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EXPLANATORY NOTE 

The Proceedings of the Third International Con
ference on the Peaceful Uses of Atomic Energy 
comprise a single, multilingual publication of sixteen 
volumes. This form was prescribed by the General 
Assembly of the United Nations in approving the 
Conference budget. 

Papers accepted for consideration at the Con
fe~e?ce are accordingly printed herein only in the 
ongmal language of submission, each being followed 
by its abstract in the other three languages of the 
Conference.* 

The budgetary arrangements for the Conference 
required also that Governments provide abstracts 
and papers in two of the Conference languages. One 
of the three abstracts following each paper is, there
fore, in a translation provided by the Government 
concerned. The abstracts were translated into the 
other two languages either by the Division of 
Language Services, International Atomic Energy 
Agency (IAEA) in Vienna, or, with its assistance, 
through the intermediary of the national atomic 
energy authorities in London, Paris, Moscow and 
Madrid. 

The Foreword by the Secretary-General of the 
United Nations, the Preface by the Director General 
of IAEA, and this Explanatory Note, together with 
the records of discussion at each of the six scientific 
general sessions and thirty-six technical sessions of 
the Conference, are published in all four languages. 
All other material, which is largely of a formal 
nature and is confined to Volumes 1 and 16, is 
published in the language of submission or delivery, 
followed in the case of French, Russian and Spanish 
originals by the English· translation. 

Governments whose national tongue is not one of 
the four Conference . languages were consulted as 
to their preference for the language in which their 
papers should appear in these Proceedings. 

The Table of Contents in each volume gives the 
titles of papers in the original language, or language 
of choice, followed in the case of French, Russian 
and Spanish titles by the English translation. 

Starting from the 992 abstracts submitted by 
Governments, specialized agencies and IAEA, the 
Scientific Secretariat, working under the guidance 

• The languages of the Conference were English, French, 
Russian and Spanish. 
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of_ the United Nations Scientific Advisory Com
mittee, finally chose 747 papers for inclusion in the 
Programme of the Conference; of these, 358 were 
sele~ted for oral presentation at the 42 working 
sessions. 

In arranging the programme, the Scientific Secre
tariat aimed at achieving a balanced schedule 
providing for the oral presentation of as many pape~ 
as possible at each session while still leaving ade
quate time for discussion of the material presented. 
Two afternoons were left entirely free, to enable 
informal groups to discuss matters arising out of 
discussions at the formal sessions of the Conference. 
No records were taken of such informal meetings. 

Wherever. possible, the author, or authors, of 
papers were consulted during the Conference by 
members of the Scientific Secretariat, who acted as 
secretaries of session, or by the team of editors made 

. available for the purpose by IAEA, * * to ensure 
maximum accuracy. 

The records of discussion at the various sessions, 
based on notes taken in the meetings by IAEA 
records officers,** and checked where necessary 
against the sound recordings made of all sessions, 
were prepared by the Division of Language Services 
of IAEA in English, and subsequently translated 
into French, Russian and Spanish through the· inter
mediary of the atomic energy authorities in the 
three countries concerned (see third paragraph of 
the present note). 

The editing of the English, French and Spanish 
papers was carried out at the United Nations Office 
at Geneva under United Nations supervision by a 
team of editors, whose services, also, were made 
available by the atomic energy authorities of their 
respective countries, with some help from outside 
consultants. The editing of the Russian papers was 
done in Moscow in similar circumstances. The 
following served as editors: Mr. A. de Calmes, 
Dr. C. E. Granados, Mr. D. H. Hill, Mr. V. F. 
Kalinin, Cand. Tech. Sc., Dr. R. Lapage, Mr. E. T. 
Maries, Dr. J. D. C. Mole, Mr. C. Segot, Mr. J. J. 
Stobbs, Mr. C. R. Symons and Mr. J. Williamson. 

The task of printing this large collection of scien
tific information has been shared by printers in 

*"' The names of the scientific secretaries, editors and 
records officers will be found in the list of the Conference 
Secretariat in Annex 1, Volume I, of this series. 



Belgium, Canada, France, Switzerland, the Union 
of Soviet Socialist Republics and the United 
Kingdom. 

Full titles of the sixteen volumes of these Pro
ceedings, together with the sessions covered by each 
volume, are as follows: 

Session, included 

1 Progress in Atomic Energy. . . • • . . . . . . • . . . . . . . . . . • . . • • . . . . . . . . . . . . . . . . . . A, B, 1.6, C, H 

2 Reactor Physia • • • • • • • • • • • • • • • • • • • . • • • • • • • • • • • • • • . • • • • • • • • • • • • • • • • • • • 3.1 

3 Reactor Studies and Performance • • • . . • • . • • • • • . . • • • • • . . • . . • • . . • . . • • . • • . 3.2, 3.3 
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11 

12 

13 
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Reactor Control • • • • • • • • • • • • • • • •••••••••••••••••••••••••••••••••••• ■ 

Nuclear Reactors -1. Gas-cooled and Water-cooled Reactors ..•...•..•..... 

Nuclear Reactors -11. Fast Reactors and Advanced Concepts .............. . 

Research and Testing Reactors .••.•••.••..••.••.....••........••.•••..•. 

Reactor Engineering and Equipment ..•..••.••.....•...•..••.••...•..•. 

Reactor Materials .••..•••••.••..•••.•..•••••••...••..•..••.••..•...•. 

Nuclear Fuels -1. Fabrication and Reprocessing .•..•..••.•...••.••..••.•.. 

Nuclear Fuels - II. Types and Economics ..•..••.•••.•..•...••.•...•••••. 

Nuclear Fuels -111. Raw Materials .••.••..•••••..•..••.....••.•...••.... 

Nuclear Safety •..••••••.••.••..•••••..••.••.••.•••.••..••.••...•..•. 

Environmental Aspects of Atomic Energy and Waste Management •......... 

Special Aspects of Nuclear Energy and Isotope Applications .••.•...•..... 

16 List of Papers and Indexes 

vi 

3.4, 3.5 

1.1, 1.2, 1.3 

1.4, 1.5, 1.7 
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1.10, 1.11, 3.7 
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NOTE EXPLICATIVE 

Les Actes de la troisieme Conference intema
tionale sur !'utilisation de l'energie atomique a des 
fins pacifiques sont publies ici sous la forme d'urie 
edition unique, multilingue, en seize volumes. Cette 
presentation a ete decidee par l'Assemblee generale 
lorsqu'elle a approuve le budget de la Conference. 

En consequence, Jes memoires qui ont ete acceptes 
pour la Conference sont reproduits ici dans la langue 
originale daus laquelle ils ont ete soumis et sont 
suivis d'un resume dans les trois autres fangues de 
la Conference •. 

Aux termes des dispositions budgetaires prises 
en vue de la Conference, les gouvemements devaient 
fournir les resumes et les memoires dans deux des 
langues de la Conference. Ainsi, sur les trois resumes 
qui suivent chaque memoire, un est une traduction 
fournie par le gouvemement interesse. La traduction 
des resumes dans les deux autres langues a ete faite 
soit par Ia Division des services linguistiques de 
l'Agence internationale de l'energie atomique 
(AIEA), a Vienne, soit avec son concours, par Ies 
soins des organismes nationaux competents en ma
tiere d'energie atomique a Londres, Paris, Moscou 
et Madrid. 

L'avant-propos du Secretaire general de !'Orga
nisation des Nations Unies, Ia preface du Directeur 
general de l'AIEA et la presente note explicative, 
ainsi que les comptes rendus de chacune des six 
seances scientifiques generales et des trente-six 
seances techniques de la Conference, sont publics 
d~s Ies' quatre langues. Tous Jes autres textes, qui 
pour Ia plupart sont d'un caractere non technique et 
figurent dans Jes volumes 1 et 16, sont publics dans 
Ia Iangue dans laquelle ils ont ete presentes par 
ecrit ou oralement et soot suivis, lorsque cette langue 
est l'espagnol, le fran~ais ou le russe, d'une tra-
duction en anglais. · 

Les gouvemements des pays dont la lan~e, offi: 
cielle n'est pas l'une des quatre Iangues utihsees a 
Ia Conference ont ete consultes pour savoir dans 
quelle Iangue ils preferaient . voir paraitre leurs 
memoires. 

La table des matieres de chaque volume donne 
les titres des memoires dans la langue originale ou 
dans la langue choisie; ces indications sont suivies, 

• Les langues de la Conference etaient l'anglais, l'espa
gnol, le fran~ais et le russe. 
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pour les titres en espagnol, en fran~ais et en russe, 
de la traduction en anglais. 

Sur Ies 992 resumes presentes par les gouveme
ments, les institutions specialisees et I' AIEA, le 
Secretariat scientifique, travaillant sous la direction 
du Comite consultatif scientifique des Nations Unies, 
en a finalement retenu 747 pour les inscrire au· 
programme de la Conference; sur ce nombre, 358 
ont ete presentes oralement aux 42 seances de 
travail. 

En etablissant le programme de la Conference, 
le Secretariat scientifique a cherche a realiser un 
equilibre: il s'est efforce de menager un temps suffi
sant pour Ia presentation du plus grand nombre 
possible de memoires tout en Iaissant du temps pour 
Ieur discussion. Deux apres-midi avaient ete laisses 
entierement libres afin de permettre aux participants 
d'organiser des reunions non officielles et de dis-

. cuter en petits groupes des questions qui se posaient 
a la suite des seances officielles de la Conference. 
Ces reunions n'ont pas fait l'objet de comptes 
rendus. 

Toutes Ies fois que cela a ete possible, !'auteur 
OU Ies auteurs des memoires ont ete consultes pen
dant Ia Conference par les membres du Secretariat 
scientifique, qui ont assure le secretariat des seances, 
OU par l'equipe d' « editeurs > que l'AIEA ** avait 
mis a cet effet a Ia disposition de la Conference, 
afin d'assurer l'exactitude la plus grande. 

Les comptes rendus des discussions aux reunions, 
etablis d'apres les notes prises en · seance par les 
redacteurs de comptes rendus de l'AIEA ** et com
pares toutes les fois qu'il le fallait avec les enregis
trements sonores, ont ete rediges en anglais par la 
Division des services linguistiques de I' AIEA, puis 
traduits en espagnoI, en fran1rais et en russe par les · 
soins des organismes competents en matiere d'ener
gie atomique des trois pays interesses (voir le troi
sieme alinea de la presente note). 

Les memoires rediges en anglais, en espagnol et 
en fran1rais ont ete mis au point pour !'impression 
a l'Office europeen des Nations Unies a Geneve, 
sous le controie de l'ONU, par une equipe de redac-

** On trouvera les noms des secretaires scientifiques, des 
« editeurs > et des redacteurs de comptes rendus dans la 
Jiste des membres du secretariat de la Conference a l'an• 
nexe 1 du volume 1. 



teurs mis a la disposition de la Conference par les 
organismes competents en matiere d'energie ato
miques des pays interesses, avec l'aide de quelques 
consultants exterieurs. La misc au point definitive 
des memoires rediges en russe a ete f aite a Moscou 
dans les memes conditions. Voici les noms des 
redactcurs qui ont assure la misc au point des 
memoires: M. A. de Calmes, M. C. E. Granados, 
M. D. H. Hill, M. V. F. Kalinin, M11" R. Lapage, 
M. E.T. Maries, M 1i.• J. 0. C. Mole, M. C. Segot, 

M. J. J. Stobbs, M. C. R. Symons et M. J. 
Williamson. 

Des entreprises de Belgique, du Canada, de 
France, du Royaume-Uni, de Suisse et de !'Union 
des Republiques socialistes sovietiques se sont par
tage la tache que representait !'impression de cette 
masse importante de documents scientifiques. 

Les titres complets des seize volumes des Actes 
de la Conference, ainsi que !es numeros des seances 
sur lesquelles porte chaque volume, figurent ci-apres: 

Saances 

1 Progres accomplis dans le domaine atomique . . . . . . . . . . . . . . . . . . . . . . . . . . . A, B, 1.6, C, H 

2 Phylique des recicfeurs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1 

3 Etude des reseoux et performance des reacteurs • . . . . . • . . . . . . . . . . • . . . . • . . . 3.2, 3.3 

4' Contr61e des readeurs........................... . . . . . . . . . . . . . . • . . . . • . . 3.4, 3.5 

5 Riacteurs nucleaires - I. Reacteun refroidis par un gaz et reacteurs refroidis a 
J'eau • . . . • . . . . . . . . • . • . • . • . . • .. . • • • . . . . . . . . . . . . . . . . . . . . . . . . . . • • . . . . . . 1.1, 1.2, 1.3 

6 R'°deurs nucleaires - II. Readeurs a neutrons rapides et reacteurs d'avant-
garde ..........•...• , , , ..• , , 1.4, 1.5, 1.7 

7 Recideurs de recherche et reacteurs d'essai de materiaux.................. D, 1.9, 1.8 

8 Technologie et equipement des reacteurs . • . • • • . . . . • . . . . . . . . . . . . . . . . . . . 1.10, 1.11, 3.7 

9 Materiaux pour reacteurs ...••....•.••••..•......••..•.....•••.. · .•. · · 2.8, 2.9, 2.4 

10 Combustibles nucleaires -1. Fabrication et retraitement ..•........••.. •, • • 2.3, 2.6, 2.7 

11 Combustibles nucleoires - II. Caracteristiques et aspects economiques . • . • . , . 2.5, 2.1, 2.2 

12 Combustibles nucl~ires-111. Matieres premieres ............. • ... •·· • •· • 2.11, 2.12, 2.10 

13 Surete nucleaire .....••.•....•.........••....•.••...... · . · · · • · · · · • • · · 3.9, 3.8, 3.6 

14 Influence sur le milieu de l'emploi de l'energie nucleaire. Traitement et elimi-
nation des dechets ...•••••.....••........•................ · • · · · · · · · · · 3.10, 3. l l 

15 Aspects particuliers de l'energie nudeaire et applications des radioelements. · E, 4.1, f, G, 4.2 

16 Liste des memoires et index 
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IlOHCHIITEJibHAH 3AIIIICRA 

TpyJI.hl TpeTbeii Me)K,lrJ'Hapo.l[.HOH Kompe
pem~m-1 no HCil0Jlb30BaHHlO aTOMH0H 3HeprnH 

B MHpHblX UCJIHX npeJJ,CTaBJIHIOT co60H e.!I,HH0e 

MHOrOH3bllfH0e H3)1,aHHe H3 wecTtta.u.u.arn: T0-

MOB. TaKaH qlOpMa 6blJia rrpe.lJ.YCM0Tpetta rette
paJlbHOH AccaM6Jiee:ii OpraHHJaU.HH O6beAn
HeHHhlx Hau.m1 npH 0,1I.06peHHH e10 610,l])KeTa 
Kompepettu.HH. 

npHHHTbie K paCCM0TpeHHlO KompepeHu,HeH 

J{0KJia,11.bl COOTBeTCTBeHHO ony6JIHKOBaHbI 3AeCb 
JIHWb Ha H3b1Ke opHnmaJia; npH 3T0M KruK).l.b[H 

.zt0KJia,11. corrpoBo}l{)l.aeTrn aHHOTaU.HeH Ha .u.py

rnx Tpex H3bIKax KoHq1epeHUHH*. 

6JOP)KCTHble nocTaH0BJieHHH e OTH0lllCHHH 

npoee,zx.eHHH Kott<PepeHUHH TaIOl{e npe.lJ.YcMarpH• 
eaJIH, 'lT0 npaBHTeJibCTBa npe)l.CTaBHT aHH0TaI.J,HH 

H JI.0KJI8,llhl Ha ABYX H3b1Kax KoHq>epeHUHH. no-

3T0MY O,llHa H3 Tpex aHHOTaUHH, conp0B0}l{)l:a
lO[QHX Ka>K)J.blH .ll,0KJia.zt, HBJUleTC.H nepeB0A0M, 

npe.ztcTaBJieHHblM C0OTBeTCTBYIOlll.HM npaeH

TeJibCTBOM. AHHOTaUHH 6hIJIH nepeee.n:el;lbl Ha 
.ztpyrne ,11.Ba H3b1Ka JIH6o OT)I.eJIOM nepee0.ll,0B 

MeiK.zr.yHapoAHOro areHTcTBa no aT0MHOM 3ttep

rnn (MAr AT3) a Bette, JIH6o c ero noM0lllbIO 

npH COTPY.ll.HHlfeCTBe HaUH0HaJibHbIX opraHOB, 
Be,llalOI..UHX eonpocaMH aTOMHOH 3HeprHH, B 

JloHAOHe, napa>Ke, MocKee H Ma.zr.pHAe. 

Bee.zt.etttte H npeJl.HCJioeHe reuepaJibttoro 
CeKpeTapH OpraHH3aUHH O6oeAHHeHHhIX Ha

UHM H rettepaJibH0ro AHpeKTopa MAr AT3, co
oreercTeenHo, H ttacrom11.a.a noHcHHTeJ1bHa11 

3anHCKa, HapHAY C npoT0K0JiaMH Ka}l{Jl.0f0 H3 

UieCTH ttaylfHhlX nJiettapHb[X Jace.11.aHHH H TpH,ll
U.aTH llleCTH ceKU.H0HHbIX 3ace.11.attHH KompepeH

U.HH, rry6JIHKYIOTCH Ha ecex lfeTbipex H3bIKax. 
Bee ApyrHe MaTepHaJibl, K0T0pble no CBOeMy 

xapaKTepy B OCHOBH0M 0TH0CHTCH K tJHCJIY 
Oq>HUHaJibHbIX H co.11.ep}l{aTCH B T0MaX 1 H I 6, 
ny6JIHKYIOTCH Ha H3bIKe opHrHHaJia; H Kor.11.a 

pelfb H)J.eT O <ppaHUY3CKHX, pyccKHX H Hcna~
CKHX OpHrHHaJiax, TO K HHM IIpHJIO)l{eH aHrJIHH

CKHH nepeeo)J.. 

C rrpaBHTeJihCTBaMH crpaH, H3bll{ KOTOpbIX 

He OTHOCHTCH K l{HCJIY 'leTblpex H3bIKOB Kott<Pe-

• jfa1,ma~rn Ro111):JE'pe11[1lln 1rn.11unc1,: a11uni'lci;nii, t_ppa11-
IQ'ac1rnii, pyccuii B ncnanc1rnii. 
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pemvm, 6bI.'IH npoBeJ1,eHbl KOHCYJibT31.lHH no 
noeo.zcy Toro, Ha KaK0M H3b!Ke 6hlJIO 6bI )Ke
JlaTe.lbH0, no HX MHeHHlO, ony6JIHKOBaTb e Ha
CT0HLU.HX tpy.11.ax npeACTaBJieHHhie HMH Jl.0-
KJl3)J.bI. 

B co.11.ep)KaHHH Ka)l{A0fO T0Ma yKa3aHbl 
3arnaBHH .11.oKna.11.oe Ha H3b1Ke opHrHttaJia .11u60 
Ha )J.pyroM H36paHHOM H3b1Ke, H B TOM cnyqae, 

K0f)I.a pelfb HJl.eT 0 <PpaHuy3CKHX, pyCCKHX H 
11.cnaHCKHX 3arJiaBHHX, HX conp0B0,K,ZI.aeT aHr
JIHHCKHH nepeeo.a.. 

I,fa 992 aHHOTaUHH, npeJI.CTaBJieHHb[X npa
BHTeJibCTBaMH, cneu1rnJIH3Hp0BaHHblMH yqpe.lK
Jl.CHHHMH, a TaK}l{e MAfAT3, YlfeHbIH ceKpeTa

pHaT, pa6oTaH noA pyK0BO.!I.CTB0M Hay•moro 
K0HCYJibTaTHBH0f0 K0MHTeTa OpraHH33UHH O60-
e)J.HHeHHb[X Haum1, e more 0106pan 747 .11.0-
KJia)l.0B JJJHI BKJIJOllCHHH HX B nporpaMMY Kott
¢epeHUHH; H3 HHX 358 6mm 0T06paHbl Jl.,lfl 
npe.JI.CTaBJieHHH B ycrnofi. <PopMe Ha 42 pa601111.x 
3aCe)J.aHHHX. 

CTpn cocraenet-rHH nporpaMMbI YqettbIH ceK
peTapHaT CTaBHJI ueJib!O )l.06HTbCSI c6aJ1aHCH

poeaHH0fO pacnHC8HHH • K0T0poe )l.aJio 6bl 
B03MO)KHQCTb npe.JI.CTaBHTb B yCTH0M qlOpMe 
MaKCHMaJibH0e K0JIHtJeCTB0 .ll,0KJia.ll,0B Ha Ka}l{
A0M 3aCe.JI.aHHH npH o6ecneqeHHH )l.0CTaTOlf• 
H0f0 BpeMeHH.)l,JIH npoee.11.eHHH .ll,HCKYCCHH no 

noeo.11.y npe.n:craeJieHH0ro MarepHa,1a. B .n.eyx 
CJ1yqa11x HMeJOlll.eCCH BO BtOpOH Il0JIOBHHe .zurn 

epeMH 0CTaBHJIH HepacnpeAeJieHHbIM, C TeM 
'-IT06b[ )l,aTb B03M0}l{H0CTb HeoctmuHa.1bHbIM 

rpynnaM o6cy.D.HTb eonp0CbI, B03HHK!llHe B 
X0)le )l,HCKyCCHH Ha 0q>HU.HaJibHbIX 3ace)l.aHHHX 
KoHq1epettQHH. Ha TaKHX tteoctm1u1aJibHbIX 3a

ce)J.aHHHX npoT0K0JlbI He C0CTaBJIHJIHCb.' 

flo Mepe B03M0}l{HOCTH, C aBT0p0M HJIH 

aBT0paMH .ll.0KJia.D.0B K0HCYJibTHp0B3JIHCb B X0)le 
Kottcf>epeHUHH qn:eHbI Ylfettoro ceKpeTapHaTa, 
K0TOpbie BbIIlOJIHHJIH q>yHKQ.HH ceKperapeif 3a
ce,n:aHHH, Jrn6o TaKHe K0HCYJibTaQ.HH np0B0-
)1.HJIHCb rpynnoii pe)l.aKT0p0B, l{OTOpble 6bl.'IH 

BbI)l.eJieHbI MAr AT3** .llJIR !,TOH UMH, c TCM 
'lT06bI o6ecnelfHTb MaKCHMaJibHYJO T0lfH0CTb. 

• * <l'a:irnJIID y'lem,n: ceKperapeii, pe,11.aKtopoB II upotoi.~.111-
cron 11pnBe;1e111,r s nepe•rne corpy,1.Hni;oB cei;pcrapua!a l-ion-
1pepe111.Q111 n np11Joa-eauu l-0.11 R TOMY l-11y Hacro11~eH cepua. 



npoTOKOJll,1 .llHCKYCCHH Ha pa3JIH'qHblX aa
CeJlamtRX, COCTaMeHHble Ha OCHOee aanuceii, 
C.ILe.,aHHblX B xo.n.e 3ace.n.aHHH npOTOKOJIHCT3MH 
MArAT3•, H npoeepeHHble, no Mepe tteo6xo• 
.llHMOCTH, nyi-eM cpaeueHHR co 3BYKOBOA 33-
DHCb!O, KoTopaH eeJJacb Ha ecex aace.ztamrnx, 
6bl.llH noArOTOMeHbl 0T.lleJIOM nepeBO.llOB MA
r A T3 Ha aHr.rnikKOM ff3b1Ke H enocJie)l.CTBHH 
nepeee.lleHbl Ha «ppamzy3CKHA, pyccKHlt H HC
naHCKHA H3blKH npH COTPYMH4eCTBe H8UHO
H3.1bHblX opraHOB, ee.n.aJOlllHX eonpocaMH aTOM
HOA 3Heprm1, B Tpex 3aHHTepecoeattublx crpa
uax ( CMOTpH TJ)eTHA a63aI,l DOHCHHTeJlbHOA 
33nl1Cl<H). 

Pa6oTa no pe.n.aKTHpoeaHH!O .llOKyMeHTOB 
Ha aHr.'JHACKOlif, <t>paHizy3CKOM H HCnaHCKOM 
R3b1Kax (51,1J1a npoee.neua e EeponeiicKOM OT.Ile• 
JleHHH OpraHH33UHH 06'be.llHHeHHblX HauHii, 
B >Keueee, 00.ll. PYKOBO.llCTBOM Opr3HH33UHH 
Oth,e.AHHCHHLIX HauuA rpynnoA pe.n.aKTopoe, 

• ♦a11ua■ J'leBYl cea:petapel, puanopoa II llPOTOIIOJD
CTOI up11u,eaw I uepe'lBe corp:,,1.allliOB ceKpeTap11aTa Kon
tei>t~• I upuo:a:eaH 1-o• ll TOIIIJ l-1111 B&CTOAlllei cepBB. 

nporpecc e pat5oTax no aTOMHOA sHepruH 

ycJiyrH KOTOpblx 6hlJIH TaJOKe npe.ILOCT3BJieHl>l 
no JIHHHH opraHoe, ee.naromHx eonpocaMH 
3TOMHOH 3Heprnu B COOTBeTCTBYJOll.lHX CTpa
Hax, C HCDOJih30B3HHeM B HeKOTOpoli CTeneHH 
nOMOlllH npHrJiallleHHhlX co CTOpOHhl KOHCYJib
TaHTOB, PycCKHe .IlOKyMeHTbl pe.ll.aKTHpoeaJIHCb 
B MocKee e TaKHX iKe ycnoeHHX. HH:>Kecne,n:yio-
1.llHe JIHUa ocymecTBJIHJIH pa6oTy e K3lleCTBe 
pe.LI.aKTOpoe: .ll.·P K. 3. fpaH3,ll.OC, KaH,ll.H)l.aT TeX
HHtieCI<HX uayK B. <l>. Ka.nHHHH, r-u A . .n.e KaJib
M9C, .1l.·p P. Jleneif.ll>K, r-u 3. T. MapJI3, .n.-p Jl>K. 
n. K. MoyJI, r-H 4. P. CaAMOHC, r-H J.l.)l{. )J.>K. 
CT063, r-u lll. Caro, r-H .ll)K. YHJihHMCOH, 
r-u n. x. XHJIJI. 

B eblnoJmeHHH 3a.ztallH no nettaTaHHJO 3TOA 
o6wupaoA uayqHQH UHq>OpM3UHU npHHHM3JIH 
y4acTue THnorpaq>HH e Be.nhrHH, Kaua.ne, Coe
Jl.HHeHHOM KopoJieecTBe, Coro3e CoeeTCKHX Co
nuaJIHCTHtieCKHX Pecny6JIHK, <l>paHU.HH H Ulae.H
napuu. 

HH.)l{e npHBO,!lHTCH nOJIHble sarJiaBHH mecT
H3.ll.UaTH TOMOB HaCTOfflltHX Tpy.zr.oe, a TaJOKe 
y1<a3hJBaeTCH, KaKHe cecCHH OXBaThlBaJOTCH KruK- . 
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NOTA EXPLICATIVA 

Las Actas de la tercera Conferencia Internacional 
sobre la Utilizaci6n de la Energi'.a At6mica con Fines 
Pacificos estan constituidas por una publicaci6n 
unica y plurilingtie compuesta de dieciseis volu
menes, en conformidad con lo dispuesto por la 
Asamblea General de las Naciones Unidas al apro
bar el presupuesto de la Conferencia. 

Por consiguiente, las memorias aceptadas para 
ser exam in ad as en la Conf erencia s6lo figuran impre
sas en el idioma original en que se presentaron, y 
cada una de ellas va seguida de un resumen de la 
misma en los otros tres idiomas de la Conferencia *. 

En los arreglos presupuestarios para la Confe
rencia se dispuso tambien que los gobiemos tenian 
asim.ismo que presentar resumenes y memorias en 
dos de Ios idiomas de la Conferencia. En conse
cuencia, uno de los tres resumenes que siguen a 
cada memoria es una traducci6n facilitada por cl 
gobiemo interesado. Los resumenes fueron tradu
cidos a los otros dos idiornas, ya por la Division de 
Idiomas del Organismo Internacional de Energia 
At6mica (OIEA) de Viena, o, con su asistencia, por 
conducto de las autoridades nacionales de energia 
at6mica de Londres, Paris, Moscu y Madrid. 

