solutions the situation is entirely dif
ferent. For example, in the case of an iron alloy, 
such as iron-chromium, iron-tungsten or iron-nickel, 
we find that the introduction of a relatively small 
amount of the alloying element into the solid solu
tion leads to an appreciable change in the thermal 
factor of X-ray scattering. This occurs only when 
and if the alloy is annealed at a temperature of 
600° to 800°. If after this heat treatment ihe speci
men undergoes plastic deformation, the strengthen
ing of the lattice bonds produced by annealing dis
appears. In my opinion, it would be. desirable to 
carry out experiments of this kind after irradiation. 
I believe that this effect is connected with the fact 
that the short-range order is disturbed as a result 
of plastic deformation and that the strengthening of 
the bonds occurs only in the case when a certain 
short-range order is established in the solid solution. 

Mr. HERING (France) : I should like to ask Mr. 
Hennig what chemical reagent did he use to detect 
the interstitials in his labelling C.."'(periments with C14• 

Mr. HENNlG (USA) : \Ve use nearly exclusively 
chromic sulfuric acid which forms a lamellar com
pound in which one layer of carbon alternates with a 
layer of sulfuric acid, and that is propagated through
out the crystal. During the formation of this, any
thing "vhich has lodged between the planes gets 
thrown out and converted into carbon dioxide. That 
is the best penetrating agent we have found. Potas
sium may also do it, but chromic-sulfuric acid is 
the best. 
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