La introducci6n del Secretario General de las 
Naciones Unidas, el prefacio del Director General 
del OIEA y la presente nota explicativa, junto con 
las actas de los debates celebrados en cada una de 
las seis sesiones cientificas generales y las treinta y 
seis sesiones tecnicas de la Conferencia, se publican 
en los cuatro idiomas. El resto del material, que 
reviste en su mayoria un caracter oficial y esta con
tenido exclusivamente en los volumenes 1 y 16, se 
publica en el idioma en que fue presentado o entre
gado, seguido para Ios originates en espaiiol, trances 
y ruso, de la traducci6n en ingles. 

Se consult6 a los gobiemos cuyo idioma nacional 
no es uno de los cuatro idiomas de la Conferencia 
para saber en cmil de ellos preferfan que se publi
caran sus memorias en estas Actas. 

El indice de cada volumen contiene los titulos 
de las memorias en el idioma original, o en el idioma 
elegido, seguidos, cuando se trata de titulos en 
espaiiol, trances y ruso, de la traducci6n en ingles. 

De los 992 resumenes presentados por gobiemos, 
organismos especializados y el OIEA, la Secretarfa 

• Los idiomas de la Conferencia fueron el espaiiol, el 
frances, el ingles y el ruso. 

xi 

Cientffica, bajo la direcci6n dcl Comite Cientifico 
Consultivo de las Naciones Unidas, escogi6 por 
ultimo 747 memorias que debian ser incluidas en 
el programa de 1a Conferencia; de estas, 358 fueron 
seleccionadas para ser presentadas oralmente en las 
42 scsiones de trabajo. 

Al preparar el programa de actividades, la Secre
taria Cientffica trat6 de conseguir un justo equilibrio, 
y asi se previ6 Ia presentaci6n oral dcl mayor numero 
posiblc de memorias en cada scsi6n, pero dejando 
todavia tiempo suficicnte para examinar la informa
ci6n presentada. Se dejaron dos tardes totalmcnte 
libres, a fin de que los grupos oficiosos pudicran 
examinar las cuestiones que surgicran en las sesiones 
oficiales de la Confercncia. No se levant6 acta de 
tales reuniones. 

Siempre que fue posible, el autor, o los autores, 
de las mcmorias fueron consultados en el curso de 
la Conferencia por miembros de la Secretaria Cien
tffica, que actuaron de secretarios de sesi6n, o por 
un grupo de editorcs facilitado a dicho efecto por 
el O IEA **, a fin de asegurar la maxima exactitud. 

Las actas de los debates celebrados en las diversas 
sesiones, basadas en notas tomadas en las reuniones 
por redactores de actas del OIEA * *, y verificadas 
siempre que fue necesario mediante las grabaciones 
efectuadas en todas las sesiones, fueron preparadas 
por la Division de Idiomas del Organismo Interna
cional de Energia At6mica (OIEA) en inglcs, y 
traducidas despues al espaiiol, el frances y el ruso 
por conducto de las autoridades de energia at6mica 
de los tres paises intercsados (vease el tercer pa
rrafo de la presente nota). 

La preparaci6n para Ia publicacion del texto de 
los documentos en espaiiol, fraoces e ingles se 
efectu6 en la Oficina de Ginebra de las N aciones 
Unidas, bajo la fiscalizaci6n de las Naciones Unidas, 
por un equipo de editores cuyos servicios fueron 
tambien proporcionados por las autoridades de ener
gia at6mica de sus respectivos paises, con alguna 
ayuda de consultores del exterior. La preparacion 
para la publicaci6n de los documentos en ruso se 
efectu6 en Moscu en circunstancias amilogas. 
Actuaron de editores las personas siguientes: Sr. A. 
de . Calmes, Dr. C. E. Granados, Sr. D. H. Hill, 

•• Los nombres de los secretarios cientificos, editores y 
redactores de actas figuran en la lista de la Secretari~ de 
la Conferencia, en el anexo 1, volumen 1, de esta sene. 



Sr. V. F. Kalinin, Dra. R Lapage, Sr. E.T. Maries, 
Dra. J. D. C. Mole, Sr. C. Segot, Sr. J. J. Stobbs, 
Sr. C. R Symons y Sr. J. Williamson. 

de BeJgica, el Canada, Francia, el Reino Unido, 
Suiza y la Union de Republicas Socialistas Sovieticas. 

En la impresion de esta gran recopilaci6n de 
informaci6o cientifica han participado impresores 

Los tf tulos completos de los dieciseis volumenes 
de estas Actas, junto con las sesiones comprendidas 
en cada volumen, son los siguientes: 

1 

2 

3 

' 5 
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10 

11 

12 

13 

u 
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Progresos realizados en el dominio at6mico ••••••••.••••••.•••••.•••.••. 

ffsica de los reactores .••••••.••••••••••••••••••.•.•••..••••••••••••••• 
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Controlled fusion research in the United States of America 

By A. H. Snell,* L. Spitzer,** J. L. Tuck*** and C. M. Van Atta**** 

PART I. RESEARCH 
AT THE UNIVERSITY OF CALIFORNIA 

LAWRENCE RADIATION LABORATORY••••• 

Magnetic mirror program 

Two techniques for the production of hot plasmas 
in mirror machines have been developed at the 
Lawrence Radiation Laboratory. In two of the three 
mirror experiments under way the method of plasma 
injection, followed by adiabatic (slow) magnetic com
pression is used. In the third, the method of neutral 
atom injection is used. 

The smaller of the two plasma injection facilities is 
Table Top, shown in Fig. I. This facility is used for 
the study of plasma instabilities and their stabilization 
at relatively low plasma density. Advanced vacuum 
techniques are used, including ionic pumps and liquid 
nitrogen cooled vacuum chamber walls, so that 
impurity effects play a minor role in the experiments, 
permitting long confinement and observation times. 

The second plasma injection mirror machine is 2X, 
an enlarged version of the older Toy Top [IJ. A view 
of this facility is shown in Fig. 2. Like the older Toy 
Top, the new facility is designed to permit the injec
tion, heating and confinement of a plasma of substantial 
density (1013 to lQH particles/cm3) and high temperature 
(4 kilovolts or higher) [2]. Unlike the older Toy Top, 
where vacuum and impurity problems limited the 
confinement time, 2X utilizes advanced vacuum tech
niques, which should permit the study of plasma con
finement for longer times. 

The third facility in the mirror program is ALICE 
(3, 4, 5] which utilizes the technique of energetic 
neutral atom injection to form a steady-state hot plasma. 
An overall view of ALICE is shown in Fig. 3. 

The Mirror program is oriented toward elucidating 
the nature of the plasma instabilities which may occur 
in a mirror machine, and testing methods for sup
pressing them. One recognizes two general classes of 

• 
•• 
••• 

Oak Ridge National Laboratory . 
Princeton Plasma Physics Laboratory. 
Los Alamos Scientific Laboratory . 

.... Lawrence Radiation Laboratory. 
• •• u Supported by the US Atomic Energy Commission. 
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instabilities: (a) gross or " hydromagnetic " instabi
lities [6], and (h) wave-particle or local instabilities 
which may arise from inherent anisotropies of the 
confined plasma [7-9]. Examples of both of these 
classes of instabilities have been observed in the experi
ments. In recent years two promising methods of con
trolling gross instabilities have been _ suggested, and 
both are under active study at LRL. The two methods 
are, respectively, the "finite-orbit" stabilization effect 
[10] and the use of so-called "minimum-B " mirror 
confining fields [I 1, 12]. Of the two principles, the 
"minimum-B " idea is the more powerful and direct, 
but involves greater technical difficulty. One form of 
"minimum-B ,, field, which involved the use of 6 lon
gitudinal stabilizing bars in addition to the usual 
circular mirror coils, was first tested by Ioffe in the 
USSR [13]. A similar 6--bar (hexapole) system has 
been tested in Table Top by Perkins and Barr [15), 
who also found strong stabilizing effects, even though 
the plasma had very different characteristics from that 
studied by Ioffe, possessing a substantial electrostatic 
potential, traceable to the high electron temperature 
(IO to 20 keV) of the plasma. In subsequent tests, 
quadrupole (4-bar) systems have been studied. Whereas 

· stabilization of gross instabilities is also observed, 
residual instabilities occur under special conditions. 
Although these instabilities have not yet been identi
fied, it is known that they mainly give rise to end losses, 
rather then transverse losses, and it is therefore pre
sumed that they are some type of wave-particle 
instability. 

When simple mirror fields are used, gross unstable 
motion of the plasma as a whole, corresponding to low 
order "hydromagnetic" fluting, has been observed in 
all three experiments (2, 15, 16], in general agreement 
with simple theory. However in both Table Top and 
Toy Top special conditions have been found where 
these instabilities are largely suppressed [13, 17, 18]. 
Present evidence is that this stabilization probably , 
arises from a combination offinite-orbit effects (theore
tically particularly effective against high-order modes) 
and "end conduction,. along the lines of force between 
the confined plasma and the region. external to the 
mirrors. There is evidence (from Toy Top) that this 
end conduction depends on the presence of back
ground plasma produced in the course of the plasma 
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Figure 4. Conceptual design of the Astron facility 

F11ur• 1. Ove~II view of the Table Top installation 

fi&ure 2, Overall view or the 2X insta.lla.tion 

figure 5. Overhead view of the Astron experimental facility 

Figure 3. Overall view of the Alice experiment 
Figure 6. Schematic of the Levitron 
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injection and heating. Whether end conduction stabi
lization can be maintained as the plasma temperature 
and purity are increased is not clear. 

In the ALICE experiment a very hot"(20 keV) and 
very pure plasma has been produced, and long con
finement times ( of order 1 second) have been measured. 
The density thus far achieved is however low, being 
of order 108 particles/cm3, lying at the lower limit of 
densities where plasma effects are important. Co-oper
ative oscillations and losses have been observed, and 
tentative identification of these oscillations with 
predictions from plasma theory have been made. 

Minimum-B fields are also under study for ALICE, 
particularly the new axially symmetric rninimurn-B 
mirror fields discovered by Furth [19J and by Andreo
letti [20). 

Astron program 

In the Astron [2IJ; production and confinement of 
a hot plasma will be effected by high-energy electrons. 
The electrons are to be injected into a magnetic field 
· in such a manner .. that they will lose energy and be 
trapped in helical orbits forming a layer of rotating 
electrons", the ••E-layer". 

This E-laye_r is intended to perform 'two functions: 

(a) The combination of the self-field of the rotating 
electrons with the field of the external coils is to 
convert the initially open-ended field pattern to 
one of closed lines of force by reversing the field 
at the axis; the resulting closed field . configura
tion, assuming that the E-layer is stable, would be 
capable of confining an isotropic plasma; 

(b) The energetic electrons are to lose energy by 
coulomb collisions, thus heating the trapped 
plasma. 

The crucial question is the stability of the £-layer. 
The facility which has been constructed was designed 
specifically to investigate this question and, if possible, 
to build up the E-layer to the point of field reversal. 
As shown in Fig. 4, thjs facility consists of a high
current, high-energy electron accelerator and a trap
ping chamber. The accelerator is a linear induction 
type of machine [22J with the following beam para
meters: 

Electron energy . 4.1 Me V 
Beam current. . 160 A 
Pulse length . . 0.25 µs 
Repetition rate . 5 to 60 pps 

The trapping chamber is a cylindrical vacuum tank 
3 feet in diameter and about 90 feet in length. External 
coils over the length of the chamber and internal coils 
mounted on cantilever supports from both ends of the 
chamber permit the establishment of a wide range of 
initial field configurations. Electrons are injected tan
gentially at a small pitch angle forming a short cylinder 
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of tightly bunched rotating electrons. The electron 
bunch moves from the relatively high-field region at 
the point of injection toward the low-field region near 
the middle of the chamber past an array of resistors, 
in which currents are to be induced. If this process 
proceeds as intended, the electrons will lose energy 
and be trapped in the central section of the chamber. 
A view of the present installation is shown in Fig. 5. 

Present experiments with this equipment consist of 
studying the energy loss and trapping of single bunches 
of electrons. When this process is understood, the 
injection pulse rate will be increased and attempts 
made to build up the E-layer. 

Toroidal confinement program 

The Levitron experiment, shown in Fig. 6, is designed 
to determine the effectiveness of shear stabilization 
for toroidal plasma confinement. In this 'hard-core 
configuration, current flowing along a rigid center 
conductor permits a helical magnetic field that has 
extremely high shear throughout [23]. Unlike the con
ventional "stabilized pinch," the standard hard-core 
pinch is therefore predicted by the infinite-conductivity 
hydromagnetic theory to have a wide margin of sta
bility. 

In experiments with linear hard-core pinches, ano
malous gross instabilities have, however, been found 
for sufficiently large plasma current [23]. This result 
has been explained successfully in terms of finite
conductivity hydromagnetic theory (tearing mode) 
[24, 25]. 

Gross finite-conductivity instabilities are ruled out 
in the Levitron due to the smallness of the plasma 
current relative to the hard-core current. A small
scale instability has, however, been found in the Levi
tron. Though the magnetic field perturbations involved 
are only of order I0-3 relative to the confining field 
of 5-10 kilogauss, the resultant puncturing of flux sur
faces permits hot electrons to reach the wall, and 
limits the electron temperature to about 100 eV at 
densities of 1012 - 1013 cm-3. 

The observed flutelike structure and the phase 
velocity ( ~ 106 emfs) of the instability are indic~tive 
of a number of theoretical modes, among them either 
of two small-scale finite resistivity modes [24): one 
due to the directed plasma current (rippling mode) and 
one inherent in the principle of shear stabilization 
(resistive-finite pressure). 

By heating the Levitron plasma with rf current 
(5 megacycles) instead of unidirectional plasma current 
along the magnetic field, a plasma of comparable 
density and temperature can be produced, and the 
previous small-scale instability disappears. 

This experiment indicates that the unfavorable 
containment typically found in toroidal shear-sta
bilized configurations may be due to the directed 
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heating currents that are typically used, rather than 
due to an inherent weakness of shear stabilization. 
A Levitron designed specifically for rf heating of 
plasma confined in vacuum magnetic field is under 
construction, and will be used to test for residual 
instabilities. 

As an alternative to shear stabilization, it has been 
shown (26] that a toroidal device composed of multi
pole-stabilized mirror machines, joined end-to-end, 
can be made stable by the f di/ B criterion. 

PAR.T 11. P.ESEARCH AT THE OAK RIDGE 
NATIONAL LABORATORY• 

DCX-1 

This molecular-ion inJection, single pass experi
ment {271 has been extended to trapping by Lorentz 
dissociation of H; at about 3 x to-• mm Hg [28]. 
The most important observation is that the number 
of trapped particles reaches a limit of about 101

', 

because the plasma expands radially and longitu
dinally until tosses to the radial wall ensue. ** The 
central density saturates at about t 08 H + cm-3. 

Signals at the H • cyclotron frequency and its har
monics indicate that azimuthal clustering of the 
protons takes ptace. There are longitudinal currents at 
unrelated frequencies. Electron cyclotron heating 
(a few watts) at the midplane can suppress the longi
tudinal currents, but accentuates the azimuthal cluster
ing. It reduces the plasma potential from 300-400 volts 
to 10-12 volts. 

The volume expansion appears to be due to internal 
electrostatic effects (microinstabilities) rather than 
flutes (hydromagnetic instabilities). 

DCX-2 

We describe recent results in which 40 mA of H; 
are injected at 600 keV through a magnetica1ty-com
pensated channel into a horizontal magnetic field of 
12 kG that is uniform for a length of about 130 cot, 
bounded at the ends by mirror coils, producing a field 
of 36 kG [29). The channel is inclined 7.5° to the ver• 
tical, and 40-50% of the H; ions are dissociated as 
they make multiple passes through a 25-ampere 
vacuum Li arc. A cross section of the apparatus appears 
in Fig. 7 . 

Silicon•barrier detectors are used to measure the 
directions and energy spectra of charge-exchanged 
neutrals that emerge from the plasma (operating pres
sure about 10-7 torr). Dissociation neutrals can be 

• Supported by the US Atomic Energy· Commission. 
• • The experimental possibility still exists that some of the 

apparent ~loss" is due to energy degradation below 150 keV, 
where the transmission of the foils of the detectors used to 
measure the efflux of charge-exchanged neutrals is reduced. 
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geometrically exc1uded, and charge exchange in the 
lithium arc can be separately observed. As shown in 
Fig. 8 a wide spread in the energy of the trapped 
protons is observed; a notable feature is that because 
of depletion of the low-energy end by charge exchange, 
the proton energy distribution shows a mean value of 
several times the trapping energy. The lower curve in 
this figure is the measured spectrum of charge
exchanged neutral atoms from DCX-2 as measured 
with a silicon-barrier detector and a multichannel 
pulse height analyser. 

The upper curve· shows the derived energy distribu
tion of the trapped protons. For these results, collima
tion was narrow (± 0.2°) vertically and wide (± 20°) 
horizontally, and the results are a composite obtained 
from a sweep over the plasma. 

The density of the trapped protons is sensitive to 
small changes in the currents· in the magnet coils. 
When these are empirically adjusted for maximum 
density in the midplane, the directional distribution of 
emerging neutrals is as shown in Fig. 9. Here the col
limation was narrow (± 0.2°) horizontally but wide 
(± 20°) vertically. The collimator was swung hori
zontally through the abscissa angles. The central peak 
is caused by particles that leave the plasma in a pfane 
normal to the axis of DCX-2. The side peaks are 
caused by particles that have preserved their original 
injection slant as they leave and re-approach the 
injection end of the confinement volume. 

The foregoing observations indicate that plasma 
effects induce an energy spread of the protons that 
appears in azimuthal motion; there is little longitu
dinal motion. 

Directional and energy integrations of the efflux 
of neutral particles yield 1015 as the total number of 
trapped protons. The volume is 80 litres, whence the 
mean density is about 1010 H~ cm-3. 

Charge-exchange loss accounts for the ion input, 
within an uncertainty factor of about 2. The decay 
curve after beam turnoff is complex, because the rate 
of charge exchange is affected by energy spread and 
degradation, and perhaps by a simultaneous reduction 
of background gas pressure by plasma pumping. The 
curve shows a sharp drop during the first 30 msec, 
followed by a long tail with I /e decay period of 0.1 to 
0.3 s. Integration of the charge-exchange current after 
beam turnoff yields a mean density of 2 x I010 H+cm-3, 
which is an underestimate because partic1es emerging 
from the lithium arc would not have reached this 
detector. 

The proton cyc1otron radio-frequency line is broad 
during injection, but after beam turnoff it suddenly 
sharpens, and slowly increases in frequency b~ about 
50 kc. Interpreting this as a diamagnetic shift, _o_ne 
obtains f3 = 0.005, which is consistent ~ith den_s1t1es 
of about 1010 cm-3 energies corresponding to Fig. 8. 
The plasma shows no slow rotation. 
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Electron cyclotron heating 

Electron cyclotron heating experiments, started at 
2.4 gigacycles and 850 gauss [30J have been continued 
at 10.6 gigacycles and 3 790 gauss in a 5-litre volume, 
and later at 10.6 gigacycles in a 50-litre volume with 
50 kW of microwave power. A stable, steady-state 
operating regime is found when the ambient pressure 
is J0-5 torr (D2). Neutron generation from the (e,D) 
reaction has been observed [31}, and the attenuation 
of entering thermal Hz° has been measured [32J. 
Bremsstrahlung spectra from the large-volume plasma 
indicate an electron density of 5 x 1011 cm-3, and an 
electron temperature of 120 keV, whence /3 = 0.4 for 
the part of the plasma in the 2000-gauss region of the 
mirror field. This is corroborated at {J = 0.3 by a 
measure of the flux change through a surrounding 
loop as the plasma decays (period: 0.1 s) following 
cessation of heating. * X-ray pinhole photographs 
show the plasma to be "solid." Experiments are con
tinuing toward higher frequencies and higher fields, 
and toward ion heating by cyclotron resonance or by 
fast neutral injection. 

Electron beam-plasma interaction 

Burnout and perhaps simultaneous ion heating have 
been obtained in electron-beam interaction with plasma. 

PART Ill. RESEARCH AT THE LOS ALAMOS 
SCIENTIFIC LABORATORY** 

We select for presentation from the above program 
the Mach-Zehnder interferometer observation on the 
relatively dense thermonuclear plasmas developed in 
the Scylla IV 0-pinch [33). This device differs fro~ 
earlier Scyllas mainly in having a longer (I_ m~ :~11, 
used with and without mirrors, and an effecuve m1t1al 
magnetic biasing and preionizing system designed to 
minimize the collection of impurities from the alu
minum o:x.ide walls. This is achieved by a brief damped 
oscillatory axial field for ionization superimposed on 
a slowly rising bias field. · 

Previous extensive measurements on the Scylla plas
mas have shown [33-42] that these 0-pinch plasn:ias 
have the following characteristic values: density, 
6 x 1016 ion/cma; electron temperature,_ 400-1 200 _eV 
according to impurity . level; mean 10!'1 energies, 
2-3.8 keV (corresponding to temperatures m Maxwell
ized distributions of 1.3 to 2.6 ke V); and f1 close to 
unity. Neutron yields range from 5 x 106 ~er pulse 
(Scylla J) to 2 x 109 per pulse (Scylla IV) with mean 
neutron rates of 2 to 6 x 1012 cm-3 s-1

• During the 
2-3 ps neutron emitting lifetime of the fireball, an_ ion 
characteristically makes several hundred reflections 

• '3 is defined as the ratio of plasma pressure to magnetic 
energy density. . . 

u Supported by the US Atomic Energy Comm1ss1on. 
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from the magnetic wan in the radial direction and an 
a\·crage or one lo two ion.ion collisions. It can thus 
be classed as a confined, strongly•thermonuclear• 
reacting plasma but not nccessafily Max.wellized. The 
particle lo~s from the ends must arise from deflection 
into the axial direction on reflection at the walls and 
ion-ion scattering. 

Some other 0-pinch devices exhibit persistent trap
ped magnetic fields and hollow plasma rings at full 
comprttsion. The Scylla IV plasma does not exhibit 
these propcnies. possibly because or the unusually 
high 0~lcctric fields and rapidity of compression 
(higher temperatures and less resisttve instability}. 
These Scylla plasmas do not emit hard X-rays during 
the high temperature phase. Until very recently, 
Scylla 0-pinches were invariably operated with a 
rcvcncd initial magnetic bias field. This reversed field 
is considered to be a source of extra heating by the 
following process. An internal magnetic field reversed 
in sig.n wilh respect to an external magnetic field has 
pott"ntial energy in an unstable configuration. This snaps 
into a rapidly nuctuating tangled ball of string con
figuration. the initial potential energy being on lhc 
average divided equally between configurational and 
kinetic energy. The tangling rapidly increases to a 
point which becomes indistinguishable from random 
motion. The compression by the el!.tcrnal field, after 
oscillations and shocks have damped out, proceeds to 
a state of pressure balance. 

The Mach-Zehnder interferometer, shown in Fig. tO, 
uses a ruby laser in the giant pulse mode to exhibit the 
phase changes in a light beam traversing the plasma 
axially. Some resulting intcrferograms are shown in 
Fig. I I, identified with their appropriate points on the 
magnetic field cyde shown in curve A, and with the 
corresponding times on an axial streak photograph 
denoted by C. There is a vertical bar on the streak 
photograph produced by fogging from a laser pulse 
at ~ 3 ,,s. The initial reversed magnetic bias field was 
5 kG and the initial deuterium filling pressure 70 ,, Hg. 
In fig. 12 are shown the effects of differing values 
of B

00 
the reversed bias field, and p, the initial pressure, 

all taken at maximum compression, 3.1 ,,s after the 
start of compression. Note the well defined flute 
instabi1ity in the lower left-hand picture, and in general 
the fringe shifts at the walls produced by incoming 
impurities. One fringe shift corresponds to 3.2 x 1017 

electron cm-1 in the line of sight. Figure 13 plots the 
fringe shifts of Fig. 12 as a function of radius. Examin
ation of the fringe pattern [43) confirms that these 
plasmas have no minimum fringe shift on the axis and 
cannot therefore be hollow ring-shaped. 

At zero B0 • the plasma is seen to become extremely 
dense. To determine the electron density, the plasma 
length must be measured. This was determined by 
neutron counter telescopes looking in the radial direc
tion at points along the axis. The dense plasma fireball 
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for zero 80 turns out to be cigar-shaped with a maxi• 
mum length of 70 cm, a volume of 160 cm3, and with 
a peak electron density 6 x 1016 cm...a. in excellent I 
agreement with earlier determinations from the abso- i 
lute bremsstrahlung intensity. Knowing the ion density, 
the external magnetic field (90 kG), and the electron 
temperature from differential absorption in the sof\ 
X-ray region, we can estimate the mean ion energy 
from the pressure balance equation, since we believe 
that the magnetic field in the plasma is zero. 

Such a determination yielded a value of 3.7 keV/ion. 
corresponding to a temperature of 2.4 keV for a 
Max.wellized system. The observed peak neutron yield 
is in agreement with a monoenergetic distribution of 
this energy. This conclusion is interesting in that any 
other particle distribution having the same electron 
temperature and retaining pressure balance would 
produce a discordant and larger neutron yield inc1ud· 
ing the case of a cold plasma with a high non-Max
wellian tail. For zero Bu the neutron yield is small, 
~ 107 per discharge, and quite consistent with a 
constant plasma pressure at the very high density 
shown by the interferometer. 

lt was found recently that keeping the bias field at 
zero, a new regime of operation was possible at as 
low as J()-3 torr. This mode of operation is like that 
reported for the rather similar GE 0-pioch [t4]. The: 
neutron yield/cm3 is considerably larger than at high: 
pressure, so the ion temperature must be higher, 
apparently in the 5-10 keV region. 

PART IV. RESEARCH AT THE PRINCETON 
PLASMA PHYSICS LABORATORY• 

The Model C stellarator at Princeton University 
was built to give physical information on the ~onfine
ment and heating of a plasma in a closed toroidal sys· 
tem, with a strong magnetic field produced by currents 
in external coils. Up until very recently this device 
has been used to e11.amine the properties of a gas 
heated by means of an electric current parallel to the 
magnetic field, a technique known as .. ohmic heating.~ 
While the maximum temperatures achievable with 
ohmic heating are only about a million degrees, this 
technique is an important means for preheating the 
plasma before ion heating is applied. 

Much of the effort during the past year has gone 
into the purification of the plasma by means of a 
divertor, which was installed early in 1963. This 
device, which is shown in Fig. 14, takes the lines of 
force near the periphery of the vacuum tube and bends! 
them out and away from the discharge, so that par·' 
ticles diffusing outwards strike the wall in a separate 
chamber, far from the discharge. Impurities released 
by wall bombardment do not readily return into the 

• Supported by the US Atomic Energy Commission 
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~ain discharge. The doued lines in the figure represent 
hnes of force: ii will be seen that the lines in an outer 
scrape-off region arc diverted away from the main 
tube. Fig,ure IS shows the layout of the C stcllarator 
with the dhcrtor added. The diameter of the va~uum 
tube is 20 cm~ the axial length is 12 m. The massive 
confining field coils which encircle the plasma arc not 
shown. 

A detailed program of measurements with a cali* 
brateJ uhra\iolct spectrometer shows that the diver1or 
has succcs!>fully reduced the fraction of o\ygcn atoms, 
the main imr,uriry in the discharge. by about two 
orders of magnitude. With a ring-shaped limiter 
in!>tallcd instead of the di\·ertor. rhe o,ygen abundance 
was about 4 ~~- With the di\·crtor in place. the relative 
o,ygcn abundance is now 0.05 ~;,. a reduction by a 
factor 80. Radiation by imruritics is now an entirely 
negligible ~urce of energy dissipation in an ohmically 
heated ga!i. in the C stellarator. 

These same mca!turcmcnts yield values for the dif• 
f<:rent rates at which power is consumed by 1hc plasma, 
i.e .• the power required for radiation of the working 
gas. for ionization, and for heating. The results for a 
helium plasma arc shown in Fig. 16. where the dif
ferent rowers in kilowatts arc plotted against time 
during the ohmic heating discharge in milliseconds. 
This panicular discharge was obtained with a confining 
field of JS lG and an ohmic heating current of JOO() A. 
The uppermost M>lid line represents rhc sum of all 
these rowers. which agrees very closely with the dashed 
line representing the electrical power input. equal to 
the pla!tma current times the voltage. Evidently the 
main flow of energy in the pla!tma seems to be weJI 
undcr5.tood. 

One by-product of this investigation is the accurate 
measurement of plasma temperature. Six. different 
methods ha\'C been used. based on electrical resistivity, 
on ratios of line intensities, on the rate of ionization, 
on cmis!>ion line widths. on diamagnetic signals and 
on the sound velocity as measured from the frequency 
of standing waves. The temperatures obtained by these 
methods arc generally in agreement to within 20% 
and confirm temperatures in the general range from 

. 10 to 80 electron volts. 
The systematic loss of plasma from the discharge, 

shown by the plot of electron density in Fig. 16, is 
still unexplained. Measurements at currents above 
2 000 amperes indicate that the loss rate becomes more 
rapid as the current increases. in agreement with 
some theoretical expectations based on turbulent dif• 
fusion produced by the heating current. At low cur• 
rents, on the other hand, the loss rate seems to reach 
a minimum value, independent of current, but varying 
roughly as B½JT¾ where Bis the magnetic field strength 
and T is the temperature. In this low-current regime 
the density profile is nearly tlat, within the plasma 
column. with a steep gradient in the scrape-off layer 
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that goes into the divertor. The temperatures arc 
relatively low in this regime, typically less than to volts, 
and the short mean free path may impede the attain
ment of equilibrium in the curving sections of the 
stcllarator. . 

In addition to the steady loss of plasma, a variety 
of catastrophic effects appear under certain conditions. 
These violenl phenomena appear explicable in terms 
of rather simple processes. such as hydromagnetic 
instabilities. two-stream instabilities, and limitations 
associated with sheath currents. Since these events can 
be avoided. they do not appear to be of great practical 
importance. 

The pure plasma of Model C seems a favorable 
environment for ion heating, for which two separate 
techniques have long been planned. Equipment for 
ion cyclotron resonance heating is now installed. On 
a mirror device at Princeton. under less favorable con• 
ditions. such equipment has produced ion tc-mperatures 
as great as l 000 cV. Equipment for magnetic pumping. 
which heats the gas more gently, although less effi• 
ciently. should be ready for installation ~omctime in 
1965. Recent theoretical computations indicate that 
the e-folding time for the temperature with this equip
ment should be about half a millisecond, as compared 
with an observed particle confinement time of 3 ms. 
and a plasma cooling time of 2 ms. These two heating 
techniques should make it possible to extend the 
Model C program to temperatures approaching the 
thermonuclear regime. 

PART V. RESEARCH AT OTHER CENTERS 
• • I 

tn addition to research at the four main centers, 
active programs in controlled fusion are under way 1 

at a wide variety of laboratories in the United States. 
In the present brief summary only a few of these 
programs, not necessarily the most significant, can be 
mentioned. 

Studies of 0-pinches are under way at the Naval 
Research Laboratory, at General Electric and at 
Johns Hopkins University. The group at the Naval 
Research Laboratory uses relatively strong fields, 
between 50 and 100 kilogauss, rising in I 5 11s. Recent 
improvements in the vacuum system have reduced the 
impurity level to a fraction of a percent; the e\ectron 
temperatures, determined from the observed brems
strahlung spectrum. now range up to one kV at de~
sitics of typically 5 x 1016 per cm3• The former dnft 
of the plasma has been eliminated by improved field 
homogeneity. Rotational instability is fre.quently 
present, but under some conditions, . esp:c,ally at 
initial pressures exceeding 0.05 torr, this disturbance 
is not apparent and confinement lasts as long as the 
confining field. Application of a quadrup~le field 
seems in some cases to impair rather than improve 
the confinement. 
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The GE program is characterized by an initial 
pressure of about 0.01 torr, substantia1ly lower than 
in similar devices elsewhere. Preionization with a large 
ohmic heating current is followed by pulsing an axial 
field of some 50 kilogauss in about 7 ,,s. • In contrast 
to work at higher pressures, a substantial neutron yield 
is found in the first half cycle, with no bias field. The 
observed ratio of D-D and D-3He reactions indicates 
that the energy of the deuterons which produce fusion 
is about lO keV. The plasma appears to be grossly 
stable. At Johns Hopkins the rise time is very short, 
about 0.511s, while the initial pressure is between 0.02 
and 2 torr. Flute instabilities seem to develop when 
the magnetic field exceeds 20 kilogauss. Evidently 
further work is required to delineate the precise 
boundary between stability and instability in a 0-pinch. 

At General Atomic * and at Wisconsin University** 
research is under way on plasma injection into ·a 
toroidal geometry that is believed to be theoretically 
stable for hydromagnetic perturbations. This geometry 
is shown in Fig. 17, which depicts the cross section of 
the plasma confining region. The four rods, which are 
circles centered on the axis of symmetry of the toroid, 
carry substantial induced currents, all in the same 
direction, and are suspended from the wall. The 
magnetic field lines are those of an octopole and lie in 
the plane of the figure. The stability results from the 
general tendency of the magnetic field to increase out
wards. Ionized gas is injected from a plasma gun. 
Research at G.A. has so far been on a linear device 
of this type; the plasma injected from a coaxial gun 
with ion energies of about a kV appears to penetrate 
the confining region across the magnetic field on the 
other side. Apparently the plasma reaches the ends of 
the device without touching the side wall. Measure
ments on a toroidal device at Wisconsin show that the 
injected JOO eV plasma seems to fill the entire device, . 
with a density between l010 and 1012 per cm3

, during 
the several ms of field duration. Evidently injection 
appears to be successful; more detailed diagnostics are 
required to test plasma stability in this geometry: 

An extensive program of theoretical research on 
plasma instabilities and related phenomena is also 
under way at General Atomic. Conditions have been 
found for the general instability of a confined plasma, 
the so-called "universal instability''. The calculations 
indicate that this instability can in some cases be 
eliminated by the same methods that eliminate hydro
magnetic instabilities; that is, by favorable field cur_
vature and shear. The stabilizing effects of finite Larmor 
radius and viscosity on resistive instabilities have also 
been analyzed. 

,. Supported in a joint program wilh the Tex;is Alom!c 
Energy Research Foundation, composed of ten prrv;lle electric 
utility companies irt Texas. · 

•• Supponed by the US Atomic Energy Commission. 
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A variety of small-scale experiments in basic plasma 
physics in being carried out in many university labo
ratories, as well as in the major controlled fusion cen
ters. Beam-plasma interactions, for example, are being 
extensively studied at the Massachusetts Institute of 
Technology, Stanford University, and Johns Hopkins 
University. Interactions between microwave radiation 
and plasmas, including both emission and scattering, 
are being studied particularly at M.I.T. Caesium plas
mas are being used not only for these studies but also 
for experiments on instabilities and plasma transport 
properties. While these studies are not all directly 
related to the controlled fusion effort, the basic informa
tion which they yield should facilitate the intelligent 
use of plasmas in applied fields of many types. 
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ABSTRACT-R~SUM~-AHHOT AU1'1.R-RESUMEN 

Al19S Euu-Unlt d'A.m,rlque 

Recherches sur la fusion controlee 
aux Euts•Unls 

par A.H. Snell et ol. 

Les auteurs decrivent les principa!es ellpcric:nccs en 
cours ou projetecs aux Etats-Unis pour ttudicr le 
confinement ct le chauff'agc des plasmas. 

Dans le cadre du programme comportant 1'utilisa
tion de miroirs magn~tiques. on obtient des plasmas 
chauds: 

a) Par injection de plasma suivie d'une compression 
magnctique (2X); 

b) Par picgcage d'ions provenant d'un faisceau 
d'atomes neutres (ALICE); 

c) Par picgcage d'ions atomiques au moyen de la 
dissociation de Lorentz de H; (DCX-1); 

d) Par dissociation de H; dans un arc au lithium 
(DCX-2). 

Le mcmoirc rend comptc des resu\tats de la stabili
sation par controle de ta gamme et de la distribution 
spatiale des temperatures et des densitcs du plasma 
(stabilisation sur orbites finies) et par utilisation de 
champs comple,tes ayant une region fermee a « B 
minimal» semblable a celle de Joffe. 

Les auteurs etudient egalement d 'autres configura-. 
tions magnctiques qui utilisent des champs magne
tiques i\ « B minima\ >>. 

Its presentent des resultats obtenus recemment dans 
le cadre de l'experience de compression magnetique 
rapide (Scylla IV) et decrivent une maniere possible 
d'aborder l'etape suivante. 

Le dispositif Astron, compose d'un accelerateur 
d'electrons a forte intensite (160 A a 4,1 MeV) et d'une 
chambre de piegeage a champ magnetique axial, est 
achcve. Le memoire rend compte des resultats d'ex.pe
riences de picgeage des electrons sur des orbites qui se 

deplacent suivant un mouvement rotatif et oscillant, de 
fa~on a former une couche cylindrique. 

Les auteurs uposent des resultats recents obtenus 
avec un dispositif toroidal a champs magnetiques 
pulses (Levitron) avec chauffage cyclotronique des 
ions visant a discrimincr cntre les modes d 'instabilite; 
its dccrivent aussi des resuttats theoriques pour une 
configuration toroldale stable f di/ B. a structure mu\ti
p(>1e periodique. 

Le programme de recherches du stellarator modele 
C, comportant un chauffage ohmique et divers types 
de chauffage ionique, est expose. It ressort de certaines 
observations que cette methode permet de produire 
un plasma pur de 50 eV et que l'on peut presque 
atteindre un equilibre mecanique et thermique. Les 
auteurs discutenl \'utilisation du derivateur, ainsi que 
Jes resultats d'etudes sur l'energie radiante mesuree, 
Ies energies requises pour !'ionisation et le chauffage, 
et sur le bi1an energetique. 

Le memoire decrit des experiences sur des plasmas 
d•etectrons chauds au cours desqueltes un etat 
stable a ete maintenu, le rapport fJ - pression du 
pl,asma/pression du champ magnetique - etant 
egal a 0,3. 

ll decrit egalement des recherches complementaires 
sur le rendement de canons hydromagnetiques a 
grande vitesse et sur le comportement de l'arc au 
deuterium sous vide. 

Les auteurs traitent, enfin, des programmes de 
recherches sur la fusion controlee qui sont en cours 
dans des laboratoires industriels, notamment a Gene· 
rat Dynamics et a General Electric, et exposent les 
demiers resultats obtenus au Laboratoire de la 
recherche navale dans le domaine de la compression 
magnetique rapide. Us donnent un aper~u des recher· 
ches sur les plasmas qui soot en cours a I 'Institut de 
technologie du Massachusetts, a l'Universite de 
Stanford, a l'Universite de New York et a l'Universite 
de Catifomie, a San Diego. 
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A/195 CWA. 

HccneAOBaHHff ynpaBnfleMblX repMO
RAepHblX peaK4HH a CWA 

A. X. CHen/1 et al. 

B ;toli:ta;.tl' OllltCaUEJ rJlilBIIWC ;)},CUepllll-leHTt.r, 

11pmm;11ntt.1l' n CUIA, no n3y'iemuo y,lepmamrn u 
11arpl'61IIIJIH ll.'la3Mhl, a Tat>iKe JI.JJallbT HaUe'leH-

Jll.11.' u :lToii OOJiaCTH na oy;{yw;ee. ' 

Tiprr 113y•1cHml reoMeTpnJt c 1,rnrm1Tm:,n.m npou-
1.-il.\111 l'O}Hl'WR: IT.'H\3Ma co.1~aeTCSI O,'~IIIIM 113 cne
;l)'IOIU.IIX frroco6oa: 

a) Jlllih'l'l·i'.l~IIR IIJl33Mbl C JIOC.'!e.'lYIOIU,IIM MafllllT-
111,rn cmamen (2X); 

b) aaxBaT nonou na ny•11-.a 1tciiTpam,m,1x aTO
)IOB ( «Amrcait); 

,·) :taXBaT aTm&apHhlX UOIIOB MeTOlOM Jlopcu-

1\l'Ba pa:i.10»,rmrn H2 + + (DCX-1); 
d) ;u1cfo1~11au.m1 H2 +-i--n11Tucsoii ~yrc (DCX-2). 
O1111ca111,1 pC3YJlhTaTLI CTa6HJJJl33l~IIJ( IlJia3m,I 

:i.a r•wT pcrym1pouaff11R paaMepoe n npocrpattcT-
11t>1111oro pacupe.:tt'.'ll'fll!H Te:-.rnepaTy{H,[ n nnorno
t·Tn ll.1J;1:O11,1 (tWJl(''llfllJI CTH6HJJJl3aU,UJI opoUTI,1), 

a THh'ifi(' lljHIMCIIemrn ... OMIIJICKCHLTX JIOJiei-i, ltMCIO

ll{IIX a.1~11myTy10 ou.TJaCTlt «MnmrnyM E•, nox.o
a.y,o ua 06.1acT1,, onucaHnyro Ifocli<{lc. 

Onnca.m,l II :tpyrue MarnnTHLl.e Kottq111rypa~1111, 
II t.OTOJlLIX JICII0.1Jh3yeTCH J,OH~l'Irypaumi: «Mmrn-
11)'?.t s ... Ta,mMll noJHI.Mll HBJUl10TCH ManlllTllblO 

110.'tR R 1J10p!>te coi,p,rnnoro llY'llH' mm cuHpaJlll. 
B <'T,\The npUBt';lt•Hl,J 111.','.(aBlIO noJJy'JCHHbl0 3JiC· 

llt'pll:'IICHTl\:JbHblC peay;JLT3TJ,I 6bICTporo Marmntro• 
rn .~mai-n.R mrn:nu.i ( «Cu,umia l V >)) u IJJiaHl>I ;,.am,
m•nmt>ro paaBJITJIH aroii nporpaMMLJ. 

Oe;otl'Wno CTpouTe.11.1:,crno ycw11oemr «AcTpo,n, 
f'IICToJHJ..tCir Jla CUJlbH0T0•JH0l'O :}Jl{'t.Tp0HH0fO yc
i;opun•.lff ( 160 (I, np11 4,1 M:M) ll JJoBymKH C OCl'
llbl)f MafllllTIIblM 110.'WM. 06cym,llllOTCff :lKcnepn
)11.'HTaJII,llblC pC'ayJlbTaTI,J 110 yJiaBJIIfBaHIHO :;JJieh:

Ti)OHOJJ BO B[)3ll\Hl0ll.(ll.\'.C.fl H KOJICOaTeJII,HI,JX 

op611Tax ;t.111 u6paa0Bamt11 U.llJIIIH,'.l_p111wc1wro cno11. 
Om1c-;uu,1 11c;(asu11e pcayJibTaTbl, uony'leHHl>W 

Hll TOpotqa.lJbHoii YCTUl:IORt-e ( «JleunTpOH>>) C 
11y.11,c11pylOU\IOtlt cpca,rnm,nm MarHRTHbtMll 
IIOJlfUlll, R J,;OTOpoii ncnom,aycTCH UOHttblil ~HIUlO

Tpo1mt.1ii narpes A.llff ;ot<:1'pm,mnamm ttcycToii1rn-
1n.u.: tfloJrn. Taml\e 01mcam,1 Teope-m-qecim<' 
11eayJ11>TaT1>1 no ycroii•nrnoii Topon;\a.nhHoii 1mm}>11-
rypa~nn J dl/B u c ncpuo;\n•1ccnoii MYJ11>Tlino.m.-
11oii CTPYK'typoii. 

06cy)K,(8eTCJI IICCJIC~OBaTeJJhCI,uJI nporpaMMil 
)10 CTC:J.TtapaTopy (MO~eJlb «C») C OMll'ICCJUIM I[ 

:1pynotn 11ma:i1111 nowrnro uarpeBa. Ha6J110~emrn 
)fOKa3lJBaIOT, 'JTO 3Tl1Pol MeTO,l(0lf llf0'1CH0 DOJlY'IHTI, 

'fHCTYIO u.na311y C :meprneii 50 38 JI 'ITO yCJIO
.!JllJI, 6.nu3Rllc K Me.xaunqecxoMy u Ten.nosoMy 
J>aBHOJlCCHJO, MoryT 6ldTh ~OCTl[rHY1'I.l. O6cymAa~ 
IOTCJI JJp1n1eueuHe ,1nacpTOpa H peayJJuaTLI 11a-
11rp£>HllJ1 Bbl~eJJJn<>nI.eiic.11 :meprnn - aueprmr, 
Jfeooxol-{nMoii JI.JrH 1mu1rnau;1111 11 Harpena, a TaRme 
JaeprcTn'lec1mii 6aJianc. 
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O,mcanbl :mcnepirneHTI,I c rop11'-leii 11:1a3;,.roir n 
JiOTOpoii ycTOiilJIIBOC C0CT0HHlle ~oCTnraeTCSI npu 
OTll()llleHJm 11aBJICHUH JIJia3MIJ Ii JfaBJICHlf!O Mar

HHTH0ro Il0JJSI ~ = 0,3. 
OuncaHLI Tam«e BCU0M0raTeJl&Hble IICCJie;i;oaa-

111111 Xap3.nTCpllCTJ!li JlblCOKOCHOpOCTHUX fJI/WO· 

llafHIITHblX nymeK n llCil(IH{ pauoTJ,[ J1,eiire1me
noii na1,yy,moii Ayrn. 

Oocyif<J\<UOTC!f nporpaMMhl llO ynpaR.;rneMIHl 
T~pMOfl;l,CplU>IM }Wi\lil\llRM B llp0MhllllJleHHUX .:rn
fiopaTO}HUIX, 1n.:110•rnn m16opaTopmt (JntpM «J];».e-
11c-pao1 ;:\aiin(':.1111-c)) H •A~l'ttcpa.'I 3,lCn'I'J)lll", a 
Tllt.,lil' llOl'Jll';:\Rlle ))l'ayJ11,T8Tl>l no 0bl(WplntY Mar

JJIITJIO:'IIY cmar11JO 11.1rnalthr, J10J1y 11rm11,w B Hay•1-
110-11cc JH']tonaTNI r,C 1-wii .'lilOOpaTOpll JI IIUCHJ!i)-~wp
c,,oro ,1,.11un1. B :wi..:w;w 11p1me;1cn .i-:pan,:nii 06:Jop 
11rc.11e;~ona1111ii JJ 06:1acn1 1Jrna11!m 11,,aa~n,1 . np1c 
Macc,111yceTCIW)I T{'\ 110.1orJ1'JC('IWM JlffCTIITYTC', 

Crn11<~op.:tc1>olf II H i.ro-flopKrtwM yH utwpcnreTax 
H l-i11.111<(1op1111iict-m1 ymrnPpc·11wTe H C,rn-,l],m•ro. 

A/19S Estados Unidos de America 

La investigaci6n sobre fusion controlada 

en los Estados Unidos 

por A. H. Snell et al. 

Se describen tos experimentos mas importantes 
actualmente en marcha en tos Estados Unidos para 
estudiar el confinamiento y calentamiento del plasma 
asi como los planes para el futuro. 

En el programa de espejos magneticos se producen 
plasmas calientes por: 

a) Inyeccion de plasma seguida de una compresi6n 
magnetica (2X); 

b) Captura de iones de un haz de atomos neutros 
(ALICE); 

c) Captura de iones atomicos por medio de una 
disociacion de Lorentz de! tt; (DCX-1); 

d) Disociacion del H; en un arco de litio (DXC-2). 

Se comunican los resultados sobre la estabilizaci6n 
mediante el control de la escala y de la distribuci6n 
espacial de temperaturas y densidades de! plasma 
(estabilizacion de 6rbitas finitas) y mediante el empleo 
de campos comptejos que tienen una region cerrada 
de « B mrnimo >) semejante a la de Joffe. 

Se discuten otras configuraciones magneticas que 
emplean campos magneticos de « B minimo » tales 
como la cospide biselada y el helixion. 

Se presentan los resultados recient.::s de! experi
mento de compresi6n magnetica rapida (Scylla IV) 
y se describe un posible proyecto de realizacion de ta 
etapa siguiente. · 

Se ha terminado la instalacion Astron que consta 
de un acelerador de electrones para altas corrientes 
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(160 A a 4,1 MeV) y de una camara de captura con 
un campo magnctko uial. Se discuten 1os resultados 
de los experimentos de captura de electrones en 
6rbitas rotatorias y oscilantcs para formar una capa 
citindrica. 

Sc dcscriben 1os uhimos rcsultados acerca de un 
dispositi,·o toroidal con campos magneticos cizallados 
puls.ados (lc\ritron) que emplea el calentamiento de 
ionesciclotron para discriminar los modos de inestabili
dades. Tambitn sc dc!.eriben los rcsuhados tcoricos 
de una configuracion toroidal establc de f di/ B con 
tStructura multipolar ~riodica. 

Se discute d programa de in,·estigaci6n del stellarator 
modclo C empJeando calentamiento ohmico y varios 
tipos de calentamiento de iones. Las obscrvacioncs 
indican que por mcdio de esta tccnica puede produ
drsc un plasma puro de SOeV y que pucde obtencrse 
una buena aproximadon al equilibrio mecanico y 
termico. Sc discuten cl empleo de un dcsviador y los 
rcsultados sobre la encrgia radiada medida, encrgias 

A. H. SNELL ct ol. 

requeridas para la ionizac1on y cakntamicnto )' 
estudios del balance energetico. 

Se describen experimentos de plasmas calientes de 
clcctrones en los cualcs se ha mantenido un cstado 
estacionario con una rclaci6n p de la presi6n def 
plasma a la presion del campo magnetico igual a 0,3. 

Tambien se dcscribcn invcstigaciones. complemcn
tarias sobrc el rendimicnto de caiioncs hidromagne
ticos de aha vclocidad y sobre el comportamiento del 
arco de dcutcrio en el vacio. 

Sc discuten los programas en marcha sobre fusion 
controlada en laboratorios industrialcs, induyendo 
los de la General Dynamics y los de la General 
Electric, asi como los ultimos resultados obtenidos 
en cl Naval Research Laboratory sobrc compresi6n 
magnetica rapida. Se prescnta un breve rcsumen de 
las invcstigaciones sobre plasma en cl Massachusetts 
Institute of Technology, en la Univcrsidad de Stan
ford, en la Universidad de Nueva York yen la Univer
sidad de California en San Diego. 
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MccneAOBOHM~ no npo6neMe ynpaen~eMoro 
SIA8PHOro CHHT83Q H cpH3MKe 
BbJCOKOTeMnepaTypHoM nna3Mbl a CCCP 
A. A. Ap4MMOBM'I 

R0He11uoii ~eJILIO DCCJie)l;OBaBn:ii, CBH3aBHLIX 
c npoo.neMoii ynpaBJIHeMoro n,n;epHoro cnureaa, 
HBJUleTC» paapa6oTRa M8TO)];OB, Il03BOJUllOII\l'IX 
BCilOJILaoBaTI, ]l.eiiTepuii: n TpHTHH B Ra'leCTBe 
HOBY.x BHAOB H.n;epnoro rop1011ero AllH anepreT1t-
11ecxnx n,eJieii. Heo6xminMLIM ycJioaueM wrn roro, 
'ITODW B }l,eiiTepHH HJIH ero CM0CH C TpHTlleM 
npoTeKaJIH HHT8~CHBHLIC 11,n;epH.Lle peami;nn, JIB
Jl.110TC11 qpeaBLI'lf8IIHO BLICOKa.11 TeMneparypa Be~e
CTBa. 0Ha AOJillrna OlilTI, nop.JJ,n;Ra coreu MHJJ.lIHOHOB 
rpa,n;ycou: B aToM re~meparypuoM ,n;nanaaoae 
n.nepuoe roproqee 6y,n;er npe,n;craBJIHTL co6oii 
non:eocTLlO HOBllanponam1y10 m1aaMy. KpoMe 
Oqeu1, BHCOROH TeMnepnyp1,1 IlJiaaMa AOJIIBBa 
DMeTL TaKiKe AOCTaTO'lHO 60Jihmy10 ROHD;0HTpa
l(HIO, raK 1mK BHxoµ; H,llepm.rx peam:i;nn nponop
IUIOHaJleu 1rna,n;paTy KOHI.{0HTpao;1m. 

Ya-e np11 caMOM aapom;i;eHHH 11;i;e11 06 ynpaB
JJJieMoM H~epHOM CHHT03e OLIJIO JICHO, 'ITO r.llaBHaR 
aa,n;a11a, l<OTOpyIO H8,!l;O pemttTL ,llJIH ,n;OCTHmemrn: 
QeJIJJ, aa.KJIIOtJaeTCfl B TOM, 'IT06Ll o6ecnetJJITL 
0'10Hb COBepmeHHyIO TepMOlI30JIH~HlO »,n;epuoro 
ropIO'lero. E,I\HHCTBeHHoi,: cpe,n;of1, C ROTOpoii 
Homet conpKKacaT1>CH ropn11an miaaMa, He OT]];a
Baa MfHOB0HHO aanaCeHHYIO B aeii TeIIJIOBYIO 
aHeprmo, HBJI.JJeTcJI BLICOJ(nii BaJ(yyM. O;i;aa.Ko 
Jl.JU1 Toro, 11ro6u naomtpoBaTL crycTOK rop.f.l'leii 
II,1a3MLI B BaKyyMHOM npocrpaHCTBe, Heooxo,n;nMO 
DpOTDBOllOCTaBHTL J);aBJieHIIIO nJiaaMLI Ha ee rpa
BBQ;e H0KOTopyIO ypaBHOBem11Baromyro CHJiy. Ta
Kaa cnJia Momer 6LITh coa,n;aaa c no:r.rnm.1,10 Mar
HBTBoro ll0JI'1, eCJIU CHJlOBLie JIHHHR inoro llOJIH 

ORpy>RaIOT 06Jiacr1>, aaHnry10 mraaMoii. Mar
BHTHOe IIOJie BhlilOJIH.HeT poJIL aJiaCTH'lHOii 060-
JIO'IKR, J).aBJiemie ROTopoii ypaBHOBemnBaer raao
KHHeTlPlecxoe ,n;aBJieHHe mraaMJJ. 

Cne;:i;yeT o;:i;HaKO HM0Tl, B Blf,D;Y, 'ITO 1,farHHTHaH 
T8pMOH30JIH.qBR He HBJIHeTCJl COBepmeHHO n.u;e-
8JILBOH ll 'Aame · B O'ICHL CHJibHOM MarHHTHOM 
DOJJe 6y'AeT nponcxo,n;nTI, yTeti:Ka aHepnrn na 
n»a3Mht. Mepoii Ka'leCTBa TepM0H3oJia~mI MomeT 
CJlYll\HTb »peMH, B Tettenue KOTOporo nnaaMa, 
llOl.lell\eBHaJI B Matll:HTHOe llOJie, coxpaaHeT BUCO
l<Hii: yponem, Te1tlIIeparyphI. ll,mr. Toro 11ro61,1 
naiiru aro xapa:Krepaoe BpeMH 't', Hya<uo paa,n;e
JIHTI. CYMMapuyro TCilJIOBYIO aHeprHIO Bcex 11acT~, 
BAXO~R~XCR B llJI83Me, Ha B8JIH'IHHY llOTO:Ka 
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aneprn:11, ROTOplilii: nepeHOCHTC.fl B e~HHey Bpe~ 
M0Hll 6:blCTpNMR 11aCTl'IIJ,aMB, yc1tom,aa10~RMB 113 

nJiaaMN. Ilapui1eTp 't MOffiHO pacc:MaTpllBaT1, 
T&Kme K&l< cpep,Hee Bp0?,Ul $H3HH 6LICTpoii 'lac
THIJ;Li B IIJia3M8. 011eBHJJ:HO, 'ITO . TepMos.n;epm,1:ii 
peaKTOp C IlOJIOiRHT8JibHlrlM BLIXO~OM imeprBH 
MO>KCT OLITL nocrpoeH TO.lILKO IIOCJie Toro, Kalt 

6y.n;yr aaii,n;eHLI Mero,11,hl, nosBOJIJI10~e y.n;epmn
BaTL OLlCTpLie 'l8CTHULI B ITJI83M8 B Te'leHHe ,n;ocTa
TO'IHO ~onroro »peMean. Do, cym:ecTBY BCH ]I.O
BOJILHO ~JllIBBaJl lICTOpHH HCCJie]I.OBaHnii DO npo-

6JieMe ynpa:sm1eMoro CBHTeaa - '3TO 6op1,6a aa 
6om,moe "=· 

UccJieµ;oBaBHH no npo6neMe ynpaBJrneMoro 
JIJ{epaoro cnaTeaa Be;zyTcH B paa.nuttHfilX CTpaHax 
yme oRoJio noJiyropa µ;ecHT1IJier11ii:. BnepBLie 
peay111,TaTLI HCCJle,n;oBaBnii no repMOH,o:epBOM)' 
CHHT03Y 6LJJIH npo;:1eMOBCTp1IpOB8HLI Memµ;y.ua
po,n;HOH H8Y1JH011 o6~eCTBeHHocrn BO Bpeirn Bro
poft meneBCKOH :KOliii,epeHI],lm no MnpHOMY uc
llOJII,30BaHmO aTOMHOii ~meprnu B 1958 r. 3JJ;eCL 
61,m IIO'ABeJJ;eH uTor nepBoro awna ncc.rreµ;oBaHn:ii, 
KOTOpblii npu:xo,n;nTCll Ha Te roµ;hl, ROrµ:a pa60TLI 
u paam,1x crpaHax BeJinc1, coaepmeHBO aeaamc
CHMo ,n;pyr or ,n;pyra. ll,JIH aroro nepHo;:i;a xapaR
repHJJM HBJl.fl8TCJI p03K08 1Ip000;<Ia,n;aHne Te0p8Tll-
118CKIIX n;:i;eii ua,n; aKcnepuMe·nraJILHI>IMH paa
paoor.KaMH. Cocro.JJHHe a1rnnepnMemaJihHHx nc
cJie,!{OBaHnii B BTO Bp0Mll e~e co»epmeHHO Re 
COOTB8TCTDOBaJIO CJIOlKHOCTH IlOCT&BJie1moii aap;a-
1111. B ro)'.l.Y, nocne,o:onaBm«e aa Koniflepenn:nen, 
Korp,a Ha OIILITe Beaµ:e npnruJIOCJ, BllJIOTHYIO CTOJIR
BYTI,CJI c 6om,mHMH rpy,n;HOCTH.MH, nocreIIeHHO 
pacnpocrpammoc1, noBnMaune neo6xoµ;mrncTn 
no,n;HJITJ, BKcnepnMearaJ11,nyro rexmrny Ha 6oJiee 
BhICOI<nii yp0Ben1,. IloJIBHJioc1, TaKme coaeamre 
roro, 11ro cep1,eanoe oocym;:i;eune rexn11'1ec1wro 
acneKTa npo6JieMN ynpaBJUieMoro c1rnreaa craHeT 
B03MO'.IKHhlM TOJlbKO TOr)J,a' KOrµ,a 6y1I,Y'r 3aJCO
)K0HbI '3KCllepMMeRTaJILRLl0 OCHOBLI qmamm BLICO

KOTe&mepaTypHOH nJJaam.r. 
B aroM ,n;oKJia,n;e 6y,n;eT paccKaaauo, KaK paaBH

BaJinc1, aa nocJie~HHe ro,n;1,1 nccJie,n;oBaH1111 no 
cf,uanRe BblCOKoreMneparypuoii mraaM:EJ B Coaer
CKOM Coroae. 3rn HCCJ10,!l;OB8HllJ:l OXB3ThlBaIOT 
6on1,ruoe 11nCJio paaBlilX sanpaBJiemrii. Ifa HHX 
Baame:iimnMn DBJIHIOTCjl: 
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t) BCCJie;r.osanue CBODCTB DJl83MH B TaK B831,1- K M&rBHTHHM JIOBYWK8M e 6oJiee CJIO>KHOB CTPYI'· 

Nelll,lx OTKpWTLIX llafBBTBYX JtosymKaxt TO TYpoii llOJlff (llOJlff UR6pHABOro THna-.). Oo 3T1ll 
ecn. B TIKBJ: lllfBDTBNX CHCTewax, BayTpH MarBHTBLIX CHCTeMax MY 6yAeM rosopHTL U03Jl• 
JCOTopwx crycTOK ILU3MY y,ttep>KeBaerc11 a o6Jra- nee. 
CT• npOCTpaBCTBa C ueaaKRByTHMB CBJlOBIU.lH Caa11ana BBHManue 3KCnep1n&eHTllTOpOB ()l,lJIQ 

naau111111; 2) Pay,ieDBe sarpeaaee11 nnaaMW npo- o6pa~eao na npocreiimnii run noBymeK c ~BYJU 
ffKU)IItl(II DO Deii TOJ<OM a TOpORJtB.nLHLIX CHCTe- lflrHHTHLIMH npo6KaJifH, B 1957 r. n MecTHTYff 
MIX c O'lelU. C.WlbBHM tTa6wtB3BpylOD\llM llOJieM; aTOMHOH aneprHH (UA3) s MocKBe 6L1Jla BBeAelll 
3) uay,ieeue uoae~eBBJI DJll311W B BYCOK0 .. 8CTOT- B AeiiCTBne nepBa,1 3KCnepHMeHT8JibHaJI ycta• 
RWX a.1eKTpo11arB11TRWX DO.IIRX 6oJJLmoii H8DpR• HOBK8 C MarBIITHLIMH npo6KaMH, B KOTOpoi 
~BB04:TR (yAepmauee B narpennne llJla3HY). naKODJieBne llJlll3M.lil c BHCOKOR Te,rnepaT)'pOi 

OcraeOBHMCR Ppe)l(Jle ecero ea BCCJleAOBaHHH HOHOB ocy~ecTBnReTCR C DOMO~LJO MeTOJla tBOR-
CBOACTa DJl13MW B 118THDTDW.I JIOBfmKa.1 C OTKpW· HOrO MareeTpoua~. Ou COCTOBT B TOM, 'ITO B3 

fllMl'I KOB~U&D. Y.n.epmam1e DJ1a:nu,1 B TINBX XOJIO,D.HOii llJl83M.eHHOll CTPYH, COJJJ,aHHOii Ba oc• 
ycrpoficreu: ocnoeaeo ua O,ll,HOM 38KOB8 ABR>tce- MlrRHTUOU CHCTeMLZ. HOHLI: BLl:C8CMB8lOTC.II H yc-
BBII aapRH<eHDWJ: '18CTH[t DO,!J, AeiiCTBHeM MarHHT· l<OpJUOTCR DpHJIO>KeHHeM J<OpOTKOfO HMilj'JIJ.CI 
Doro DOJIA, \Jactu~a. ABDT8101Q.8RCR B,lJ.OJlb CHJIO- D1:ilCOKoro uanp»memui. IlocJie npHJIOIBeBH.R ua-
aoi JIHRHH B CTopoey B03p8CT8IO.IQ,ero DOJJR, DpR>KeHHR DJI83MeBH8R crpyR K8K 6u paa6pY3-

PNC. 1. re0t11etpH11 11arHKTHoro non11 a MarHKT
Holl .1108YWK8 C OTKplilTl,IMK KO"'-'aMH 

acnwnreaeT Topwo>1<enoe. Ee:1u eanpaeneune ee 
CROPOCTB COCTait.'UleT ,11,0CTaTO'IHO 6om,moii yron 
c ca.,oaoi nenneii, 101 DOAIOJJ..11 K 06.11acr11 c 6oJIL
moii uanpR>KeBBOCTLIO DOJIR, 11acrnna 0Tp33HTCR 
o6paTao, KaK OT aepKaaa. Ilonm,y eemt MarnnT
noe no:ie ycu;inaaeTCR B~OJIL CRJIOBLIX JIDHnii 
a o6e ctopom,1 OT HeKoTopoii cpe.J(ne1i o6Jiacrn, 
TO DORB.l1ReTCJl B03MO)KBOCTL aanepeTL 11aCTH[J.L( 
llJ183MW B orpann'leBHOU '18CTR npocrpaRCtBa 
lle~y tMUHHTDLIMU npo6K8MlU, TipocTeiimeit 
MarBHTBoii CRcTeuoii paccM.aTp1rnaeM.oro t<Jtacca 
RBJIReTCR 06L111eaJ1 JtoeymKa c ABYMR Marnnr
DYMll npo6Ka1111, cxeMaTn'leCKU nao6pamenaaR 
Ba pue. 1. MarHHTHOO llOJie TaKOii <J)opMLl C03-
~aerca c DOMO~LIO KaTymeR, o6TeKaeMLIX TOJ<OM 
B O;l;HOII B TOH me uanpanneann. 3aMeTnM, 11To 
B JiosymKe e ABYMB. 3epKaJiaMn nanpnmenaocrL 
DO)IJI H B03paCTaeT OT ~entpa B~OJIL CIJJIOBLIX 
JIRHHii B BMeCTe e TeM y61ilBaeT B pap;naJILJIOM 
uanpaBn:emm. ECJIH nepeMeHHTL nanpaaneane 
ToRa B O~HOS R3 KarymeK, TO DOJl)"IHTCJI M8rBHT
BaR .llOBymKa co BCTpe'l:JILlMH IlOJIRMB. nao6pa
menaaH. na pnc. 2. HanpameaHoCTL no.1111 B Tatwii 
JIOBymKe aoapacraeT BO BOO CTOpOHLI OT :Q.0HTpam.
uoii 06Jiac111. B neKoropoii TO'lKe BBYTPR aToii 
o6nacrn BeJUfllB.Ha H o6pa~eTcR a ayJIL. B noc
nep;eee speMR 6o.11Lmou nmepec npo11sJU1eTcR 

PHC:, 2. reoMeTpHR MitHHTHOro 
non.A S JIOBYWK8 co BCTpe-tHoi. 

reoMeTpHeA noneA 

fHBaeTCR, H o6'beM M0>Kp;y MarHRTBlilMB npo6:KaKJI 
OKa3LlM.eTCK aaIIOJIH0RHLIM BLICOKOTeMDepazyp
HOD'. DJl83MOH C KOBI~eHTpa~eeii 109-101° CM-,. 

3HeprHR, OCTaBWaRCH y HOHOB DJia3Mlil noCJie 
CHRTHR BLICOKoro nanpn:meHHJI, COCTaBJIReT t,5-
2 1'36, 'ITO COOTB0TCTByeT TeMllepaType nopffAKI 
2. 101 ° K. Ocnoeaou ~eJibJO a1tcnepnMemoB, 
DpOBO,!J,HBWHXCR B Te11eune p11,l(a .110T ua 3TOD 
ycrauonKe, noJiy11nemeii uaaeanue 4CHOnaoro 11ar
HeTpoHat (IIM). HB.11RJ10Ch nccn:e,D.oeam'le cBoiicTB 
DJiaJMI,l~ 38XB81iCHHOH B MarHHTHOM none nocn:e 
nMny.111,ca e1i1co1<oro Hanp11mean11. Ilpemp;e ecero 
Heo6xoll,HMO ,61,rno onpeJ\eJlltTL JJ,JIHT8JlbROCTL 
cyDl,ecTBoBaHnR o6paaoBaemeroca nnaaMeHnoro 
crycri<a I TO eCTL BpeMR lKH3BH 't 61,1cTplilx HOIIOB 
B noeymRe. Ami: Toro "IT06Y. naiiTn aTy nen:11-
11nay, HYlRHO ll3MepHTL, KaK BaMeHneTC11 BO 
BpeMeHH ROH~eHTpal\HSl DJl33MLI (TO ecTL 11HCJ10 
OhtCTpblX ROHOB B 1 cJ1t3). Pa1,um AaHHoro AOKJiap;a 
He D03BOJIJIIOT H8M OllHCLlBaTL MeTOABKY 3TllX 
HaMepeHnii. Jloaroey MLl nepeii.J(eM nenocpep;cT
»euno R H3llOlKenmo \lKCnepHM0HT3.JlLBYX pe3yJIL
TaTOB. 

06pa6oTKa :rncnepnMenTaJILHoro MaTepuaJJa, ua
Konnennoro B Te<IeRne Tpex JieT pa6or1,1 aa 
ycTaHOBK8 JIM, D03B0JIHJia c<f>opeynupOB8T!, CJie
)O'JO~JIH OCHOBHOii BLlBO,ZJ;: m1aaMeBBLIB c.ryc.TOR 



SESSION E P/297 

C Ha11aJILHOH ROH~earpa~ueii: 11aCTHI( OT ~ 108 

,AO "'1010 H cpe,AHeii aHeprneii IIOHOB IIOpH,n;Ka 
1,5 1.36 aeycro:ii:11uB H pacira,a:aeTCH aa BpeMH, 
He npeB.hlmaro~ee H0CKOJII,KO COTeH MHKpoceKyH,n;. 
IlpHaHaKH aeycTOHtJHBOCTH OT'l0TJUIBO BhlpameBLI 
Ha OC~BJIJIOrpaMMax HaMepHTeJIJ,HLIX ycTpoiieTB, 
HCIIOJIL3Y8MLIX )'.l;JIH HaMepemrn: rrapaMeTpOB miaa
Ml,f. Oc~RJIJIOrpaMMLI nece11em,1 HHTeHCHBHLlMH 
BliCOKO'laCTOTHLIMH KOJie6aHDHMH. 

3TH peayJU,TaT1i,1 BIIepBLle ,a:aJJH y6e,a:nT8JlbHOe 
IIO~TBep~eHHe npe,n;cRaaaHHHM TeOpHH O Heyc
TOH'IDBOCTH llJia3Mhl B IIOJIHX TaKOH reoMeTpu11e
CKO.ii cf,OpMl,I, ROTopaH xapaKrepna ,a:m1 npoCThlX 
JIOBymeK C uarHHTHLIMH npo6KaMH. Teopern11e
CKHii aeaJIH3 IIORaaLIBaer, 'ITO BCJie)'.l;CTBHe YM0Hb:.. 
meHUH mmpHmeBHOCTII MarHDTHOro IlOJI.R: no 
P8ABYCY Ha IIOBepXHOCTII llJIH3M0HHOf0 crycTKa 
Moryr paaunaaTLCJI n napacraTL .a:ecliopMa~uu, 
HMeIO~e xapaxrep qepe,u;yIOill.HXCJI H3Ll'IKOB H 

Bna,n;ua. TaKa.R: CRJia.,11;qara11 crpyKTY pa uaaLI
Baerca ~a<eJio6KoBoii>> p;eqiopMau;neii, a 11pB11HHa, 
BW3LIB&IO.ll{a.H ee, .KOHB8KTHBHOH ueyCTOli'lDBO:
CTLJO. B OIILITax ua ycTaHOBKe HM HM.eeT Mecro 
HMeHHO KOHBeKTHBHa.JI ueycroii11HBOCTJ,. 3TO cne

AYeT, B 'l8CTHOCTH, 113 aHaJIHaa uaomo,u;aeMLlX 
ROJie6auuii DJIOTHOCTII IlJia3MI,I. B 1958 r., 1wr,a:a 
Olll,ITY na ycTanoBKe Hl\l aaxop;DJIDC.L B caMoii 
Ha'laJILHoii cra.n;u11, B IIA3 6wna 01rnuqeua no
CTpoiiKa OOJlLmoii: ycTaHOBKH c MarHHTHLIMH npo6-
Ka.MH. 8ra YCTaHOBKa' IlOJiy1111Bma11 uaaaaHHe 
tOrpu, npeARaana.11eHa AJIR HCCJieAOBaau11 soa
Homuocru oopaaoaamrn BLrco1toreMneparypaoli 
nnaaMH nyTeM BHemneit RHIB:8KIJ.HH 6LfCTp.LIX 
BOHOB. BucrpLle MOJie:KyJI11pHLI8 HOHLI BO.n;opo.n;a, 
llIDReKTHpye1,n,1e B JIOBymKy' 'JI.B.CCOII.HHPYIOT IlpH 
CTOJU(HOBeBHH C aTOMaMU OCTaTO'lHOfO raaa l{JIH 
qacTBJ\aMR coaAaHHOH B o6~eMe xono.n;uoil n~aa~ 
.MU. B pe3JJILTaTe ,ll;HCCOI\Hal\HH 06paay10TC.fl npo
TOBl,l C pa.n;uyCOM KpHBH3HLI TpaeKTOpHH B Mar
BUTHO.M DOJie, B,11;B00 MeHhmHM, 118M y MOJieKyJJ11p
BLIX HOBOB. OTO neo6paTRM00 H3M0H8HH0·TpaeK
TOpHB npHBO]l;HT .K TOMY, 'J:TO aroMapm.xe HOHLI 
0Ra3WBaIOTCR aanepTlilMH Mem,n;y ABYM.11 MarHHT
B~Hll npo6KaMH. Ha nepaoM arane ODLlTOB; 11po
Bo~HBmuxcH Ha •Orpe~, Rayqanca npocTeiimuii 
Mero~ HaKOIIJl0HH11 npOTOHOB C aHeprneii: 80 1'36 

nyreM )\HCCO~Han;1u1 HOHOB Ht Ha OCTaTO'IHOM 
raae. Ro11~eHTpan:n11 6LICTpLIX npoTOHOB, HaKOII
JleHBl,IX » RaMepe, aaBRceJia OT CHJILl uameKTH
pyeMoro TOKa H p11p;a p;pyrnx <.f,a«ropou, HO 
»cer)\a 6:blJia 011eHh HeBemrna. II p« BKmo11eHHOM 
BHmeKTOpe Olia 06hr'IHO COCTaBJI.R:Jia 107 c,,11,- 3 

(B o6'ber.te nopn,u;Ka 10 M 3}. 
IloCJie Toro :Ka:K BLl1ICHHJiaC.b He34>4Pe«TMBHOCTb 

nepBOHa-..aJii.Jioro cnoco6a HaKOIIJieIIHR mrnaMLI, 
6.LrJIO pemeHO ncnpo6oBaTb .n;ncco~uan;mo MOJie
ltyJUipuux DOHOB Ha IIJIOTHOll CTpye p;yroBoro 
paap.11.n;a (aror iteTo,u; 6m1 pauee npuMenen na 
YCTanou«e ICX » CIIIA). B Hayq110-uccJie.n;ona
TeJibCKOM BaKyyMHOM HHCTHtyTe 6.lrna paapa6o
Taua MeTO)J;Dl\a noJiyqemrn ll.HTeRCRBHOfO 11:yro
BOro pa3pHJ\3 B napax JIHTHH. ,0:JIHHH.blH rnuyp 
JcyroBoro pa3pH)J,3, COCTOJI~ll H3 IIOJIHOCTbIO 
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HOHH3Dp0B3HHOH XOJIO,!l;HOH IIJI83MLI C KOHD;eHTpa
I{Heii 3 · 10n CM-3, npOXO]\DT B llaRyyMe B'AOJIL 

CHJIOBHX JIHHDii no 11ceii: ,n;JIHHe MarHDTBoii no-
. BYJIIKH. 3roT HOHHanpouaHm.Jii muyp c:nymuT 
a<jitjieKTHBHLlM .n;nccon;naTopoM ,!.\JIH npoanai.ma10-
Ill.ero ero nyqKa MOJieKyJUipHhlX IlOHOB llO}\OpO;!!;a. 
OnhlTLI no BaKonneuuro OblCTpblx nporouou B 
«Orpe>> c ncnoJIJ,aojiauHeM JIHTDeBoi J\YTH oHJIH 

Ra1JaTLl B 1963 r. B corJiaCHH C nepBOHa11aJIJ.Hl,[MH 
npe,ll;ITOJIOiK0HHHMH OLl:JIO ycraHOBJl8HO, 'lTO atlt
cfie.KTHBHOCTl> ,AHCeoqnaquH · HBJIH8TCJI BLICOKOii. . 
C IIOM:Olll.LIO 3TOro Mero.n;a cpe,n;HIOIO RO~eBTpa
nmo npOTOHOB B «Orpe» y,11;aJIOCb ,ll;OBeCTH ,AO 
"-'5 • 108 c.u-3• Ilpu aroM 06uapy.munoc1>, 'ITO 
IIJIOTHblH meyp JIHTHe.BOH J.\YfH, 1Ip0HH3:LIB3IO~HH 
Boµ;opoµ;uyro nnaaMy, BLIIlOJIHJieT ponL CTa6wm
saTopa IIJiaaM:eHHblx Beyeroii11nuocTeii. IloKa ro
pnT JIHTHeBaR µ;yra, B IIJiaaMe OTCJTCTBfIOT ltO.ne
oaHH.R:, xapaKTepHLie ,ll;JIH paaBJ,ITHJI >ReJIOOKOBl,lX. 
,qeqiop.Ma.quit. BpeMH iKH3HH IIpOTOHOB IlOBJ,IJ]la
eTCH npH 3TOM ,11;0 10-15 .ucen. IlepcneKTHBa 
npaKTH'J:0CKOro HCilOJlb30BaHHH aToro JUUieHlIJI 

J);JI.R: CTaOHJIH3all;DH HeyCTOll'IHBOCTH <cTepMO.JI• 
,AepHOlll) nnaaMLl . npe,11;cTaBJJJl8TC.II COMBilT8JlL
HOH, raK :KaK nnoTHHii mayp JIHTHesoii: ,11;yru, 
H3XO)tJllll.DllCJI B rop.R:'leii: IIJJa3Me, ){OJUKeH OTca
c:r,rnaT.L ua ce611 renJiosyro auepruro 6bicTphlX 
11acrm:i;. 0.n;uaKo, e ,a:pyroii ro11Kn apeaHH, cTa6n
JIH3Hpyrolll.ee BJIHJIHH'.0 ,qyroBOfO ma:ypa Ha OKpy
maro~yIO ero paapemeHHYIO nJiaaMy c 6LicTpNMH 
HOBaMH HMeeT onpeµ;eJieHHYJO 3BpDCTH'leCKYIO I(eH
HOCTL, J(aK yKaaaHHe Ha TO, 'ITO IlOHCKH BOBhlX 
.M0TO,ll;OB ,ll;JIH npeo,11;0J10HH~ ueyeTOH'IHBOCTH nnas
ML[ B npoereiime:x c.11cTeMax c MarBBTHLIMn npo6-
KaMH He HBJIHIOTC.a: 6eana,n;emHI,IMH. 

OrpH:qaTeJII,HJ,10 peayJI1>TatLf OIILITOB, B ROTOpYX 
CTaBHJl3CL aa,qaqa noJiyqeHH.JI YCTOB'IHBOii BLlCO
KOTeMnepaTy•pHOD llJIH3Mbl 6oJii.moii: DJIOTBOCTJ1 
B ycranOBl\aX C MarHHTHblMH npooKaMH, npn
BeJia yme B 1960 r. H0KOTOpYX COB0TCKBX il>BaH
KOB K y6em,n;eHHIO, 'ITO ycnex MO»<eT OI,ITL ,ll;OCTBr
HYT CKOpee, ecJIH nepeHTH R MarHBTHhlM C,BCTe
MaM C HHOll reoMeTpHeii IIOJIH, npu ROTOpoii 
ycrpan.11erc11 rJiaBua11 onacHOCTL - aeycroii<i:H
BOCTL ROHB8KTHBHOrO Tuna. Ilpocre.iimeii MarHHT
HOii CHCT8MOH, .KOTOpaJJ TeopeTH'J:0CKH .n;om1ma 
y~OBJI0TBOpRT.L yKa3aHHOMY YCJIOBHIO, HBJI.R:eTCR 
uao6pameaaa11 Ha pnc. 2 cuereMa co BCTpe11HhlMH 
IIOJIJIMH, B ROTopoii: CHJIOBLl0 JIHHHH HM0lOT rHIIep
OOJIHttecKyto «f>opMy. Ilpn Ta1<0ii reoMeTpBH noJIH 
BeJiuq1rna aanp.11meunocTH H BOapaeraeT no aeeM 
nanpaBJieHHHM OT cpe,qeeii o6Jiacrn. Ilo3TOMY 
corJiaCHO OCHOBH.L.IM IlOJIOiR8HHHM TeOpDH c~e]\yeT 
oam,11;arh, 11To nJiaaMa, aanepTaH B o6JiacTn cJta6oro 
DOJIH Me~y J(aTymKaMlf, 6y,qer JCTOH1JBB3, no 
Kpaiiaeii Mepe no OTBOmeHlflO 11: meJto6KOBHM 
~e<!>opMan;IJJIM. H comaJienmo, Teopm1 npeµ;cKa: 
aLrnaeT ,ll;JIJl CHCT0M co BCTpe11HblMH IIOJI.fllllll .npyrOlil 
cym;ecTBeHHhlii ]\e<fle.KT. IIJiaaMa BhlCOKOB DJIOT
HOCTH, 3anepta11 B T3KOH JIOBymKe, µ;om1rna IIOJI

HOCThIO BIJT8CH.flTI,, MarHHTHOe noJie 113 oonacru, 
oxpya<aromeu TY roqKy npocrpaHCTBa, r,n.e na-
11aJI1>Ha11 ueJinqnna H pauua uyJIIo. Oµ;Ha1w 
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A,1hTe.uuo toxpamtTb n.iaJ»y B paiioue uyne»oro 
D0.1R Be.11,311, Ta!( K8K 38pRmcm11,1e qacTH~LI Ciy-
11.YT yxo;tun JJ3 aToi1 06.1acm npocTpaucna 
noc.,e Be(KO:lLl-'IX OTpaa.euuu OT ee rpaUH1', 
Bc.1e;1.cTBue atoro, no-a11;s.11uo"y. tpy;t.Ho ua;r.e
JITLCR Ha TO, 'ITO .M8fll11THLl8 :JOBYWKII 3TOro 
K.1acca Gy;zyT np11ro;uu,1 ;i.1J1 J\,,11Te.1L11oro y)lep
>KADUR D.10fBOU 8LICOKOTC)10eparyp11oii m1aJ)IY. 

D CCCP ya.e ,1oeo.11>no ,llaeuo BLICKaa1,1ea.:1oca. 
MHCHll8 0 TOl,I, 'ITO xopomaR tepMOH30:IRlUUl 
BWCOKOTCllllepuypuoit n.:iantLI '10mCT OLITL 06ec
Dt'le11a TO.'U.KO B .MarHHTIILIX ClfCTeJi1ax C no.1,nm 
rnGp11,1noro xapai.repa, 0U1,(','UlfUJIOfltllX CBOUCTBa 
npocrwx cuneM, Hao6pa>t.e1111wx na puc. 1 11 2, 
HO npu 3TOM ;rnweuHLIX JIX OCIIOBIIYX ue;r.ocraT
KOB. fl TaKHX MatlUITJlWX CHCTCJ,laX uanpff>KCH-
8~1> no.:tR Ao,:ul\na B03pactaTb ot rpanuu, onaa-

--
l 
1 

PMC, 3. Cxe11a pacno110Mte11KR T014KOttecyw,Mx npoaoA• 
HMK08 a .11oayunce c rMCIPHAHOH KOH¢Hrypa4HeA 

KU DO BceM 1UlDpae:remun1 napymy. BMeCTe 
c TeM Be.'JD'lffHa 11 ne AOJ1iKHa o6pam,atbC.fl a nym .. 
a 06.uCTn. aaemoi1 nJtaaMoii. Onnn 11a ecTecTaen• 
JUIX CllOCOOOB pea.JlU38U,HU M.arm\TROil cuc-re1u,1. 
YAOB.'leTBOpRIOil(eii yKaaanm.iM ABYM Tpe6ona
BD.fflC II DOaTOMY a priori 06ecne'1DBl110IJl.ell ycroil
'IBBOCTb UJl83)l.Llt cxeMaTUCJec1m llpe~cTaBJieH Ha 
pee. 3. MarBIITBoe DOJie C03AaCTCR C DOM01Jl.b10 
KatymeK n np,n.tommeiiflhlX TORODpOBO.{l,OB, CllM
MetpH11BO pacnOJlOHCeRHLIX BOKpyr o6m.eii OCH 
katymeK. Harym1-u coa]laror o6wttuoe noJte c ABY
MR M8fHIITBLIMH Dp06KaMH Ha OCH. flo npHMOJIH

BCDBl.l)f Dp0BO~BIIK3.fd TeKyT TOKU qepe){yJOII\e
roc.H sanpaunennsr. Onn JIBJUIIOTCJI ncto•utnl\oM 
noJIR, ctpyKtypa ROToporo nao6pamena na pnc. 4. 
CyuepnoanuuR o6oux MarBHTHLIX noJJeii npuso~ 
ABT R TOMf, 11To aemrrnna peaym,rnpyiom.ero 
BeKTopa H BOapacTaeT BO Bee CTOpOHLI OT ~eHT• 

paJILHOi o6~acrn. npeAHaJHaCJeanon AJIR aanoJ1-
Hemt11 llJl83MOll. BnepnLle OllHTLl C Ta1<0ii ruo
PH~llOU KatHHTHOii CTpyRTypoii 6mm nocTaBnenu 
B IIA8 s 1961 r. JlnR aToii ~enn 61,1na ncnon1,ao
aaaa yaauosKa JUI, B »aKyyMey10 KaMepy 
lCOTopoii 61,mu BHOBTnpoBaHW 6 · DPOAOJil>BLIX 

TOKODpOBO~OB. Yme B aTnX. nepBhlX omnax npn 
He 011enL COBepmeRBOM BaKyyMe 61,mo ycTaB0B
JieHO, ~o np11 BKJIIO'leann _nonnt coaAa»ae:11oro 

n. A. APL,tHMOBl-14 

DpRMOJIHHeiiHLIMH DpOBOJ:lHHKaMlf, Bpe1tut )l(H3BI 
m1auu,r eoapacTaeT e ReCKOJ11>Ko paa, a BLICOJ(O
'lacroT1u.1e KOJie6auaa: na oc1umnorpaMMax npo- I 
l\ecca nc11eaa101. Amt Toro 1:11061,1 npo~a1rnyTbc1 

~a.'1LWe, neo6xOARMO 61,mo 3Ha•mte:thHO YJlf'l· 
WUTb BaKYYMBNe YCJIOBHR. C 3TOii l(eJlblO B 1962 r. 
61i1:_1a nocTpoena nooan yc,aeooKa OP-5, n KOTO
pou DpO,I\OJl1,HLl8 TOKODpOBOALl pacrroJiaraJO'J'CJl 

tHapymu B8KYYMBOf0 061>e:t.1a (CM. puc. 3). 
3KcnepnMenrw na yctaHOBRe IlP-5 6mrn: ua11atu 
u 1963 r. Ilepaoea11aJIL110 mu1 coaµ,a1mR mraa»w 
B 3TJIX 3KCnepHM0HT8X TaKme HCD0.1b30B3JIOCI, 

MaraeTponaoe ycKopemte nonos. Tat<HM nyTei, 

Momuo Guno nony11n1i. nJI83MY c HOHttempal{nei 
10•-101° CM-a II cpe)'..\Hei'1 3Heprnef1 l!OUOB OKO~O 

4 1C~6 (Te1&uepaTypa ,..._, 40 M.llu. rpanycos). Ocuoa
nue pcayJli.tan1, noJtyqeum.le e om1c1,rnaeMWX 

PHc. 4. reoMeTPHII MarHHTHOro non" 
e rK«5PHAHO~ noBywKe 

a1<cnep11Mentax. npe.z:t.cTaBJienLI aa pnc. 5 l1 
6. flepuwii pucynoK noKa3wBaeT. KaK nplf 
xopomeM B8.KyyMe B KaMepe H3M0H.IJeTCJI co 
npeueaeM 1<ounenrpa1urn nJJaaMLl, 3axsatJenuoi 
B MllrHUTHOe none. .nJrn cpaBHeHUJI Ha TOM me 
pucyni.e npnee'AeJta OCJ.\HJIJJorpaMMa pacna,1J.a mta
aMu. ,rnr.z:t.a BNKJII04eB TOK B npHMOJlHHeiiBYi 
npo»O,IJ.HHKax R noae C03JI.a8TCII TOJILKO OCHOB
HLIMH J<atymKaMH. Cpe,11,nee BpeMR mnaHH B rn6-
pH,ll,HOM noJie npn oaKyyMe nop11,nKa 1 · 10-s .M-JI 
COCT3BJIReT ,..._, 50 .Mee,;, ll,JISI o6LrIHOll JIOBYWKJI 

C npo6KaMB npn TOH me BCJIH4HB8 nanp,u«eHBOCTll 
nonn 3TO BpeMH ne npenhlmaeT 250 Mee-,:,, Ha 
pHC. 6 MOli<HO BRIJ.CTL, 1(31( Bp0MR YAepmaHHft 
mta3ML( B rH6pu.r.i:aoM none aaBHCHT OT OCTaTO'l· 
noro A8BJJeeun neiiTpanLaoro raaa P,,. MLI y6em· 

1 
p;aeMC11 B TOM, 'ITO BCJlll'IHHa - nponop~HoBaJll,Ba 

r 
p .,. 01:CIO,ll.a cn:e]J.yeT. 'lTO e,!QIHCTB0HJILIM npon;ec
COM, YBOIJ.Hlll.DM OLICTpble KOHLI H3 JIOBYIDKB, 
HBJUl0TC11 nepeaap11,ti;Ka HX Ha aeiiTpam:.BLIX aTO
M3X. YRaaaHHY8 p;aHBLf8 CBH,ll,eTeJILC'l'BYJOT O TOM. 

1JTO B paCCMaTpBBaeMNX YCJIOBlUIX DJia3Ma naxo
)1.HTCJI B COCTOHHHH yCTOll1JDBOrO pa1mosecm1. 
06 -3TOM roeopRT H q>OpMa OC~HJIJIOrpaMM, nao
opama10m;11x H3MeBeHne napaMeTpOB DJI33MN. Ha 
BUX DOJIHOCTLIO OTCYTCTJJYlOT BLICOK01J:8CTOTBl,l8 
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l(OJie6amu1. 3naqeane 3TIIX OfiLITOB COCTOlIT B TOM 
'ITO OBH Bn~pBble )J;OKaaa.rru B03MOIBHOCTb )J;JIHTem,~ 
uoro ycTonquBoro y,n;epmam1n ropa1Ieii nnaaMH 
C OLICTpLn,rn uonum B MafHlITHOM none. 

EcTecTBeHHO, 'ITO Han60JlhlIIllii: HHTepec npep;
CTaBJUl:eT pacnmpemrn no.11yqennoii· n11qiopMa11nn 
B ctopoHy 60J11,mnx 1rnnQe11rpa11nii. Cornacuo 
1eopeT1111ecmu.1 npeµ;cKaaamurn npn Bhlco1<11x ROH
n;e~Tpa11nnx MOif,eT npOHBIITbCH HOB.blll Bll,/\ neyc
TOJl''IUBOCTH' CB1IaaHHhlll C pac1rn1J1rnii 1<0.11e6annii 
n.rraaMH Ha 'laCTOTax, 6Jlll3lil!X n tJaCTOTe o6pa
JQellnJI liOHOB D MarmtTUOM no:re. j~JHI Toro 
11ro61,1 npo»epUTh, cy~ecrnyer .rru aTa HeycTOii
'lUBocri., nymuo no,11;n11T1, yponenh KOHQeHTpan;nn 
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20 
I 

30MCl!K ' .. 
PKc. 5. OCL\H11110rpaMMbl pacnaAa nna3Mbl Ha ycTaH0B• 
KB nP-5. BepxHRH KPHBaH - npH BKJltO"IBHH0M CTa<lH

JU13HPYIOIJ.\BM none, HHli<H.R.R-<lB3 Hero 

XOTH UL[ Ha o,n:nn nopn;~oJ, ll('Jlll'IlllthJ' TO eCTh 
J(Oaecrn ee ,n;o 1ow-1011 c.u- =1• B HacTOHI[\ee npeMSI 
MLl yme pacno.'laram,1 HCKOTOpblMlf poayJihTaTaMn 
aKcnepm,rnuToB, up0Bep:em11,1x B y1rnaa11110M Ha
npaa.rreHJm Ha ycTanon1,e IJP-.::i. B Honoii cepnu 
ll3Mepemtii ]\JIH aarrOJJHCJIIIJ{ .'IOBynrnn Jl.'Ia3MOII 
npnMeHHJICH MCTo,n;, OTJIIl'IUhJii OT roro, 0 KOTOpOM 
fOBOpUJIOCI, nwme. 8 IIOBO!II !IICTO)l;0 JICIJOJihJJCTCH 
csoeo6paaHan ;).')e1npocTar1111ccKan ueycroiiqn
BOCTh, KOTopan :r.10»..er BOJIJUKaTb B nrnype 
XOJJO}lHOii IlJia:nn,I~. llpu JIPJWTOphrX rrapaMeTpax 
paapn)l.a, Korophlir nopoa,,,aeT :nor urnyp, npoxo
J(JJJ:qnii no ocn MaruuTuoii cncrein,r, B 1JeM no
HBJJ1IIOTCH ;me1npn11er1me IlOJIH BMCOIWii <JaCTOTbl, 
YCKop,uom,ne uonhl. Cpe}lneo aHa1Iemie auepruu 
llOHOB DOpH)l.Ka 1-2 IO(J. B OllblTaX no JiaKorrJie
HHI() BLico1<oteMnepaTy puoii unaaMbI ua neycroii•m
Boro DJl83MCHHOro ruuypa YJl3JIOC.b JlOBeCTII cpe)l.· 
HIOIO KOHit,eHTpaQllJO tJacTnn; AO r-.J 3 -1010 cM· 

3. 
3to npnMepHo na nopnp:oK nemi'UIHIJ 6o;mrue, 
'lei{ Ta ROHI~eHrpal(IfH, .KOTopyro OUhPHIO y)l.a
BaJioc1, noJ1ytJaT1>, np1rnemu1 MarHeTpoum,1ii: Me
TOJ:\ HalWDJieHDH nJJa3MLI. HaK IJOKaaaJJH :mcne-
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pHM0HThl, npn y1rnaaHHOii BeJIHlIHHe J{0BD;0HTpa
J~IIII npnaua1m ueycroiiTineocTH . no-npemaeMy 
OTCYTCTBYIOT, XOT.H CJieAyeT OTMeTHT.b, 'ITO pacna,n; 
DJJa3MLI,. perncTpnpyeMLJii no noToKy ueiirpan1,
Bhlx 11acn1n; nepeaapH,!J;KH, nepecraeT 6.blTh ctporo 
3KCIJOH0HQJlaJJ.bHLIM BO BpCMCJIH. 

}],JJH TOTO 'ITOOhl nrnpe llCIIOJlh30BaTb BOJMOiK
HOCTII, OTKpL1B3IOI[\HeCJI IlpH nepeXO}le K fllUpH,n;
lllJM IlOJIHM, 6blJIO pemeHo rrocrpOHTh ente O'AHY 
ycraHOBKY c noJieM TaKoro nma. B neii npe}lno
JJaraJIOCh npOH3BO}llJTh na1w1rnemrn ]]JJ33Mhl IlY
TCM ll0Hil3aI~Ull HYl!Ka 61.rcrpldX aTOMOB, l!HiK0K
TUpyeMhlX 11381W. Bra yCTaHOIIKa, IlOJIYTIHBlIIaJI 
HaaeaHue <(Orpa-Jh, no KOHcJ,nrypan..Jin MarnnT-

1 ·1 1•10 ceK 

24J01t-----+-------l----cJ'.'---l 

Ho1 ~3900 • 

2,2 4,5 6,7 90 
Aa,eneHMe P 10GwM PT CT 

PHC. 6. "3aBHCHM0CTb o0paTH0ro apeMeHH 
>KH3HH nna3Mbl OT eenH'IHHbl AaaneHH.R He»

rpallbH0ro B0AOP0Aa: 

J - CTaOH.1H3Hpy10mee lJO;Je BhIK.'IJOqcuo; 
2 - cTa6nJJnanpyrolllee no.1e BKJJ10qeno 

1wro 110JIJ1 nonTopn:eT IlP-5, no aaaq11Te.111,Ho 
lIJJCBOCX0/1:IIT cc no reoMeTplPIOCRHM paaMepaM 
u no nenuqmrn H O• Hanpm"cnuoCTb no.TIJI, coaAa
»aeMoro KaTym,rnMu e cpe;iueii tJacTn JionymKK, 
MOil{CT OhlTh AOBCI\CH8 ,n;o 15 000 2C npu uanpH
~J[()HHOCTII IlOJIH B paiione MarHHTHhlX npo6oK 
23 000 ec. IlHyTpenunii: ,AUaMeTp BaKyyMnoii Ka
Mep1,1 paaen 70 c.M. «Orpa-Ih 61,ma aa1<0Hqeaa 
coopymeHne:r.1 B :r.me 1964 r. Ee cpororpaqina p:aHa 
ua pnc. 7. 

Tpa]lnn;uoHHhlM aaupaeJiem1eM B IIA:) · JIB
.,rneTCJl ucc.rre}lonaa11e o:r.1111Iec1wro aarpeBaHIIH 
1IJ1aaMLl npu KBaaucnn;nonapm,rx pa3pn~ax B ye• 
JJOBHHX, 1wr,n;a KO.lJLQeIJoii n.rraaMeHHLiii JIIHYP 
naxO)J,JITCJI B CIIJIJ,HOM npo,n;OJJbHOM :r.1arH1tTHOllf 
IJOJie. HanpHiKCHHOCTh IlJ)O)l.OJlbHOro IlOJI.A:, CTa
OitJU13DpyIOn~ero IJJla3MeHHblii urnyp, BO MHOfO 
paa npeeLUnaeT aanpnmeHHOCTh noJrn, coa)J.aBae
Moro TOKOM B DJia3&fe. B 3TOM COCTOllT npnHQll· 
nua.rrhBOe OTJilf'tHe OUJIChIBaeMhlX lICCJie~oBaHlill 
OT OIJJ,ITOB, BLlIIOJIHJJCMLIX C IlOMO~I,IO ycTpoiicTB, 
ananorlttJBhlX H3BeCTHOll ycTaHOBKe ~33Ta>), 3:Kcne
pm,teHThl Be}lfTCH B Te'leHH0 pH,!1,3 JICT Ha ycta• 
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Pt1c. 7. OClu.v,1A Bt1A ycraHOSKH «Orpa-11» 
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PHc. 8. CxeMa ycTpoiicTaa ,,ToKaMat<" 

HOBKax cepm1 tToKaMali'>t (pnc. 8). Topou
J.\3:tL11a11 J.aMepa, BHYTPII KOTopoii o6paayeTCH 
n.,aJMet1auii mnyp, na;:{eTa na cep_;\e•1mm me."Iea
noro TpanoJiop:mnopa. Hanpnmemic, no;mep
:mnoaJO~ee TOI\ B n.'IaJMe, C03J];aeTC1J JIHAY«TIIBHhlM 

nyTeJd. J~:rn o6ecneqemrn xopomnx eaHyy~mux 
yc."Ioenii Ka1,1epa ;\CJiaeTcSI )'.(BYXCJIOiinoi1. BHyTpeu

H1JH lialtepa (JiaiiHep) Jl:C.'t3CTCR 113 TOR«Oii Hepn,a
BCIOIIJ.CU CTaJin. Jl,JJH OC.'Ja6JJetJlf1J eaanMO)\ellCT

BHR n.'JaaMhl c nouepxuocn,10 naiiuepa B Hero 
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PHc. 9. Oc141111norpaMMb1 
ttanpR)f(eHHR tta 0t:iX0,Ae 
Topa, TOt<a B n11a3M8 H 
cHrHana HHTeplflepoMeT-

pa (ycTaHOBKa T-3) 

ncTaBJI1IeTCH AHa(jlpan.ia, orpam11nrna10ma11 ceqe

une 11JiaaMe1rnoro rnnypa . .,Tlaiincp 1rno;mpoaa11 

OT DHeIIIneii Q60JIO<JKU. 1-0T0pan u31·0TaBJil1BaeTCll 

lt3 TOJICTOii MeJ].U 1( CJJYifHIT Jl,JIH Toro, 'IT06LI 

C ll0M0II\f,10 TOKOB (})y1w YJl:ep,mrnaTh KOJII,1ieBoii 
IIJia3MCHHLI:ii nmyp C TOKOM B paBIIOBeCHII. J-t Ha

CTOH~eMy npeMCHH DOCTpOeHa yme u.ena.11 cep1U1 
ycTaH0B0K <,To1rnMaK>>. 

TeopeTll'ICCKJlll auaJIH3 Il0Be)].CHHH IIJiaaMeH
noro urnypa noRaaIJsaeT, qyo oH MomeT 6LITb 
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IlO,ZJ;Bepmea rpy6oii HeyCTOll'lDBOCTH, K0Topa1:1 

npOSIBJUleTC11 npn HenpaBHJII,B0M C0OTH0memm: 

Mea<,n;y MarBHTHLIM Il0JieM TOKa II npo,n;0JibHhlM 

CTa6m:manpyIOII\HM Il0JieM, .U,JI11 YCTOH'IHBOCTH 

u.:iaaMLI aeo6xoµ;11Mo, 11To6L1 0THomeuue uanp.a

meunocn1 rrpoµ;oJihHoro noJIH H0 K noiiro miaa
Menuoro ToKa no Kpaiiaeii Mepe B necK0JJbK0 

paa npeBLJmaJio BeJI11111rny R/r, r,u;e R - pa]lnyc 

KOJihl\a, r - pa,rv1yc uonepe11uoro ceqemrn muy pa. 

Ha paaHeii CTa,D;Hll 0ilhlT0B C nepBhlMll M0,ZJ;e

.'UIJ!,111 YCT8H0B0K <•TOKat.JaK* HanpSJmeHH0CTh npo

AO:JbHOro Il0JI11 He npeBbIIUaJia HeCK0JihK0 IOIJJO

apcwµ;, noaToMy AJIH 06ecne1Jemrn ycT0ii'lnBocTH 

npllXO,D;HJI0Ch 11,ll;TJI no DYTII CIIJibH0fO orp8Hll1fe

HIIH TOKa B IlJl83Me. Ila-aa 3Toro orpaHU1fHB8JI0Cb 

KO.'III'leCTBO 3Hepnm, Bfil,ll;eJIHIOID;eiicSJ B paap.H,!\e, 

11 mm a My nem,an: 6hl.'IO. Har pen. p;o BLICOKoii 

Te!.rnepatyphl. Oµ;HaKo p;aa-;e npn 6om,mnx ana

qeau11x H O BHa'IaJie He YJ\8BaJioc1, noJiy'IHTL 

r:ra;n;1rne 0CqllJIJI0rpaMMLJ, II BO BpeMJI paap.H)];a 

aa6JI10]laJioc1, 6LicTpoe cna]lanne KOHQeHTparvm 

'f8CTIIJ..\. ~ho IlhIT8JIIICI, npHI.111Cb1B8TL ,n;eiiCTBUJO 

aepaara,D;anm.rx MexaHnaM0B aeycTOH'IHBOCTn, co

a;i:a10~11x O'leHb 6hICTpy10 (<8H0Mam,nyro» .ri;ncl>lf>y-
3DIO IlJia3MLI nonepeK CIIJIOBLlX JllfHllli MarHIIT

H0ro UOJIH, TaJ.aH TO'IKa apemrn r0CilO,!\CTB0BaJia 

)'.t;O Tex nop, IlOKa He 6Lf.TI.O o6pam,eHO BHHManue 

Ha TO, 'ITO HBJICHHH, npttnUCLJBaeMLle ((aH0MaJII,

HOll)) All<f>lf>ya1111, MoryT o6'hHCHJITLCH TaRme ,!\BIi· 

meHHHMJI IlJiaJMCHHOfO BIITRa B 1mirepe ua-aa 

napymemrn ero pasuonec1rn. He60JI1>mne 11epe-
11em;em111 BUTKa pea1w 0TpamalOTCH Ha CBoiiCTBax 

II.'Ia3MLI BCJiep;cTBue ee B38HMO,D;eiicTBIIH C p;nacl>

parMoii. IlJiaaMeHHhlii BHTOK M0JneT nepeMe~aTbCSI 

BHYTPH nanyyMnoii KaMephl nop; µ;eiicTBneM paa

.'Ill'IH.Llx npu11nn. Jl,ame 0THOCHTe.11.no 011en1, 111a

JiaR liOMilOHeHTa BHemuero MarHHTH0ro II0.'111, 

11ep11eup;1rnyJIHpnan: H Hanpaenenmo TORa B nnaa

!.te, MO:meT CMeCTIITI, BIIT0K na aar.reTHOe paCCT0JI

Hlle. CIIJihHOe BJIUJIHIIC He60JlhlllllX CMe~em1ii 

n.1aaMeeaoro KOJILl_\a na npou;ecc paapHp;a 6LIJIO 

Il0,D;TBepmµ;eno Ha ODhITe. IloaTOMY )l;JHl Toro, 

'IT06LI CKOMlfCHCHpOBaTI, BJIUJIHHe lf>aHTOpOB, 113Me

HSIIOIIJ,UX ycJioBirn paBnosecu.H nJiaaMhl, 61,ma 

npu.Meaeua cneQnan1,na11 KoppeJisnvrn MarunT

uoro non». ;)yo npnBeJI0 N aua1J1neJILH0MY 1rnMe

uenmo 1.apTDHLI npou;ecca. Ha ycTaH0BKe <<ToKa

MaK-3i> 6LIJI11 nony<1eHhI pemnMLI paap.H)'.t;a, xa

pa1<rnpuay10:m,uec11 6oJII,IIIOll )'.t;JIHTeJihH0CTblO II 

BhlCOJtoii nponO,[\HM0CTLIO IlJI33MJ.I {puc. 9). II po

B0JtllMOCTI, n.'Ia3Mhl pacTeT C BCJlll'IHHOli Ho. 
Ona ,:i;ocTmaeT 3 • 1016 CGSE n ptt H0 = 2j 000 ,'c Jt 

K0Hl(CHTpau;un llJia3Mhl n= 10-13 C.M-3 , ::ho a11aqc-

1rne COOTBCTCTByeT aJICKTpOHHOii TeMnepaTypc 
nJiaJMhl 2 • 106 c K. 

3aMeTIIM, 'ITO TalOIM 0Up330l\I y ,I1;8Jl0Cb I.IOJIY

'IHTb llJIR3MCHHhliI BUT0II: C npoBO,IJ;HMOCThl0 MC

Ta!I.'la. Ilpn TaHJ_1x pemnMax pa3pHp;a ocu;nnJio

rpaMMLl CTaH0B11TC.H rJia,l],KHMH 11 HaMepeHHH ue 

06napymnsa10T CHJibH0ro yMeHbllICHIIH n aa TOT 

npoMe;«yT0R BpeMeHH, TIOKa TOK B JIJla3Me coxpa

HJieT UOJihlllYJO BCJIH'IHHy. TaRHM oupaaoM, M0iKH0 

IlpUHTH K Bl,IBO,ll,Y, 'ITO B K0Jlbll;CBLIX CIICTCMaX 
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C 6om,IDHMII cra6m:rnanpy10m,nMU IlOJIHMU ocy

rqeCTBIIM Harpee nJiaaMbl c coxpaHeHueM ee yc-
ro1h11BOCT11. · 

3H81fHTCJihHOe MCCT0 cpe,!lll llCCJIC,D;0Baunii 110 

tf>11a11Ke BhlC0Korn1,mepaTypuo11 nJiaaMLI B CCCP 

3am1MaIOT pa6oTLI, Il0CBSllll;CHHLie 11ay<1eHHIO 

B3811MOJl;CHCTBHH DJl83Mbl C BhlCO.K0'l8CT0THLIMfl 

nom1Mn. Oun npecJie)'.t;yJOT ,!\Be rJiaBuhle o;enn: a) BLI

ncnenne B03M0W:H0CTII y,D,epman1111 H CTa0HJIHJa

u;un IlJI83MLI C II0M0lll;blO BhICOR0'laCT0THLIX no

Jieii; 6) coa,D,anne MeTo,D,oB 6LrcTporo uarpeBa 

nJiaaMhl. Paapa60T11:a paam1<1HhlX cnoco6oB YACP

mamrn If CTaOHJIIf3ao;nu IlJia3MLI C Il0M0I.qblO Bhl

C0KO'laCTOTHhIX noJief1 BCJ.lCTCH B IIA3 11 Pa.n;no

TeXHll'leCK0M llHCTlITyTe B l\foc1rne, B Hay'IHO-HC

CJie,ZJ;OBaTeJILCK0M IIHCTHTyTe ::ureKTpo4>na11'lec1;:oi.i: 

annapaTyp1,1 B .!IeHHHrpa,n;e II B <DHJllKO

TeXHil'ICCK0M IIHCTHTyTe B CyxyMu. 3Rcnep1IMeH

TaJibHhle UCCJie)'.t;0BaHHH MCT0,ri:0B coa.n;amrn BhlC0-

K0TeMnepaTypHOH DJiaaMhI, B K0T0phlx 0CH0BH8H 

fPYHKI(IISI. y,ri:epmamrn B03.'laraeTCJI Ha BLIC0K0'IaC

T0THhlC II0JISI, nozrn em.e He ,D;a.'IH Il0JI0lliHTeJibHhIX 

peJy.'lbTaT0B. .IJ:am,me np0JJ,BllHY.'IUCb llCC.TieJJ,0-
BannH ROM611H11p0B8HHblX CllCTeM, r)'{e paBH0BC

cne uaom1poBanHoro 11naaMeHuoro oupaaoeamrn 

ocym:eCTBJISieTCH rrpu Il0M0ID,U Il0CT0SIHHhlX IIJIII 

0TH0CHTC.'lbH0 MCJl:.'IeIIH0 MCHJIIOm;H~CH MarmtT
HhlX IlOJieii, a BblC0K01f8CT0TilhlC II0.'IH cnymaT 
B 1rn1JeCTBe cTa6n.'lnJnpy10~ero cpa1nopa. H IJAD 
naytJaeTCH M0T0~ BblCONO'IaCTOTHOii crn6mmaarvm 

n.'la3MCHHoro mHypa c ooJIJ,UJJIM npo.n;om,HhIJII 

T0N0M. CTa6u.'l.JI311py101qee yCTpoiiCTBO rrpel{CTau

.'IJ:leT co6oii cucTeMy crepmaeii, pacnoJiomeuuhlx 

CllMMeTpll'IH0 B0Kpyr paapn~uoii KaMephl napa:1-

Jie.'lbH0 n.'laaMeHH0MY mHypy. Ilo cTepmHHM 

TCn:yT TOKII 'lCPCAYJOm:er0C.H HanpanJiemrn, C0JA,a
BaC'Mhle C Il0M0I.qhlO BblC0RO'laCT0TH0ro reuepa

Topa. li.'laro].lapx 3T0MY B03Hlln8IOT BLIC0K0'laC

T0THhl0 nom1, n0T0phle rrpn ,l\0CTaT0'IH0 60J1L11IOii 

aMH,'IUTY/l,C u qaCT0TC M0ryT o6ecne'IIITh YCTOJi-

1IllB0CTh HJiaaMeHH0ro muypa no OTH0llleUlllO 

K Han6oJiee onacnLIM ,!\etf>opMaQUHM uarnoa. ::)1,
cnepnMeHThl H0J(TBepmJt;a10r na.;rnque CTa6u.111an

py10m;ero acl>cl>eKTa. 
ll CyxyMu nay1Ja.1cH MeTOA .z\UI1aM111JecKoii 

crnumrnaaQ1m n.'laaMLI, Haxo,1v1m,eiic.H B Jioeymi.e 

C MarHHTHLIMII IlpOoKaMn. CIICTeMa CTa6IIJIU38[\HU 

B aTOM CJiyqae TaKa.e C0CT0llT ll3 CTepmueft, 

K0T0pLI0 paCUOJI0lliCHLI CHMMeTpH'IHO JIO 0THOIIIe
HUIO i- ocu 1,iarm1nroii JionymK11. Ho HIIM npo

nycKaeTc.H BblCOIW'laCTOTHhlii TOK TaKHM oGpaaoM, 

'IT0 C0J/l,aCTCH Bpam;aHJm;eeCH MarHIITH0C none. 
H'pm.m Toro, no CTC{HKHHM T(.'1,yr H0CT0HHHhJe 

TOirn '1epe.I(y10n~eroca uaupaBJICHHH, BCJIC./1:CTBHe 

'lero H0.RBJUICTCH TaKa.e Il0CT0.HHH0e IIO.'IC C reo

MeTpueii:, anaJIOCU'lHOii: Bpa~aIOJ}\CMYCJI. CoBMOCT
H0e 803,[\eiicTBHC neper.teu1101·0 Jt II0CT0HHHOro 

Il0JIJI crepnmeii Ha DJia3MY 3KBHBaJJeHTH0 ,I(CHCT

BIIIO .I(Byx mmeii, Bpa~aHJm,11xcn B nponrnononom

uwx HanpaBJICHIISIX. H'aK IlOK83LIBaeT aKcnepu

MCHT, B TaK0{1 cncTeMe II0,I(aBJIHCTCH paamntte 

lliCJI06KOBhIX ,I(CqJOpMau;uii, xapaRTepHLlX )];JIii .TJ0-

eymeK c MarHHTH.LlMl'l npo6KaMn. O,1\HaKO Haµ;o 
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OTMMIITL. 'ITO B BLIQ0.1Ut'JIHLIX :t0 CHX nop om.rrax 
11.,aJwa JUie.la 0'((.'IIL Ut>BUCOl.)'IO Tl')mepaTypy. 

IJ U;JTO?JY Tpy.1.110 01\l'IIIITt. lll'pCIIN,TIIBLI II ptnll'

llt'IIIIJf )'t..aaaHIIOfO CIIOCOua BLICOtiO'laCTOTIIOii CTa-

011.UUallttll (no OTHOCHT('Jl 13).ml' II H 3KC'Ut'pll• 
Ml'IITaM, B IWTUPLIX Jl3)''1at>TCR B03;tl'iiCTBIH.• 

BLIC'Ol.0'13CTOTIIOro 110.lff na ll,133lll'UIILlil 11111yp 
~ TOt-0,&). 

llct".11.';t)'l'TC.H Tat..a.e uoa,'J.('iiCTBUe ua 11.,aaMy 

a.w1,rpo11arn11r111,1x no.1<>ii CBlf-,111anaao11a (,1t'-
1uo.snpou1.1e no.111i.a). n 11.\:) ULl.111 IlOCTall.11.'IILI 

0111.111,1. n 1.oro1u.ix 11.1aa,o1a, nau,;t,mtancn o 110-

c-TnH1111011 n po,1,0.1 t.110)1 ,,anrnTuoi.1 no.it•, no;t
itl.'pra.1ar1, :trikTu1110 CH'l-no.,n, coa,1a10utPro 
,'lOQ0.11111Tl'.1l,UO<' pa.111a.11.1aoe ;{ah.1l'lllll'. IJo-1111-
.,uMo)I)', B T,H.oii CIICTl')ll' MOitat0 no;taonTt. (11.111 
Cll.1 l.110 oc.,ar.1111,) IWIIIIC'liTIIBll)'IC> m•ycToii•mtJOCTI, 
u.,aaMLI. 

liunpo pa:rnuu.ieTCR P CCCP pa3pauoma 11u
C"nt-.o-cncToT111.1x 1teTo,1011 ua rf>l.'J1a111111 n.,a3MIJ. B 
:noir 0G.1nn11 :ia JI0('.1f.',111l'l' R()l'.1111 Gw.111 1no1c1,a

o1a111,1 11.10,10TeopHLll' Tl'Op('Tll'H'CHJI(' ll,1l'II. 01111 

)'Clll'JUHO pca.,n:tyJoTCH IUI 0111,Hl', ;(:01 11arpt>na
llllff 11.la:JMW )tomuo JIC'II0.l L..1c111an. pa:t.lll'IUIJl' 

fl('3ORaH('lll,I(' HIJ.l('llllft, ll(JII 1;0Top1.1x npo11cxo,111T 

)'C'KOJ)('tme aa JH1it.(•1111wx •rnrT11U. Tali, nan p1nH'p, 
l'C.111 na n.,anty, llaXO,lHlll,YIOCII D Cll.11,II0M U0· 

C'TOH ltllOlol )Ill rllllTIIOM 110.1(', ,1ciicTR}'l'T Jll'()l'Ml'H· 

UO(' 3..1l'liTpm,aa rJIIITIIO(' no.,e 0TII0C'ltTl'.11,110 Ill'· 

(1-0.11.1110i1 l0111.1IIT)';{J,I, •taCTOTa liOToporo 6.11131,a 
1; yr.,oHoii CliOpOCTII npall.ll'IIIUI (.,apMO(lOBCJWii 

'laCTOTl') JI 0ll<111, TO J.IOilil'T IU!l'Tt. Ml'C'T0 J}l'30llcl IIC· 
IIOl' )'CliOpt>lllle JIOUOH. u aTo~I aali.lto•tat•T('.Jf Tali 

11a:11.1nac•J.1wii J.1rTo,1 mm.10Tpon11oro p£>:wna11ra, 
1w1np1.iii ,.,oa.-110 11rno.1r.:rnean, .rt.in narpl'na1111n 
1101111011 1.01111om•11T1.1 n:rn:iJ.11,1. Paapa6onrn y1,a
:1a1111oro ,.,rro,1a 8 Tl'<j{•fme pn,1a .,er Bl',1.l'TCH n 

~ a pbliORC' J;OJ.I 4'11a II IW-Tl'X Hlllfl'C 1'0:M JIIICTIITYTC. 

:{ocrnrnyTWl' Ii uaCTOJlllll'MY npeMl'llll peay.,r.TaTLI 
f'.lt>,lYt'T npn:inaTL 0611a;u.•;n118arom.11M11. C no
J.I0IIlt,k1 llllli.10Tp011110ro pc:ionanca, JICJI0.1L3Y.R 
IIIJCOl>O'IIICTOTIILIC rcnepaTopLI cpaBIIIITe.11,110 ne

fio.1t.1noii MOll(IIOCTII, y;.,.a:IOCL narpeTL JIOHIIYIO i>0ll[• 

1101tt'HTY 11.1a:u,11,1, aaK.1to•tl'HHoii e .1rneymKe c: Mar
HIITIU,0111 npoui.a)fll 1 .:tOTeMneparypLI ,.__, 15 MZJH. 

· rpa;lycoe. II pn JTO)I KOHU,<'HTpau.1rn m1a31,11,1 
COCTaB.1ReT ,-..., 2 • 1013 c.w~ 3• 

Cpae1111rc.11,110 He,:laeno e CCCP noamm.10 uo
uoe uanpaB.1c1111e e pa3paoorKe MCTO~us 11arpe
ean1111 n;zaJMLI. l3 oom,eii (J>opMC 0110 UCXOJ\IIT 

IIJ n;.,.en, 'ITO ,mo6oe ynopHAO'leHHOC ABll;KeHIIC 

D 11.la:J)IC, JIMeJOU],l'C ;l.OCTaTO'IIJO 60.'ILlllYIO llHTeH
CHBJIOCTL, neycroii'IIIBO II JlO,lilillO pacnal1,aTLCH 
na 1<1e.1a.0MacmraG11uc 1w.1euam111, i-0Top1,1e uwcr
po nepr;ia10T attepn110 TeUJIOBOMY ABlfmeHHIO. 
TeopCTJl<j{'CXlle JfCC:Ie;toBaHJIH, BLIU0.l'.HCHilhlC B 

I 1.-\3 II JI oeoc1161tpC1iOM IIHCTJITyTC .fl,!\epHoii 4>11-

3ll1ill, tiOlltipCTlf3Hpoeam, 3TY o6myK> JIJJ.CIO, B 

pl'Jf.lt,TaTe 'iero 6u;r npeAJIOiheH HOBblii MeTO)l 
11arpeeam111 mra3MY nyTeM eoa,'l.eiicre1rn Ha nee 
111,my.11,coM BblCOti0'13CTOTHOro IlOJIR C O"leHb I,py
TLIM 4,poHTOM. EC.'III Ha crycT0K xo.11op;11ofl mraa
MLI 

I 
na X O~Rll\eiicH BHYTPII Qllmrnp;plPiec1wii Ka-

Jl. A. APUHMOBHY 

.Mepw, B l..OTOpoii CO.l,'J.aHO 0.],H0p0,'l.110(' nocTOJIB• 
uoe (11.111 Ml';l.'Il'HHO Me1111KJm_l'eCR} no.Tie · H0• 

,'\CUCTBY('T 1.opoT1rnii BblCOliO<j,l('TOTHLiii IIMDfJU.C 

c at.111.111ryi1oii ll, _..__, l/0. TO 00311111,acr cuJJ1>HaR 
y;i,apnau no.111a, pac11poc1pa11mon~ancH B nnaa.Me 
110 pa:t11a.11,HLJM 11a11pan.1wmrnM K oc11 (uanpauJie-
111111 OOOIIX JI0.1('ii uapaJJJIC'.lLIILl J{pyr 1wyry). 

Ci..a<jOH Uallpllin{'IIIIOCTII Marm1r11oro IJO."IH B JTOfi 

eo:me cn,1;1au c no:u111i.110Rl'IIIICM aam1yra.11>11oro 
:>.1er.rpo1111oro ro1rn. llpu Go:1Lmoii e1wpocrn 
11apacTa111u1 IWJ)t'Ml'IIIIOl'O no.1H l,lllll'TJl'ICCKaH 

:mcpr1111 11anpa11.1C'1111oro aam1yram,11oro ;.(Bllme

u 11$1 3.1CliT(lOHOII ;lCICTII nll'T 00.'ll,IIIOii llC'.1 ll'IJIIILI. 

Taiwo JJ.Dmi-emie 11eycroii•111110, u JJ0:11m1y ero 
:rnl'prllH Jt0.1;1rna 11prup,H1(,lTJ,C'H II Tl'll.'JOBYIO 
:111epr1110 a.n•i..t po1111oii 1;orn1 om•11ru 11.1 a:n11.1. II 0-

111.iii 1'1l'TO;l uarpt•llclllllH 11.1a:n1L1 D 1n111y.1LCIILII 

JII.ICOI\OljacTOTlll,IX 1to.111x 110.,y,111:1 ua:Ul,llll!C ~Typ-

6y.1l'UTIIOro~ Ila r pl'na. : Ji,cm• p11 M(' IIW ;[[,JI blO JIC

C.l(.>;{083 IIUJl :noro r.reT0;1,a paa111111a1orcn n IL\J 
II 8 Jlouoc11u11pc1-0M IIIICTIITYTl' H,1t'PHOii <pllJIIKII. 

B on1.1rnx, 1w1op1,10 llC','J.YTrH n 11.\:J, J1Ppe~1e1111oe 
IIO;'l(' C 'laCTOTOii nopn,1,1.a JO ]lf,•lf ro:1,1,aCTCJl 

paapH;\OM IWH;l{'JICaTopuoir fonapPII C O'll'llf. 
~lil."ll'll f,1,0ii COUCTRC'IIIIOii IIIIJlY J.:T 11Bl!Ol'T 1,10 llil 

n.11101111nwuhlii 1.:011ryp. ox 11an,111a1011111ii 1;.u1e
py, 11pc,111ap11tP.lt,11O aa110:11uu·~1y10 xo:10;:uioii 
11.,a:iMoii, ll<111p11;i.l'1111otn, 11ocro111111oro no.111 
If O C0CTalJ.l'.Jll'T OT 0.;, :to ~-:{ 1,·.1. ;t.111-
Tt•.lLIIOC"Tf, UhlcTpo :rnTyX.tJ()IJ(ero ll~IIIy.11,ca 
Btt-sw.,n 11a~1t'pJJCTCH Jtl'CllThlMII ,11.o.rrnl\111 ~11mpo· 

Cl'KYll,'l.hl. 
llar.icpt•111111 JJoi;a;11,1ual(JT, 'ITU 11Mny:1u: nepe· 

Ml'IIUOro 110.111 pl':JH0 IIOBbllllaeT :Jll(•pnno 3.'lCliT· 

p0H0R Jl.'I3JMl,I. JI p11 HOfllll'IITJHHtllll nopnp;i,a 
1012 C.lt 3 Cpl'AIIHH :urrprirn J.'ll'!iTpOIIOB n.,aaMLI. 
•tepc:i ll('Cl-0.1'.1,IW r.11rnpOC'l'liYHJ( H0C.l'.C Toro, J<ali 
nept'Ml'IIIIOC 110.,e 110.lllOCTJ,io aaTyxaeT, )J;OCTll

raeT 1000-1:.iOO Jr:. Ec:111 11anp11;1,p11HOCTL oc110B-
11oro 110:rn ne ocnWTC'H nono.nnnoii. a no:1pacTaeT, 

TO IIOCJJC JIJ.IIIY.!U,Ca npollCXOl-llU C,J,UTIIC 11.'laaMLI 

11 ]ta:11,Ileiimee IIOBhllliCIIIIC ;rneprn II :}."f('!iTpOHOH. 

Ta1rnM nyTl'M y,'l.acrcn coa,.1,asan, 11.'Ja.J-'IY c reM

nep.nypo11 :>.1e1,Tponou uopH;t'-.t 10 6 rpa,uycoe 
npn KonQeHTpaq1111 ,-....., 10 13 r.11 :i_ B ll0Boc11G11pcn:e 
Ul,l.'I pa3paoorn11 Ml'TOA co;171;a1111.R 1111my.'IhCHLIX 

110.1eii C l'IIl,C uO.'ILIHett CK0p0CThlO HapacTalHfll 

11 UOJiee BhlCOKOii Hl\,IIl!IIITy,n;oii. ;)To JIOJROJIIIJIO 

ocyD\CCTBIITL TypGy:1e11rnwii uarpcB 11011no11 KOM

n0He11ru nnaaM1J. )J,ocnirnyra :nwpr1rn: no110B 
,...__,10 KJ(l. TaKHM oopa30M, CY.UH HO pe3yJibTaTa:t.i 
ucpsoro ;JTaIIa paapaGorKn, Ml'TO,l~ TypGyJienTHoro 

11arpeBa BBJIHeTCH O'IeHh nepcneKTIIBHblM. 
l(pOMt' paOOT flO OilllCUIIHhlM Bhlllll' OCHOBHLIM 

uanpaeneHIHllll n ConcTCKOM Co){J3e nrnpoKnM 

<fipoHTOM Bel-(yTcH ::mcnepllMCIITa.'lbllblB ncc,'le;:i;o
Bamrn no ,ApyruM paa,1.eJ1aM 4>113HKH BbJC0KOTCM

nepatypnoii nJia:JMhI. 13 ,n;aHuOM ,D;OK.lla,D;e 11eno3-
J1tomHO ouucaTh aaP,a'llt H peay;Jt,TaThl 3TllX MHOrO
'l.HCJleHHblX llCCJJe,I\OBaHlffr, H Mhl BhlHYllACHLI 

orpaHU'IJITLC1-l t.paTKl1M nepe'IHCJJCJllleM TeX BO
npocoB, " li0T0phlM 01111 OTHOCRTCH. B Xap1,KoB
c1<oM <f>nallKO-TeXHll'leCtWM llHCTIITyTe, 11A8 n 
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©nan11ecKOM nnctncyte AH CCCP mnpoIrn npe)l
craBJiem,1 pa~OThl n_o IlJia3MeHHLIM HHIBeKtopaM, 
no B3aHMO,ll;eHCTBH10 llJia3MeHHLIX crpyii C Mar
BHTBLIMH IlOJUIMH H no Mero,n;aM BnycKa lIJia3Mhl 
B Maru11raLie JIOBYIDKH. B IIA3, B CyxyMcKoM 
«l>H3HKO-TeXHU'leCKOM HHCTHTyTe H 1\IocKOBCIWM . 
rocyJtapcTBeHHOM ymrnepcHTeTe npo,n;on.maercfl 
11ayqeune MOII\HLIX HMDYJihCHUX paapH,IJ;OB oqeHh 
MaJioii ,IJ;JIHT0.lll,HOCTH C :QeJII,IO BHHCHeHlUI npn
'IHH, BLl3LIBaIOIIlHX B03HHKBOBeBne 6HcTpLix 'laC
THU: B llJiaaMe npH TaKHX npou;eccax. B JleHHH
rpa;:,;cKOM H CyxyMcKoM 4>na11Ko-rexm111ecmtx 
HHCTHTyrax H B H0Boc116npc1rnM IIRCTHTyre H,[\ep
HOH qlH3HKII Bep;yrcn: pa6oTLI no 113yqeHHIO OCHOB
HLlX aaKOHOB ,n;mf}(PY3HH DJia3Mhl B MarHHTHOM 
noJie. B IloBoc116ttpcKOM or~eJieanu H,L\epnoii 
lf>uaDKH Be,n;yrcn: HCCJie,D;OBamrn peJIHTHBlfCTCKOii 
nJiaaMLI. Bon1,moe BHHMam1e y,11;e.,rnerc11 raKa<c 
paapa6otKe paaJIIl'IHLIX :rncnepImeHTaJihHLrX Me
ro,n;nK AJUI If3Mepemrn OCHOBHLIX napaMeTpOB, 
xapaKrepuayrom;nx noBe,D;eHHe m1aaMhl. 

B ,ll;OJ(J]ap;e ,n;o CHX nop fOBOpllJIOCh noun 
HCKJilO'IHTeJibHO 06 :rncnep11MeHTaJibHLIX nccJie;i:o-. 
aamrnx. -3To, O)l;HaKo, ne oauaqaer, qTo paapa-
6oTRe reopeTH'leCKlfX BODpciCOB tl,uamm IIJia3MLI 
B CCCP He y.n,emieTcH ,n;oJimHoro nanMamm. 
R ,11,eiiCTBHTeJU,HOCTH Hama a1<cnepHMeHT3JlhHa.R 
nporpaMMa nepaapLIBHO CBH33H3 C paaBHTlfeM 
Teopun. OcHOBHLle HanpaBJieHHH 3KCrrepnMeHTOB 
UHlf~HHpoBaHN reopeTJfqeCKHMll IICCJI8,1J;OBaH1rni111. 
Kaif<,l\u~ aeatJHTeJU,HLIJI peaym,raT, noJiyqeHHLlii 
ea onure, cpaay me cTaHoB11rc11 npeAMeroM rm;a
reJ11,Roro TeopeTn11ecIrnro aea.:rnaa . 

.n;JIJI ffinanKH BLICOROTe.~meparypHOii IlJJa3Mhl . 

B 1{0JIOM 6oJILWOe np11HI.VIIlll8.1IJ,HOe 3Ha11en11e 
UMeJOT Teoper1111ecRJte pa6on1, BblilOJIHeHHbie B Ha
meii crpaee no npoo./leMe ycroii1Iueocru. B CCCP 
Ol,IJI BnepBhle IICCJie,I\OBaH pR,n; MexaHif3MOB, ROTO
plie BLl3LIBalOT HeycTOlllJIIBOCTb neo,n;Hopo,11.aoii 
DJia3Ml,I. Iloci.oJihKY 11.'JaaMa B0Jllf3H rpaImu;1,1 
acer,n;a JIBJI.R0TCJI HeycTOJl'IJIBOii, TO yKaaaeHLW 
HCCJI0.l{OBaHHH HMelOT npRMOe npaKTHqeCKOe 3H3-

11eHBe. Bamuyro pom, B paaenrHH 4JnautJecKux 
npeJtCTaBJieHnii O C.BOHCTBaX nJiaaMLJ CLlrpamr 
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raKme reopernqecKne uccJieAOBaHHH npon,eccoe 
u Typ6yJJeHTHO:ii DJJaaMe, TO eCTh e nJJaaMe c yme 
paaBUBmeil:c.R HeycroiitJHBOCThIO. 0HH 1103B0JUIIOT 
o.o;eHHTh, C KaKOH CKOpOCThIO B ueycroiiq1rnoii 
miaaMe Moryr H'ATH npon,eccu ,n;n¢4>ya1m u ren
nmiepeµ,a qH, H comaJieHHIO, a)l;eCh npnxo;:i;urrn 
orpamtqlfTJ,CH 3THMII 06m;1tMH 3aMe'laHHJIMH, TaK 
KaK Ha3H8'10HHe H 061,eM ,IJ;OI\Jla)J;a He D03BO.iI.RIOT 
HaM yrny6JIHThCH B reopHIO nJiaJMl,l, 

B aaRJIIOqeene MlJ ,ll;OJlil\HlJ BHOBb BepffYTbCJI 
R npOOJieMe ynpaBJI.ReMOrO CHHT03a H IIODLIT3TLCJI 
B Kpanmx cJioeax c4>opMYnnpoeaTI, ee nacron
m,ee cocroHnne u nepo.RrHoe oy,I\ym;ee. 

Paapa6oTRY 3Toii npo6JieMLI MOmHo cpanaHTb 
C TPYAHLIM nO,!J;'beMOM no JieCTHllll.0 C oqeHb BhlCO
KIIMH cTyneHHMII. BLicory Kaa<,I\OH raKOJ'i cTy
neHH MOlliHO lf3MepnTh TOJibKO IIO,!J;HHBllIUCh Ha 
nee. Ho upeMeun Bropoii llieHeBcKoii Kompepen
.u;1m MU 06JJaAaJI11 60.'JhillHM aanacoM HJ);ell, HO 
4>aKruqec1m yMe.:rn coa)J;aBar1, nJiaaMy c reMnepa
rypoi'r nopH;:i;Ka MHJIJIIIOHOB rpa,n;ycoa, cym;ecrny10-
uzy10 BCero Jlllillb B reqemte H0CKOJibKJfX MHKpo
ceKyH)J;, 

:Jra 61,rna nepea.R cryneHb necrmto;LI ynpaB.'rne
Moro crrnreaa. YcToi'ttrnaoe ;:i;mITeJJI,Hoe coxpaee
mre nJiaaMhl B rn6pn,n:uoM MarHnTHOM no.'Ie, ocy
iu:ecrnJieHite 3q>q>eKTHoro 0Mnqec1<0ro earpeBa B 
cra6HJJll3HpoBaHnLIX RO.'IbJ\eHLIX CHCTeMax If yc
nenrnan: paapa6orRa noeoro MeToAa «ryp6yneHT
ttoro~ ttarpeua miaaMhl oanaqaroT noJ1;1>eM Ha BTO
pyI0 cryneHh. C.1JeJ(y10m;a11 (no em;e He nocJieµ
H.RH) crynenh 6y;:i;er ,n;ocrnrnyra ror;i;a, Ror,n;a 
y,n;acTCH COJ_,i'.laTb ycroi'c11neyIO BhlCOKOTeMneparyp
HYIO nJiaaMy C TaKoil: BhICOrrnfr IlJJOTHOCTbIO, qro 
oua CMOiKCT C.'lymlITb MOID;HLJM HeiirpoHHbnI IIC

TO'!HllI<OM, npeBOCXO,!l;HID;HM no CBO('Il aKOHOMIJ'I
HOCTir ycKopnreJILHLre ycrpoitCTBa. B CYJll:HOCTII 
TO.'ILKO Ha aroii cra.n,1111 · C.'lona <,ynpaemreMLJll 
repMOH,n;epu1,1ii cnnrea~ npuo6peryT pea.11,noe aHa-
qenne. , 

By,n;eM Ha,ll.e1IThC.R, 'ITO K OTKpLITUIO qerBeproii 
il(eneBCl<Oll KOH(fiepeHO:llJl IlOA1>eM Ha rpeThlO 
cryrreHL repMoH,n;epnoii JiecTHHIJ.hl 6y,n;e·r aaeep
mea. 

ABSTRACT-RESUME-AHHOTAU111 JI-RESUMEN 

A/297 USSR 

Controlled thermonuclear fusion 
and high-temperature plasma physics research 

in the USSR 

by L.A. Artsimovich 

The_ paper deals with the following matters: 

(a) The basic problems determining current trends 
of research: 

(i) plasma containment methods guaranteeing 
its stability; 

(ii) effective methods of heating plasma. 

(b) Results of theoretical study of the problem of 
stability; stability in magnetic bottles of the open an_d 
closed types with constant fields. Theoretical analysis 
of radio-frequency field stabilizing effect. 

(c) Experimental investigation of adiabatic magnetic 
bottles of the open type: 

(i) analysis of a magnetic mirror system (ion 
magnetron, OGRA and others); 
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(ii) systems with hybrid fields ensuring a rise 
in magnetic field strength in all directions 
from the area occupied by the plasma 
(PR·S and other devices). Relation of 
containment time to plasma density and 
temperature. 

(d} Experimental investigation of closed magnetic 
systems: 

(i) plasma heating in toroidal systems with 
a strong stabilizing longitudinal field 
(TOKAMAK-type devices); 

(ii) development of magnetic traps based on 
the stellarator principle. 

(~) Studies on various new methods or heating 
plasma: 

(i) experiments on turbulent heating by radio• 
frequency fields; 

(ii) experiments on magneto.acoustic and cycle. 
tron resonance. 

(f) Research on plasma containment by radio
frequency fields (travelling wave systems, devices 
based on the concept of dynamic stabilization, etc.). 

(g) Some new results of research on plasma heating 
during fast-pulsing processes with large power release. 

(Ii) Methodological developments. 

A/'297 URSS 

Recherches sur la fusion thermonuclealre 
control~e et sur la physique du plasma 
~ haute temperature en Union sovletlque 

par L. /4.. /4.rulmovttch 

Le mcmoirc traitc des sujcts suivants: 

a) Principaux problemes qui determinent actuelle
ment les tendances de la recherche: 

i) Methodes de confinement du plasma qui 
visent a assurer la stabilite de celui-ci; 

ii) Methodes efficaccsd 'cchauffement du plasma. 

b) Resultats de l'etude theorique du probleme de la 
stabilite: stabilite dans les pieges magnetiques ouverts 
ou fermes a champs constants. Analyse theorique de 
I 'action stabilisatrice des champs de haute frequence. 

c) Recherches experimentales sur les pieges magne
tiques adiabatiques ouverts: 

i) Analyse du systeme a miroirs magnetiques 
(magnetron ionique, OGRA, etc.); 

ii) Systemes a champs hybrides assurant un 
accroissement de l'intensitc du champ magne
tique dans toutes les directions par rapport A 
la zone occupee par le plasma (PR-Set autres ). 
Relation entre le temps de confinement et la 
densite et la temperature du plasma. 

d) Recherches experimentales sur les systemes 
magnctiques fermcs: 

i) Echauffement du plasma dans !es systemes 
toroldaux a champ longitudinal intense 
exer~ant un effet stabilisateur (dispositifs du 
type TOKAMAK); 

ii) Misc au point de pieges magnetiques fondes 
sur le principe du stellarator. 

e) Etude de diverses mcthodcs nouvelles d'echauf
fement du plasma: 

i) Experiences sur l'echauffement turbulent du 
plasma par des champs de haute frequence; 

ii) Experiences sur la resonance magneto-acous• 
tique cyc1otronique. 

/) Recherches sur le confinement du plasma a 
l'aide de champs de haute frequence (systemes a onde 
mobile, dispositifs fondcs sur la notion de stabilisation 
dynamique, etc.). 

g) Quetques resultats nouveaux sur l'echauffement 
du plasma dans Jes procedes a impulsions rapides pro
duisant une grande quantite d'energie. 

h) Elaboration methodique. 

A/297 URSS 

La fusi6n termonucfear controlada 
y las lnvestlgaciones de ffslca del plasma 
de atta temperatura en la URSS 

por L. A. Artslmovlch 

La memoria trata de las siguientes cuestiones: 

a) Los prob le mas f undamentales que determinan 
las actuates tendencias de la investigaci6n: 

i) Metodos de confinamiento del plasma que 
garanticen su estabilidad; 

ii) Metodos . efectivos de calentamiento del 
plasma. 

b) Resultados de\ estudio te6rico de la estabitidad: 
estabilidad en las botellas magneticas de tipo abierto 

. y cerrado con campos constantes. Analisis te6rico de 
la acci6n cstabilizadora de los campos de alta fre
cuencia. 

c) Estudio experimental de las botellas magneticas 
adiabaticas de tipo abierto: 

i) Analisis de un sistema con espejos magneticos 
(magnetron i6nico, OGRA, etc); 

ii) Sistemas con campos hibridos que aseguran 
el crecimiento de la intensidad del campo 
inagnetico en todas direcciones a partir de 
la region ocupada por el plasma {PR-5 Y 
otros). Relacion entre el tiempo de confina• 
miento del plasma y su densidad Y tempera· 
tura. 
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d) Estudio experimental de los sistemas . magne
ticos cerrados: 

i) Calentamiento del plasma en sistemas toroi
dales en presencia de un intenso campo 
longitudinal de estabilizaci6n (instalaciones 
de tipo TOKAMAK). 

ii) Desarrollo de trampas magneticas basadas 
en el principio del « stellarator ». 

e) Estudio de varios metodos nuevos de calenta-
miento del plasma: · 

i) Experimentos sobre calentamiento turbu
lento del plasma mediante campos de alta 
frecuencia. 
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ii) Experimentos sobre resonancias magneto
acusticas y de ciclotr6n. 

f) Estudio del confinamiento del plasma mediante 
campos de alta frecuencia (sistemas con onda progre
siva, instalaciones basadas en la idea de la estabili
zaci6n dinamica, etc.). 

g) Algunos nuevos resultados del ·cstudio del 
calentamiento del plasma en presencia de procesos 
pulsados rapidos con gran desprendimiento de 
potencia. 

h) Desarrollo de metodos. 



P /881 Australia 

Progress in controlled fusion and plasma physics 
in countries in the rest of the world -
outside Europe, North America and the USSR 

By C. N. Watson-Munro• 

At the Second International Conference on the Peace• 
rut Uses or Atomic Energy (Geneva, 1958), several 
countries in Europe, the United States of America and 
the Union of Soviet Socialist Republics disclosed the 
results of their initial large-scale atlempts lo open the 
doors to the desired regions of high temperature, con
tained, hydrogenous plasmas and the glistening vistas of 
controlled lhennonuclear reactions. As we know now 
these doors have not opened smoothly; while it is 
true that in terms of the product of the three important 
parameters of containment time, ion temperature and 
particle density we have marched forward by several 
orders of magnitude. it is also true that we have 
uncovered more problems in elucidating the basic 
laws governing the behaviour of plasma than were 
obvious in 1958. It is in this field of assisting to under
stand these basic laws that .. the rest of the world" has 
made its major contribution. 

This policy was a deliberative one, perhaps typified 
by the Japanese reaction expressed in the Annual 
Review of the Nagoya Institute of Plasma Physics[)]: 

-rite members of the nuclear fusion research group, 
the parent body of the research workers headed by 
Prof. H. Yukawa of Kyoto University, had a series of 
heated discussions and concluded that the plan to 
build a fairly big machine of the more prospective 
type was somewhat premature and it was essential at 
this stage of development to conduct more basic and 
systematic research through co-operation of scientists 
from different localities and careers." 

The same kind of situation has held in Australia, 
where the Atomic Energy Commission. through the 
Australian Institute of Nuclear Science and Engineer
ing, has encouraged a collaborative programme of 
basic plasma physics research in several universities. 

In attempting to summarize the activities of the rest 
of the world, I find it convenient to discuss the prob
lems under the following general headings: 

(a) Basic plasma physics related to the CTR prob
lem; 

• Professor of Plasma Physics, University of Sydney. 
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(b) Diagnostic techniques; 

(c) Containment and stability problems; 

(d) Plasma heating. 

It is of course appreciated that plasma research does 
not fall neatly into these sections and there is much 
overlap. 

BASIC PLASMA PHYSICS RELATED 
TO THE CTR PROBLEM 

Activities in this field may be treated under the 
following sections: 

Plasma preparation 

Any basic work in plasma physics demands a plasma 
source, which is preferably free from turbulences and 
from density and temperature gradients in space and 
time. Two kinds of sources merit special mention. 

The first is the Q. P. machine [I] at the Institute of 
Plasma Physics, Nagoya University, Japan, which by 
its nickname expresses the experimenter's hope to have 
a "quiescent plasma ... This source consists of five parts: 

(a) A P.I.G. source of ions of particle densities 
1011-1013 cm-s, energy 1-10 eV; 

(b) A magnetic channel (300 cm in length) wh~re 
neutral particles are removed preferentially by radial 
pumping, ions being held by an axial magnet~c ~eld 
of 3 kilogauss, to achieve a high percentage of 10mza
tion; 

(c) A heating section (200 cm in length) where the 
ions will be heated by magnetic compression or by 
ion cyclotron resonance; 

(d) A plasma dressing section (150 cm in leng!h) 
where measurements can be undertaken on the high 
temperature plasma stream, and 

(e) A burial chamber which will prevent back~ 

streaming. 

The second kind of source is the SUPPER 
(Sydney University plasma physics experimental rigs) 
machines in Australia [2·6] which provide plasmas 
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of density ranges 1013-1016 cm-3, temperatures about 
I eV. These plasmas are produced by the Jx B 
hy~romagnetic ionizing front process pioneered by 
Wilcox et al. (7); production characteristics are dis
c~sed in [2-4). It will be noted that these cylin
dncal sources have· been produced in volumes of 
10.S cm radius and 170 cm in length in axial magnetic 
fields of 10 kilogauss and that their spatial temperature 
and density gradients are relatively smaJl (5). The 
plasma decays mainly by three body recombination; 
the exponential time constant of around 300 micro- · 
secon~s is sufficiently long for most plasma physics 
expenments. 

Waves and oscillations 

Japan and Australia have been active in both the 
experimental and theoretical study of waves in plas
mas. 

Alfven transverse hydromagnetic waves have been 
experimentally examined in helium and air at Tohuku 
University [8, 9] and in hydrogen at Sydney Univer
s!ty. At Tohuku University the generation, propaga
t100, reflection and ion cyclotron resonance studies 
have led to the construction of the A WRA2 machine 
(200 cm long and 15 cm diameter), designed to examine 
the resonance of large amplitude Alfven waves [9]. 
Kato and Taniuti [to] have theoretically examined the 
dispersion relations for the fast and slow magneto
acoustic waves as well as the Alfven wave in a colli
sionless plasma. 

Ion cyclotron heating 

Both the Nagoya Institute of Plasma Physics, who 
have constructed a 30 kW oscillator [l], and Sydney 
University, who have copied the 1 MW Berkeley 
oscillator [I I], are interested in ion cyclotron heating 
experiments. The Sydney oscillator is at a fixed fre
quency of 9 Mc/s; the Nagoya oscillator has the 
advantage of being continuously variable over the 
frequency ranges 1.6-3 Mc/s, 2.5-4.8 Mc/s and 
4.0-7 Mc/s. 

May and Tendys [12) have examined theoretically 
the attenuation of an ion cyclotron wave in the 
neighbourhood of its resonance and defined the regions 
of Landau damping, collisional damping and the 
transition between the limiting cases. 

Low frequency oscillations 

Sumi [13] has examined theoretically the various 
modes of low frequency ion and acoustic waves pro
duced in a cylindrical plasma and endeavoured to 
compare the experimental results with theoretical 
features. Several experiments [14-17) on oscillations 
in P.I.G. discharge tubes and ion oscillations 
generated by electron beams have been under
taken in Japan. 
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Plasma oscillations 

Several Japanese workers [18-20] have studied 
theoretically electron plasma oscillations, with 
particular reference to stability. Tsuda (21] has 
developed a theory of the electric field in a turbulent 
plasma. 

Whistler waves 

Using a frequency of 35 000 Mc/s Sydney University 
have recently propagated Whistler waves in a helium 
plasma and found good agreement with the theoretical 
dispersion relations. 

Cross sections and theory of Coulomb interactions 

Butler and Buckingham [22) have theoretically 
examined the energy loss of a fast ion in· a plasma and 
obtained close expressions for the behaviour of the 
mean energy as a function of time and of the diffusion 
spread around this mean. 

Varsavsky (23} of Argentina has determined experi
mentally the excitation of resonant lines of 05+ by 
electron bombardment. 

Kihara and Aono [24] have worked out an extensive 
study of Coulomb interactions and related relaxation 
phenomena in plasmas, with a skilful method of 
avoiding cut-off procedure, by combining the binary 
collision theory and the so-called wave theory. 

Orbit theory 

The Institute of Plasma Physics and the Physical 
Institute of Nagoya have examined the motion of 
charged particles in magnetic fields [25, 26) and 
experimentally the trapping of electrons injected into 
a magnetic bottle [27]. 

Anomalous cyclotron radiation 

An enormously intense and sharp microwave emis
sion at the electron cyclotron resonance in Xe, Kr 
and A plasmas has been observed by Tanaka eta/. [28). 
This phenomenon is supposed on the ground of good, 
if not conclusive, evidence to be an effect of the nega
tive absorption at cyclotron resonance due to the 
Ramsauer effect in a partially ionized gas. 

Radiation at cyclotron harmonics 

Microwave emission at electron cyclotron harmonics 
in a positive column has been observed by Tanaka 
et al. (29, 30}. A theoretical interpretation is presented 
by Sugihara [31]. 

Radiation by plasma waves 
The transformation of the plasma oscillation in a 

hot cathode discharge tube into an electromagnetic 
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~~ has bcc~.obscrvcd by Kojima el al. [32]. 'rera
sh~ma and ~aJ•m~ [33J have investigated theoretically 
this .~cchan,sm m the presence of density inhomo
gcne1t1es. The phenomenon is also related to the high 
frequc~cy conductivit! around the plasma frequency, 
or which a cakulauon has been carried out by 
Aono (34). 

Cerenko, radiation 

The theory or Cerenkov radiation in plasmas has 
been investigated by several Japanese workers [35, 36). 
A programme to study experimentally the c.ercnkov 
radiation ge~erat~d by electron beams is in progress 
at Tokyo Uruvers,ty. The electron beams with energies 
of 2 MeV arc to be prepared by the 10' Mc/s electron 
linac. 

X ray radiallon 

~o Pakistan workers have studied the X rays 
enuttcd from metal surfaces under the impact of 200 
kcV hydrogen ions [37]. 

Runatri·ay tlttlrom and ions 

A plasma bctanon has been built at Tokyo Uni• 
versity to study and utilize runaway electrons. 

George (38] in India is interested in producing 
runaway ions by the limitation or electron current. 

PLASMA DIAGNOSTICS 

Measurements or plasma propenies-particularly 
particle densities and temperatures-are important in 
CTR work and have received some attention by the 
rest or the world. New developments may be sum. 
marized in what follows. 

Resonance probe 

This work pioneered by the Japanese has stimulated 
considerable interest throughout the world. In this 
measurement [39-44) a low voltage rf signal is 
superimposed on a probe and swept in frequency; 
the de component of the electron current due to the 
non-linearity of the sheath impedance is measured 
and from it can be calculated: 

(a) The electron temperature from the increase in 
airrcnt at frequencies below the plasma resonance; 

{b) The electron density from the sheath resonance 
frequency. 

Microwave probe 

Robinson of Sydney University has shown [45-47) 
that electron density profiles in a plasma can be 
obtained from the phase shift of a microwave beam 
reflected from a small modulated dipole, inserted in 
the plasma. 
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Microwave reflections 

Microwave reflection techniques have been exam
ined by Takeda and Tshukishima {48) and Robinson 
l49] and yield information on plasma densities and 
collision frequencies from the wave mode reflected at 
a critical plasma boundary. 

Microwave transmission and Interferometers 

Japan [I), Israel [SO] and Australia {51, 52] have 
developed microwave interferometry as a diagnostic 
tool. 

High-speed spectrometry 

Yoshimura and others [53) of Nihon University 
have constructed an ultra high-speed spectrometer for 
the measurement of spectral line profile, and applied ' 
to a theta-pinch plasma to get insight into the time 
change of ion tempc:rature. 

STABILITY AND CONTAINMENT PROBLEMS 

Some experimental and theoretical work has been 
undertaken by the rest of the world into problems of 
stability, containment and associated effects such as 
diffusion and shapes of confining magnetic fields. 

Stability theory 

Sato [54} has produced a comprehensive review 
article of macroscopic instabilities in a plasma in a 
magnetic field with emphasis on the physical inter
pretation of instability mechanisms and of methods 
of stabilization. 

India has been prominent in the field with theoretical 
contributions to the stability of inhomogeneous plas
mas in magnetic fields [55), the stability of Alfven 
gas insulated plasmas [56], sausage instabilities in 
hard-core liquid-pinch models [57] and stabilities of 
rotating plasmas (58]. 

Hamada {59] studies hydromagnetic equilibria in 
their proper co-ordinates, while Kalman (60] of Israel 
discusses magnetic collective modes in a plasma. 
May [61] examines the collisional damping of a two• 
stream instability. 

Containment devices 

Containment problems are receiving attention par
ticularly in Japan; where a number of small to medium 
size machines has been built to study the. problem. 
These are~ Kyoto University's heliotron which utilizes 
a corrugated magnetic field produced by an alternate 
system of currents; a scalloped torus at the Tokyo
Shibaura Electric Co; a Trapstron at Tokyo Uni
versity to study anomalous diffusion across a magnetic 
field; a reversed field machine at the National Electro
technical Laboratory, a tubular plasma with fields of 
opposite sense inside and outside, and "Chimera" at 
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Osak:1 ~~versitr, where plasma from a linear pinch 
gun 1s tnJected mto a cusp. 

Blevin of the University of New England, has 
transferred to Australia experiments on plasma con
finement using alternating magnetic fields and reported 
at Salzbur~ (62]. After an unsuccessful attempt to 
reduce the importance of end-effects in a linear dis
charge, he has now constructed a torroidal version of 
the rotating field apparatus of 7.5 cm minor diameter 
and a mean circumferential length of 120 cm. 

Experiments on containment and stability 

Helical instabilities of a linear discharge plasma pro
duced by a large capacity electrolytic condenser bank 
have been observed by Enjoji and Okamoto at the 
Institute of Physical and Chemical Research, Tokyo 
~63J. Th~ process of formation of helical plasma and 
its rotational velocity were observed by a streak 
camera. Shafranov's condition for a stable plasma 
was confirmed. 

Correction to be made for the torroidal Joule heat
ing windings has been studied by Mohri et al. in their 
Heliotron-B device [64]. Without the correction, the 
magnetic field of the windings was as great as J .2 kilo
gauss on the tube axis, as a result of a finite curvature 
in the torroidal windings. An auxiliary correction 
current reduced the field to less than 10 gauss over the 
discharge region and the plasma confinement was 
effectively improved. 

The deformation and drift to the wan of a com
pressed plasma column has been observed by Takeda 
et al. [65] in their slow theta-pinch device at Nihon 
University. It was found that the deformation and 
drift were due to a small inhomogeneity, of less than 
2%, of the magnetic field at the centre of the mirrors. 

A detailed investigation of the screw instabilities in 
a positive column in a strong field has been made by 
Sekiguchi in· his Trapstron. 

Diffusion 

Experiments on charged particle diffusion in the 
after.glow of plasmas have been examined by lchi
maru et al. [66] who study the collisional diffusion in 
the after-glow of magnetic helium and neon plasmas. 
Somewhat similar experiments have been undertaken 
by Sharp of Sydney University in hydrogenous and 
helium plasmas. · 

Avivi et al. (67) of Israel have investigated the slow 
expansion of a plasma column without magnetic field. 

HEATING EXPERIMENTS 

A number of small-scale CTR plasma-heating 
experiments supported by theoretical work, are being 
undertaken by the rest of the world and are conven
iently classified below. 
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Theta-pinches 

Japan has theta-pinch experiments at Nihon Uni
versity (68) and at the Electro-technical Laboratory 
[69]. The theta•pinch at Nihon University has low 
values of dB/dt and showed the interesting result of 
the absence of instabilities during the compression 
stage. The assumption of infinite conductivity in com
puting the dynamics of the contraction was found to 
be valid, and gave qualitative agreement with a 
snow-plough model. The half.period of the discharge 
was 31 microseconds, the maximum value of B was 8 
kilogauss and the trapped field was 90 gauss after the 
third half cycle, 320 gauss after the fourth and 530 
gauss after the fifth, for an initial pressure of 30 microns 
of air. 

Experiments on the mirror-configuration slow theta
pinch are being continued with a 51 kJ source of 
energy. Particularly the foUowing points were pur
sued: radial as well as axial motions of the plasma; 
stability of the plasma in its compressed state, and 
the relation between adiabatic heating and end leakage 
loss. The electron temperature · and density so far 
obtained are 40-100 eV and 1015-1016 crn-3, respec
tively. The slow change of B and longer discharge 
half.period (100 µs) make the observations and ana
lysis much easier than the case of a fast pinch. Hard 
X rays with the maximum energy of 300 keV have 
been observed in the helium pressure range of 2-
800 mtorr, an energy which cannot be accounted for 
by a single particle induction acceleration. 

The University of Cape Town (70) has used magnetic 
probes to examine the electron temperature and the 
velocity of the imploding current sheath in a theta
pinch device of peak magnetic field 41 kilogauss, 
half-period 4.8 microseconds and tube diameter 
5.3 cm. 

El-Khalafawy, of the United Arab Republic, has a 
theta-pinch machine under construction. 

MACETIE 

A multi-stage adiabatic compression machine with 
cqui-temperature irreversible expansion, called also by 
the Japanese nickname BSG, has just been undertaken 
at the Nagoya Institute of Plasma Physics after pre
liminary work in Nihon University [71). It is based on 
the principle that when a plasma is transferred from 
a region of strong magnetic field into a weaker region, 
the temperature will not change much provided that 
the mass-motion can appropriately be thermalized. 
If this process of isothermal expansion is feasible, it is 
evident that repeated applications of adiabatic com
pression with intermediate irreversible expansion will 
result in the heating of the plasma without the use of 
too high a magnetic field. In the preliminary experi
ment, the plasma was created by a theta-pinch with 
Bmax of 7 500 gauss and ejected along the axia 
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direction into a weaker field of 1000 gauss or less. The 
plasma was intended to stop at the far end of the 
machine ~here a stronger field of 7 500 gauss prevails. 
The motion of the plasma, the electron density and 
temperature at the several points were observed. 

High-energy Injection 

Japan has constructed at Osaka University an 
.. HX., machine for injecting molecular ions into a 
magnetic field. 

Abdel-Aziz. of the United Arab Republic, is con
structing an experiment for the injection of a 50 mA, 
2SO kV beam of 250 kV ions into an arc discharge. 
A high current rf ion source (72) capable of 150 mA 
at 40 kV is also being considered. 

The therorctical group at Sydney University has 
panicularly concerned itself with the production of 
highly excited neutral atoms for injection purposes. 
It finds 172, 74) a giant resonance for hydrogen at an 
initial laboratory energy of 25 keV. 

RF heating 

The Watanabe laboratory at Osaka City University 
have constructed a figure eight stellarator designed to 
use radio-f rcquency heating and with the specific 
intention of maintaining a zero axial current. 

Ion cyclotron heating experiments arc dealt with in 
the wave section earlier in this paper. 
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ABSTRACT--RESUME-AH HOTA ltlA.R-RESUMEN 

A/881 Australie 

Progres en matiere de fusion controlee 
et de physique du plasma 
dans les parties du monde autres que l'Europe, 
l'Amerique du Nord et l'URSS 

par C. N. Watson-Munro 

Si quelques machines de dimensions moyennes y . 
ont ete construites, ces autres parties du monde -
dont l'activite dans ce domaine a, pour l'essentiel, 
commence apres la Conference de Geneve de 1958 -
se sont attacbees surtout a poursuivre la recberche de 
base, dont on espere qu'elle fournira des donnees qui 
faciliteront la mise au point de grosses experiences 
concemant les reactions thermonucleaires controlees. 
Le memoire passe en revue Jes problemes qui se posent 
sous les quatre rubriques principales suivantes: 
problemes fondamentaux de physique des plasmas se 
rapportant au probleme des reactions thermonucleaires 
controlees; techniques de diagnostic; problemes de 
confinement et de stabilite; chauffage du plasma. 

A/881 AscTpanH11 

nporpecc s pa6orax no ynpasnReMo
MY repM0RAepHoMy CHHTesy H cpH3HK8 . 
nna3Mbl B paanHLfHblX crpaHaX MHpa, 
Kp0Me eeponeACKHx· c1paH, CWA H 
CCCP 

XoT.R B Apyr11x cTpa11ax MHpa (.KpoMe Enpom,1, 
ClliA H CCCP) nocne · Bropoii MemAyaapoAuoii 
}(OH<f,epemvm no MHpHOMY HCUOJib30B8HHIO 8TOlf

noii: ~meprim (iKeHeBa, 1958 roA) nocTpoe110 HC
c1mJI:&RO cpe,ll.HllX :rncrrepHMCHT8JlbHhlX ycTaHOBOJ., 
ocHo»Hoe n1111Mam1e cocpe;v>Toqeno Ha TeopeTuqe
cirnx HCCJieflOB3HIUIX, HOTOphle JI03BO;JHT nonyq11Tb 

~aHHblC B noMOJ.I(h IWHCTpynpoBaHIIIO HpynHhlX 

3HCrrepm,WHT3JlhHblX ycrallOBOH. B ,ll.OH,Ja;J;e pac

cMaTpuBaIDTCH OCHOBHhlC paUOTl,l no CJJCflYJOll(IIY 

•mTLipeM nanpannemrnM: eonpochl <f,11an11n nnaa
Jtbl, CBH3aHHhie C uccne;i;ouaHHHMII yapaBJUieMhlX 

TepMOJIAC pHhlX peaKI~nii; ;J.Ha~HOCTHKa mrna.MLI; 
npo6neMhl yAepmamrn n ycTonqnnocTu n narpeu 

m1aa1111,1. 
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A/861 Austnlla 

Progresos en la ffslca de I a fusion y del plasma 
controlados en los demas pafses del mundo. 
excepto Europa. America def Norte y 
la URSS 

por G. N. Wauon-Munro 

Si bicn sc han construido unas cuantas maquinas 
de tamailo medio, los dcmas paiscs del mundo, que 
en gran partc iniciaron sus actividadcs en estc campo 
despucs de la Segunda Conferencia Internacional sobre 

C. N. WATSON-MUNRO 

la Utilizaci6n de la Energia At6mica con Fines 
Pacificos (Gincbra, 1958), han concentrado principa\. 
mente sus actividades · en la realizaci6n de investi, : 
gaciones mas fundamentales, las cuales se espera que • 
permitan allegar la inforrnaci6n que requiere d 
diseiio de grandes experimentos sobre las reacciones 
termonucleares controladas. En la memoria sc 
examinan los problemas a la luz de los cuatro epigrafes 
principales siguientes: la fisica fundamental de\ 
plasma relativa al problema de la reacci6n termo
nuclear controlada; las tecnicas de diagn6stico; los 
problemas de confinamiento y estabilidad, y el calen
tamiento del plasma. 
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Controlled nuclear fusion research in Western Europe 

By A. Schluter * 

This paper is a report based on material made 
available to the author, with the support of the Inter
national Atomic Energy Agency, by the majority of 
the 43 Western European institutions enumerated in a 
comprehensive list, engaged in research on the genera
tion of useful energy by controlled thermonuclear 
reactions. Only a very small fraction of this material 
can be presented in this paper; the selection is in no 
way intended as an assessment by the author of the 
relative merits of the different investigations, but has 
been made solely to give as coherent a picture as 
possible. 

In 1958, at the time of the Second International 
Conference on the Peaceful Uses of Atomic Energy, 
the only major Western European effort in the field 
of controlled fusion was that undertaken by the United 
Kingdom Atomic Energy Authority at Harwell, while 
smaller experiments were in operation and larger ones 
were being prepared at different places in the United 
Kingdom, in France, in Sweden, in the Federal 
Republic of Germany and in other countries of 
Western Europe. A considerable amount of theoretical 
work had also been done, particularly in the United 
Kingdom and in Germany. In the period thereafter, 
European efforts in this field have been intensified to 
a considerable exterit. The present status is best illus
trated by a few statistics on the major European instal
lations. The largest of these is still that of the United 
Kingdom Atomic Energy Authority with their research 
establishment, now at Culham, Berkshire, with 1 IO 
research physicists and an annual operating budget 
equivalent to US$10 000 000. Most of the other big 
Western European installations work under contracts 
of 3$Sociation concluded_ by Euratom, such as the 
lnstitut filr Plasmaphysik at Garching near Munich, 
with 99 scientists and an annual budget of almost 
US$2 000 000, and the Euratom-CEA association 
with 75 scientists at Fontcnay-aux-Roses and 17 scien
tists at Saclay. Further associations have been con
cluded with the following smaller organizations: Labo
ratorio Gas Ionizzati (Frascati near Rome); FOM• 
Instituut voor Plasma-Fysica (Jutphaas near Utrecht); 
FOM-Laboratorium voor Massascheiding (Amster
dam), and the Kernforschungslage (Jillich near 

• lnstitut fur Plasmaphysik, Garching. 
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Aachen). Of other Western European institutions the 
following should be mentioned: the Institute for 
Plasmaphysics of the Royal Institute of Technology 
(Stockholm); the Research Establishment Riso of the 
Danish Atomic Energy Commission (Roskilde), and 

· the Laboratoire de physique des plasmas of the 
Universitc de Paris (Orsay). -One division of the 
Max.-Planck-Institut filr Physik und Astrophysik 
(Munich) is also devoted to plasma physics and colla
borates closely with the Garching institute. (In the 
following pages, these laborat~rics will be identified 
by their location.) 

Between all these laboratories there is closeinformal 
co-operation. The European Study Group on Fusion, 
through its regular meetings, acts as the catalyst. The 
work of the Euratom associations is further co-ordi
nated by Joint Committees and the advice of a groupe 
de liaison. 

It appears that a further increase in scientific man
power and funds will, at least in the bigger installa
tions, be at a considerably slower rate than it has been 
in recent years. Specifically, it ,is the stated policy of 
the United Kingdom Atomic Energy Authority to 
continue at the present budget and complement levels 
until new developments warrant a change. 

The ultimate objective of these investigations is the 
controlled production of useful energy by fusion reac
tions between the nuclei of heavy hydrogen isotopes. 
The first step in this re~earch is to explore the pas• 
sibilities of producing the physical state which the 
heavy hydrogen isotopes have to attain in order to 
yield a sufficient number of reactions with a total 
nuclear energy release large compared with the kinetic 
energy of the hydrogen nuclei. If one considers the 
most promising fuel, namely a deuterium-tritium 
mixture, then this condition would imply a minimum 
relative kinetic energy of several tens of thousands of 
electron volts per particle and a minimum time -r 
during which this energy is maintained, such that -r 
times the number density n is in excess of l014s/cm3

• 

Since, even at these kinetic energies, the elastic colli
sion cross section is markedly greater than the fusion 
cross section, the confinement of the nuclei must 
allow for a considerable spread in the direction of their 
velocities, so that nuclei will, to some approximation, 
be in thermodynamic equilibrium at a -temperature 
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of several millions of degrees Kelvin. In the case 
of some schemes of confinement, as in the so-called 
magnetic mirror machines, MMII and DECA-11 at 
Fontenay and PHOENIX at Culham, particles with 
certain directions in their velocity vectors can easily 
escape. In such cases the velocity distribution of the 
particles, and hence their pressure, will be somewhat 
anisotropic, and the approximation of thermal equi
librium will not be good, and additional complications 
will occur. 

The densities implied by the minimum value of nT 

arc in any case such that the positive space charge of 
the nuclei must be compensated by an almost equal 
density of electrons. Even if no uternal heating 
mechanism feeds energy into the electrons, elastic col
lisions between nuclei and electrons will tend to pro. 
duce thermal equilibrium between them. If the number 
of these: collisions per lifetime of the particles is small, 
as in the mirror machines mentioned, the temperature 
of the electrons can be far lower than that of the 
nuclei. This is a convenient feature since energy pro
duction depends only on the temperature of the nuclei, 
while the temperature of the electrons causes additional 
losses, e.g., by radiation. 

The physical state of matter~onsisting of a col
lection of hot ions, hydrogen nuclei and of space 
charge-compensating electrons-is commonly called 
the .. plasma" state. The first step towards a fusion 
reactor has, therefore, to be accomplished within the 
realm of plasma physics. Although fusion research 
is by no means the only interesting application of 
plasma physics. Since almost all matter in the universe 
is in the plasma state, there are many links with 
astrophysical problems which are being looked into 
in Stockholm, in Munich and at Culham. The most 
encouraging information drawn from astrophysics is 
the observation that long-live~ plasma configurations 
do exist, even where gravitation does not play a con
tromng role. It is conceivable that fusion research will 
not be the first branch of plasma physics to yield 
practical results on a large scale; for instance, the pos
sible use of plasmas in electromagnetic generators is 
now being explored at many places. 

Even the attainment of the Lawson criterion of 
minimum nr at a sufficiently high temperature does not 
completely solve the fusion problem. Other than this 
requirement, energy losses from the hot plasma and 
from external circuits must be kept at a tolerable level. 
Since fusion energy must be extractable, tritium has to be 
produced with the aid off us ion neutrons, without even 
considering the economic problem of competitiveness 
with fossil-fuel burning or power generation from nu
clear fission reactors. Nevertheless, there seems to be in 
Western Europe a common agreement that the chances 
are good enough to warrant a relatively large effort. 

The containment of the plasma for as long as pos
sible is in all experiments attempted with the aid of 
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strong magnetic fields. In most cases, these fields are 
produced by electric currents flowing in external con
ductors and are only modified by the diamagnetic 
behaviour of the plasma or, what amounts to the 
same, by secondary currents induced in the conducting 
plasma. This does not hold for the so-called z-pinch 
as TIBER at Culham and its variants like the tubular 
pinch or the anti-pinch studied at Fonten~y and at 
Garching, where· large external currents are fed into 
the plasma. Nor docs it hold for the toroidal relatives 
of what are ref erred to as "straight" devices: the well 
known toroidal z-pinch ZETA at Culham and the 
LEVITRON experiments. Some basic ideas of the 
latter were first proposed by the Stockholm institute, 
where it forms the main objective and also at Alder
maston. The "alternating pinch" and the "magnetic 
screw compression" devices at Jutphaas also belong to 
this group. The advantage of the toroidal systems is 
that there are no electrodes preventing the complete 
separation of the plasma from the walls. If, however, 
electric currents within the plasma or on its surface 
are solely diamagnetic in origin, then a toroidal con
nectivity of the plasma is not needed to permit this 
separation. In the mirror machines already mentioned, 
the magnetic field is strengthened where lines of force 
penetrate the surface of the plasma; those particles 
which gyrate sufficiently strongly around the magnetic 
lines of force in these "mirrors'' are reflected, since the 
gradient of the field exerts a force on the magnetic 
moment of the gyrating motion. This dependence upon 
the gyration is the reason for the above-mentioned 
anisotropy of this type of confinement. With a similar 
partial leak, one has to cope with confinement schemes 
where the magnetic field forms cusps, as in the high
density "cusped field containment" experiments at 
Culham, and the low-density "quadrupole field" 
experiments at Jutphaas. 

In the theta-pinches, or thetatrons, a very slender 
plasma column is rapidly compressed by a magnetic 
field consisting of essentially straight lines of force: 
They belong also to the "diamagnetic" class. With 
these devices, plasma densities of the order 1017 per cm

3 

have been reached, and although the plasma can 
stream out at both ends, the best containment values nr 
are higher than 1013 s/cm3• This is low by only a factor 
of about 100 compared with the Lawson criterion, and 
is better than in all other types of devices. The value 
quoted refers to tubes of about one meter long, and 
to condenser banks with about a million watt-seconds 
stored energy, as have been installed at Culham, 
Jillich and Garching. The outflow at the ends can be 
somewhat diminished by using the mirror effect, but 
more effectively by trapping in the plasma a magnetic 
field of polarity opposite to that of the compress~ng 
field. From the stated value, it follows that a machine 
making possible the attainment of the Lawson cri
terion, would have a length of perhaps a hundred 
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meters. This would be so, even if the necessary further 
~ncrease in temperature, with its consequent increase 
m the speed of outflow, can be compensated by a. 
further increase in density. This in turn would imply 
the use of compressing fields in the megagauss range. 

· In the MIRAPI experiment at Frascati, densities of 
10"' per cm3 have in fact been reached, but only in a 
rather small volume. 

End losses would disappear also with "diamagnetic" 
plasma, if the plasma could be closed upon itself, i.e., 
if a toroidal geometry could be employed. If one could, 
however, simply bend a thetapinch into a ring around 
an axis, then the plasma would very quickly drift 
away from that ax.is, since the compressing field is 
necessarily stronger on the side of the plasma near 
the axis than on the far side. This has been experi
mentally verified at Munich. This drift is connected 
with a rearrangement of the lines of force. It demon
strates that the confinement of a plasma is not simply 
the problem of the effect on a plasma by a given 
magnetic field, but constitutes a problem of equilibrium 
between the plasma and the magnetic field. This 
problem exists for all plasma configurations. In the 
case of the previously mentioned arrangements, ZETA, 
Stockholm, levitron and magnetic screw compression, 
the magnetic field between the plasma and the container 
walls has poloidal components. i.e., components in 

· planes which contain the axis. These poloidal fields 
fut the position of the plasma by their interaction with 
the metal walls of the' vessel. In the Jutphaas magnetic 
screw compression arrangement, an ingenious system 
of metal shells has been provided specifically for. this 
purpose and used successfully. In toroidal theta-pinches, 
tb.ese poloidal fields do not exist. Theory, however, 
has shown that more complicated equilibrium con
figurations do exist for "diamagnetic" plasmas of 
toroidal connectivity. Two such types have been 
experimentally studied at Wendelstein (Munich), where 
the Princeton stellerator principle of additional helical 
windings has been used, and also the M & S devices 
(named after the initials of the authors of the corres
ponding analytic equilibrium solution), where the lines 
of force on the side near to the ax.is of the torus are 
given a wave shape, so as to reduce the field strength 
there. The M & S scheme has proved to be effective 
in reducing the outward drift in a fast compression 
machine by at least a factor of 3. 

A further complication in the equilibrium problem 
arises from the fact that the finite electrical resistivity 
of the plasma renders a strict static equilibrium impos
sible, since some motion of the plasma across the lines 
of force must persist to induce the electric fields neces
sary to drive the "diamagnetic" currents. In a Munich 
paper it has been shown that this effect is especially 
noticeable with the complicated flow pattern of 
the "diamagnetic" currents in stellerator configu
rations. 

The practical value of a confinement system is much 
reduced if its attainment depends on a very critical 
adjustment of the parameters, in particular on a cri
tical alignment of the magnetic field. This has been 
found experimentally, for example, in theta-pinch 
experiments at Culham and Jiilich, where an accuracy 
of one part in a thousand was required. A corres
ponding sensitivity also occurred in the M & S experi
ments. The addition of auxiliary magnetic fields per
pendicular to the main field, following the procedure 
first used by Ioffe, has shown good results in reducing 
this sensitivity. 

From both a practical and a theoretical point of 
view, the sensitivity against small changes in external 
parameters is a special aspect of the problem of insta
bilities. This has been recognized as the crucial problem 
of fusion research for quite some time, at least ever 
since the first experiments on the simple straight 
z-pinches showed violent instabilities. Although many 
questions are still open, it is our growing under
standing of instabilities and of the means of preventing 
some of them which constitute the most important 
advance in plasma physics in recent years. 

Best known of the many modes of instability is the 
"interchange" or .. convective" instability. It can occur 
in systems in which the magnitude of the confining 
magnetic field falls off away from the plasma surface. 
These systems are unstable if the plasma and the 
magnetic field can interchange their positions and 
thereby lower the potential energy of the whole system. 
It is the only macroscopic form of instability in those 
systems in which the energy density of the plasma is 
small compared to the energy density of the magnetic 
field ("low {)"). If the conductivity of the plasma can 
be considered infinite, the exchange can be prevented 
by .. shearing" the magnetic field sufficiently, so that 
neighbouring lines of force are no longer parallel. This 
"shear stabilization" has been applied in the z-pinch 
and its relatives. and in the stellerator system, where 
it is the other main purpose of the helical windings 
referred to. 

An important discovery last year was that things 
are rather different if the plasma has a finite resistivity. 
Then the motions of the plasma and the magnetic 
fields are partly decoupled and the state of lower total 
potential energy may become accessible in spite of the 
shear. An indication of some new instabilities of this 
origin was first found in the inverse pinch experiments 
called FAUST at Culham. In straight-tube experi
ments, an ordinary pinch configuration was com
pared with an inverse pinch geometry. The latter 
should be stable, the former unstable if resistivity is 
neglected. But in practice, fluctuations of about equal 
magnitude, indicative of instability in both cases, are 
found, although the confinement appears to be some
what better in inverse pinch geometry. Experiments 
and finite resistivity theory have been compared 
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accurately in experiments with a falling mercury 
column in inverse pinch geometry. In the case of the 
plasma experiments. an approximate agreement be
tween theory and experiment has been obtained in 
the case of the wavelength. growth time and pitch of 
the instability. The theory is not sufficiently developed 
to apply it with confidence to high-temperature 
plasma. where the mean f rce-path for collision becomes 
greater than the pitch length of the helical lines of 
force. The reason is that in such circumstances electric 
fields along the lines of force can be suppressed by the 
rapid thermal motion of the particles, and can arise 
from the finite mass of the particles. Both these new 
in.stabilities, and those of the kinetic type which can 
arise from currents flowing along the lines of force. 
immensely complicate the problem of finding stable 
forms of the pinch. 

Of these resistive instabilities, the so-called .. tearing
mode instability" also occurs in thetapinches when an 
inverse magnetic field had been trapped in the plasma. 
Experiments at Garching have shown that they occur 
much faster if there is only a small inhomogeneity in 
the system. 

If the reaction of the plasma on the confining 
magnetic field is small ( .. low {J"). the interchange 
instability can be prevented by the use of field con
figurations where the magnetic field strength increases 
in all directions away from the interior of the plasma. 
The equilibrium and the stability of such systems have 
been studied both at Fontenay and Culham. By using 
the adiabatic invariants of motion, criteria of stability 
could be derived. They predict possible equilibria of 
the open-ended type, which should be stable for all 
perturbations having frequencies below the ion gyro
f rcquency. If such a .. magnetic well" is filled with 
plasma (ft being increased), it is likely to become 
unstable if the plasma pressure exceeds a value 
p~• Jt.-B! where B1 is the field at the plasma bound
ary and B0 is the field at the minimum B point. This 
theoretical resu1t has been found independently at 
Fontenay and at Culham. 

An apparatus called MTSE, based on Ioffe's 
experiments, has been constructed at Culham, which 
can, be converted from a simple mirror geometry into 
a .. magnetic well., by adding hexapole windings. It is 
found that the simple mirror geometry. in agreement 
with the results of loffe and colleagues, is indeed 
unstable to interchanges, and the plasma escapes in 
few tens of microseconds. With the hexapole windings 
on, the plasma appears to be stable, and it is confined 
for a much longer time (500 ,,s), determined by a 
charge exchange on the neutral gas inevitably present 
in the existing apparatus. Similar results were obtained 
with the mirror machine DECA-11 at Fontenay, The 
addition of a quadrupole correcting field had a sta
bilizing effect which could be studied over a wide range 
of densities from 101° to 1014 per cm3

• The confine-
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ment time was typically 20 µs without the correcting 
field; it reached values of about 100 to 200 µsin the 
density range 101° to 1013 per cm3. 

Although the strict adiabatic theory cannot be 
applied as yet to high P-devices like theta-pinches, the 
simple hydromagnetic stability theory predicts that 
such configurations should be stable, if the magnetic 
field and the plasma are completely separated (P= I) 
and if the magnetic field strength increases away from 
the plasma surface at every point. First experiments 
of this kind were carried out at Culham in a so-called 
.. spindle-cusp" geometry. Shock preheated plasma is 
compressed by cusp magnetic fields which rise in a 
time of about 10 µs to values of about 30 kilogauss 
maximum. All the experiments so far carried out 
indicate that, provided the plasma is not accelerated 
violently (in which case it becomes liable to Rayleigh
Taylor instability), the confinement system is stable. 
The plasma does not cross the lines of force to any 
marked extent but it does, of course, leak out along 
the lines of force at the cus.p apices. A critical para
meter is the width of this leak. The most recent results 
suggest that at ion energies of ~ 100 eV and in fields 
of about 6 kilogauss, this width is about 2 mm, which 
corresponds to about two ion gyro-magnetic radii. If 
the system were hydromagnetically unstable, this 
width ·would be greater. However, the confinement 
time in this experiment is not very long, about 10 µs. 
Nevertheless, the simplest prediction of hydromagnetic 
stability theory appears to be confirmed. 

Ordinary theta-pinches should be slightly unstable 
according to the present argument, since the lines of 
force are bent towards the plasma, at least near the 
ends. Recent extensions of the stability theory, which 
include the effect of the finite radius of gyration, 
predict an improvement in the stability due to this 
effect. Thus theta-pinches (without a trapped reversed 
field) might become stable if the radius of the plasma 
column contains only a few radii of gyration after 
compression. 

Theoretical work on the problem of magneto
hydrodynamic stability has been pursued for several 
years at Fontenay. Recently, a general necessary con
dition for stability has been obtained which involves 
the magnetic field and current density on the magnetic 
axis and the shape of magnetic surfaces around this 
axis. It has been applied successfully to new concepts 
of periodic multipole stabilisation of dosed low ~-con· 
figurations, proposed in the United States. 

Further types of instability occur in mirror machines 
which are associated with an enhanced emission of 
radiation with frequencies around the ion gyro
frequency. These can presumably be understood as a 
manifestation now called "Harris" instability. In 
theory, the microscopic behaviour of the particles 
constituting the plasma plays a dominant role, ~o 
that they cannot be understood in any macroscopic 



SESSION E P/882 

concept, or in an adiabatic approximation. The wide 
field of microscopic instability theory is being studied 
in several places, among them Munich and Garching. 
The possibility of deriving strict microscopic condi
tions sufficient for stability shows that the situation is 
not altogether hopeless. Experimental studies are 
carried out at different places; they constitute one main 
objective at Saclay. · · 

Not yet quite clear is the particular situation found 
in the plasmas of relatively low energy (of the order 
of IO to 100 eV as compared to I keV in theta-pinches) 
in machines of the stellerator type. Experiments at 
Munich and Garching, at still lower energies using an 
almost thermal plasma of caesium, are being carried 
out to decide whether the observed high rates of loss 
of particles and of energy are due to a lack of equi-
librium or to some instability. · 

Although all methods of confinement use magnetic 
fields in some way, in some schemes direct use is made 
of the dynamic properties of a plasma. The fast com
pressing devices mentioned form a transition to this 
class, since the inertia of the plasma cannot be neglected 
during the compression. The MAFIN experiments at 
Frascati might lead to an even more dynamically 
controlled plasma. A magnetic field has been com
pressed up to values of several mega gauss by the implo
sion of a metallic conductor with a detonation action 
of 3 kg of explosive. 

The experiments PLEIADE, ICARE and CIRCE 
at Saclay belong in some sense also to this class. 
Stationary or progressive high-frequency fields are 
employed, especially with frequencies around gyro
frequencies, in conjunction with static magnetic fields. 
With hf powers up to I MW (in ICARE), three
dimensional confinement of a plasma of very hot 
electrons and relatively cool ions has been achieved. 

The problem of the stable confinement of a plasma 
for a sufficiently long time is certainly the most dif
ficult of the obstacles on the way to controlled fusion. 
The other basic problem is the heating to a sufficiently 
high temperature. Fundamentally, there are two dif
ferent ways of achieving this temperature. The par
ticles can either be given first a high energy and then 
be trapped, or vice versa. A combination of both is a 
further possibility. The trapping of high energy par
ticles leads invariably to plasmas of relatively low 
density, while heating in situ can be applied both to 
high and low density plasmas. 

A simple method of heating within a confined region 
is· employed in all fast compression devices of the 
z-pinch or, more commonly, of the theta-pinch type. 
The fast build-up of the confining field . leads to 
adiabatic and shock wave heating. The Joule heat 
generated by the currents within the plasma also con
tributes to this. The heating is here closely connected 
with the dynamics of the compression. Extensive 
numerical calculations have led to· a reasonable under-
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standing of these processes in geometries of cylindrical 
symmetry; they are being extended to cases of more 
complex structure. Work of this kind has been done 
at Culham and Garching in close co-operation with 
the Naval Research Laboratory in Washington. 
' At present, high energy· injection is being investi- . 

gated only with confinement schemes of the cusped 
magnetic field or the mirror type. Most of the latter 
are or will be provided with Ioffe type stabilisation 
fields. The injected particles are ions, neutrals, or 
already constitute a fast moving plasma. A new 
development is the trapping of neutrals, as in the 
Phoenix experiments at Culham where a beam of 
20 keV neutral atoms is injected. The particles are 

.... -+ 
first ionised by the Lorentz V x B electric field seen 
by them as they cross the magnetic field, and then 
trapped by the same magnetic field. By this trapping 
process, densities of the order of 109 per cm3 have 
been achieved. At this density ionisation by the 
plasma already trapped should enable the density to 
build up to a value of I 013 - 1014 per cm3 which, asso
ciated with a particle scattering time of about 1 second, 
would not be far from the requirement of the Lawson 
criterion. 

Plasma injection will be used in the quadrupole 
magnetic field experiment at Jutphaas. It has been 
used in DECA-11 experiments at Fontenay with 
resulting densities up to 1014 per cm3

• The Jtilich experi
ments to accelerate· a plasma by travelling magnetic 
fields and the studies of colliding plasmas in the Fon
tenay experiment "bille en tete" are of great interest 
in this connection. 

A method in some way intermediate between plasma 
injection and heating in situ is being investigated in 
Stockholm and in Amsterdam. By applying a longi
tudinal magnetic and an external radial electrical 
field, energy is first fed into the rotational motion of 

. a plasma and then, by dissipative mechanisms, into heat. 
The physical processes occurring are quite complex 
and not yet well understood. 

None of these investigations could have been per
formed but for the great progress achieved in both 
the technology needed to set up the experiments and 
the diagnostic techniques needed to get the desired 
information. In almost all centres of fusion research, 
the total effort spent on these aspects presumably 
exceeds that spent on performing the experiments 
themselves. Further progress in fusion research will 
continue to depend largely on the solution of these 
problems. Mention should be made here only of two 
recent diagnostic techniques which have this in com
mon, namely that they should render possible, for the 
first time, the direct observation of microscopic quan
tities within the plasma. At Ris0, attempts have been 
made to measure the anisotropic part of the electric 
microfield, which should accompany some micro-insta
bilities, by its effect on the spectral lines of visible light. 
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At Frascati and at Garching. the spectral distribu
tion of the light scattered by a plasma out of an 
incident beam of high intensity and small spectral 
intensity has been measured. This spectral distribution 
depends directly on the density fluctuations of the 
elce1rons in the plasma. It shows the existence of the 
predicted collective effects in these fluctuations. 

The picture of the present state of fusion research in 
Western Europe which has been drawn is undoubtedly 
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quite complex. Progress is being sought along many 
lines. Since the size of the experiments is increasing 
with increasing confinement time and increasing tern• 
perature. even large institutes have to concentrate on 
a small number of approaches. Thus, progress in 
Europe will depend on an even closer co-operation 
between European laboratories and laboratories in 
other continents. 

ABSTRACT-R~SUM~-AHHOTAL(l-1JI-RESUMEN 

A/842 Upubllqu• f6diral• d' Allemacn• 

Recherche en matlere de fusion nuclealre 
controlee en Europe occfdentale 

par A. Schluter 

Le mmioire se fonde sur les renseignements fournis 
1 t'auteur par la majorite des quarante-trois etablisse
mcnts d •Europe occidentale qui mcnent des recherches 
conccmant les reactions thermonucleaircs controlccs. 
Le dacteur a fusion demeure un espoir. qui ne pourra 
ltre rulisi au cours des quelques prochaines annccs, 
mais on semble ltre d'accord pour estimer que les 
chances sont asscz bonnes pour justifier un effort 
relativement grand dans cc domainc. us principaux 
laboratoircs. l'effectif de leur pe™>nnel ainsi que leur 
budget sont indiqu~. II cxistc entre les laboratoires 
une etroite cooperation sur le plan pratique, qui est 
renf orcce par plusieurs organismcs officiels. le Groupe 
d'ctude europccn sur ta fusion, ct, en cc qui concerne 
le travail de l'EURATOM. par ses divers comites. 

Une douzaine de paragraphes consacres aux pro
blcmes techniques contiennent une discussion des 
points suivants: methode d•approche pour arriver a 
des temps de haute dcnsitc pour les plasmas d 'hydro
gme et relations avec les problemes astrophysiques; 
champs magnetiques intenses pour le confinement; 
nouvelles connaissances sur les nombreuses instabilites 
qui compliquent lcs experiences sur les plasmas; 
systemes ingenicux de confinement du plasma n 'exi
geant pas les ajustements tres critiques de certains des 
systcmes plus anciens; configuration magnetique en 
cossc-pivot. Comme le confinement stable du plasma, 
l'obtention d'une temperature elevee du plasma 
presentc u.n probleme fondamental, quoique moins 
difficile a resoudre; les methodes experimentales sont 
dccrites dans leurs grandes lignes. Dans presque tous 
les centres qui font de la recherche en matiere de 
fusion, on consacre probablement a la technologie 
qu•exige la preparation des experiences et aux methodes 
de diagnostic necessaires pour obtenir les renseigne
ments voulus plus d•efforts au total qu'on n'en 
consacre a l'execution des experiences elles-memes. 

A/88'1 tDPr 

Pa6orbl no ynpaenReMOMY 1epMOHAep
HOMY CHHTeay e 3anaAHOA Eepone 

A. Wnio1ep 

AoRJia~ oeRoBaH ua MarepnaJiax, nonyqeuHWI 
8BTOpoM OT 6onLmeii 'laCTH H3 43 HHCTHTYTOB 3a
nap_uoii Enpom.r, npouo;i;111n;nx pa6orLI B o6JiacTJJ 
ynpaBJJ.ReMLIX TepMOR,ll,epBLIX peaJ<n;Hit, Coa,ll,aBBe 
repMOR,IJ,epnoro peai<ropa no-npemaeMy ocraercR. 
aa.,11.anit, KoTopyIO BPHA JIB y,ll,acrcsi: ocym;ecrBBTh 
B TC'l0HH0 6JJH)f(aHillHX ReCKOJILKHX JJeT, O,ll,H8KO 
cyll.\eCTByer o6tn;ee 1,rne11He, 'ITO maac1,1 ua ycnex 
,lJ,OCT8TO1fHO BCJIHKH, 'IT061il aarpattHB3TL 6om,mne 
cpe.n;crua. IlpnBe,lleHLZ KPYIIHLle .naooparopmi:, •rnc
nenuocr1. nepcouana n 6IO)).>KCT. MemJJ.Y na6opa
TOpRRMH noMepmnuaeTC.fl TCCHOC JtH<fJOpMan;HOB· 

Hoe corpy,n:11n11eCTBO, K0T0p0MY cnoco6CTByeT µ,ell· 
TCJlbHOCTb HCCKOJihl(HX oqmn;naJJbHLIX rpynn: 
Euponei1cKoi1 HCCJICAOBaTeJibCKOH rpynm,i: no Clfll
Teay, EopaToMa n ero pa3JIU'IHLIX KOMUTCTOB. 

8 nec.f1Tl(0 naparpaq>oB IIO T0XHH'ICCKHM Borrpo
caM ll3Jiar3IOTCR pa6oTI,1 no noJiy'leHHIO H yµ;ep
maHHIO Bo,n.opOAHOH nna3MLI 6on1,moii nJioreoCTH 
H CBR3b C acrpo<fiH3H'leCKUMH npo6JieMaMn; npR· 
MeHeHne CHJibHblX M8rHHTHblX noJieii )).JI.ff YACp.H<a
HH.R" ycnexn B D3Y'JCHHH MHOrHX HeycTOH'IHBO-

t V 

CTeii - 6u'Ia 3KcnepnMeHTOB C llJJa3MOH; OCTPO--

YMHble cucTeMLI ]I.Jut yll,epmaHRH nnaaMbl 6e3 
TaKnx mecTKux Tpe6ouaeuii, l(aK aro OblJIO B en~ 
p'blX ycraHOBKax, J{OHq>urypan,HR MarHHTHOrO 
noJI.R c ocrpoKoHe'IRLIMH BYCTynaMu. HapHAY c 

yCTOH'IHBf.lM yp,epmaHlieM llOJIY'l0Hll0 B~COKOTeM· 
nepaTypuou n.naaMLI JIBJI.R0TC.R OCHOBHOH npo6ne· 
Moii:, XOT.fl JI He raKoii cJio>KHoii. O,rncaebl aKcrre

puMeHTLl B aroM uanpaunemrn. Ilo'ITH BO Bcex 
~eurpax, rµ;e eeµ;yTCJl TepMO.RACpHLie UCCJl8)].0B3· 
HHR, 'BCe YCHJIHH, uanpaBJICHHl,10 Ha TeXHOJIOrHIO 
npooeneHH.R ,mcnepuMeHTOB u ea nnaruocTHKY, He· 
06xo1J,HMY10 ~JrH nonyqeHHff: nnq>opMa:q1rn:, B 6om,
mencrBe c.nyqaen upeBblm8IOT ycunm1, aaTpa11H~ 
BaeMLie Ha npoBe;i;emie caMHX :mcnepRMCHTOB, 
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lnvestigaciones sobre la fusion nuclear 
controlada en Europa occidental 

por A. Schluter 

I.a memoria se basa en materiales facilitados al 
autor por la mayor parte de las 43 instituciones de 
Europa occidental que efectuan investigaciones sobre 
las reacciones tennonucleares controladas. El reactor 
de fusion sigue siendo una meta que se espera alcanzar, 
aunque no en los pr6ximos aiios, pero, al parecer, 
se esta de acuerdo en general en que hay bastantes 
probabilidades de exito y en que conviene realizar un 
esfuerzo relativamente grande para obtenerlo. Se citan · 
los grandes laboratorios, sus efectivos y presupuesto. 
Entre los laboratorios existe una estrecha cooperaci6n 
extraoficial que favorecen diversos grupos oficiales; 
el Grupo de Estudios Europeos sobre la Fusion, y, 
para el trabajo del EURATOM, sus diversas comi• 
siones. 

A. SCHLUTER -41 

En una docena de parrafos relativos a problemas 
tecnicos se examina la obtenci6n de plasmas de 
hidr6geno de gran densidad y sus relaciones con 
problemas astrofisicos; los carnpos rnagneticos inten• 
sos para el confinamiento; se sejiala que es cada vez 
mayor la comprensi6n _ de muchas inestabilidades 
inherentes a los experimentos con plasma; se_discuten 
los ingeniosos sistemas de confinamiento del plasma 
que no exigen los ajustes muy criticos de algunos 
sistemas anteriores y la configuraci6n magnetica de 
16bulo ahusado. Junto al confinamiento estable del 
plasma, el plasma de alta temperatura constituye 
un problema fundamental aunque su resoluci6n no 
sea tan dificil; se esbozan los metodos experimentales 
para abordar ese problema. En casi todos los centros 
de investigaci6n sobre la fusion, el esfuerzo global 
relativo a las cuestiones tecnol6gicas necesarias para 
organizar los experimentos y a las tecnicas de diag
n6stico que se requieren para obtener informaci6n 
tat vez sobrepase el empeiio puesto en la ejecuci6n de 
los experimentos propiamente dichos. 
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PANEL DISCUSSION 

M. TROCHERIS (France): I should like to give you 
a few details of the DECA 11 experiment carried out 
at Fontenay-aux-Roses. The principle of this experi
ment, which consists in confinement by magnetic 
mirrors and stabilization by multipole fields, seems 
to offer one of the most promising lines of research 
at the moment, and it is one on which a number of 
laboratories arc pinning their hopes. 

In the DECA II device a stable configuration is 
achieved by superposing a quadrupole field on a 
magnetic mirror field. The magnetic mirror field is 
produced by two co-axial coils, about SO cm apart, 
with an interior diameter of approximately 20 cm. 
The quadrupole field is produced by currents moving 
in alternate directions in four bars parallel to the axis. 
The maximum magnetic field can reach IS kilogauss 
at the centre and 30 kilogauss at the mirrors. 

The deuterium plasma_ is not produced in situ in 
the experimental chamber but injected from the out
side in the form of a rapid burst from a plasma gun. 
Afier capture between the magnetic mirrors, the 
average energy of an ion of the plasma reaches several 
hundred eV. The plasma is then raised to an even 
higher temperature and at the same time moved 
away from the walls by a s]ow increase of the mag
netic field, or adiabatic compression. 

Numerous measurements have been carried out 
on the plasma thus formed. The most important of 
these are measurements of electron density by means 
of mi\limetre waves and the detection of fast neutral 
atoms formed by charge exchanges between the fast 
ions of the plasma and the s1ow atoms of the neutral 
residual gas. The decrease with time of the signal 
observed from the fast neutrals gives an indication 
of the lifetime of the plasma. 

A very considerable advantage of the injection 
method used in DECA II is the possibility of producing 
plasmas whose density can be varied over a wide range 
(101°-1014 particles/cm3). 

One can summarize the experiments carried out on 
DECA II very briefly by saying that we studied the 
variation of plasma lifetime as a function of two 
parameters: intensity of the quadrupole field, and 
density. In theory, if the intensity of the quadrupole 
field is increased without any change being made in 
the principal field formed by the mirrors, the stable 

configuration should be achieved above a .certain 
minimum value of the quadrupole field. The lifetime 
of the plasma should, therefore, increase sharply 
when this minimum value is passed. This is in fact 
what one observes for the lowest densities (of the 

· order of 1010 particles/cm8): the lifetime rises, for 
example, from 20 to 200 µs. This latter value is deter• 
mined by a cause of plasma loss other than instability, 
namely charge exchange with the residual gas. 

41 

At higher densities our initial results were very 
discouraging: for a density of 1011 particles/cm' the 
lifetime did not exceed 70 µs and for a density of 
1013 or 1014 particles/cm8 the lifetime showed no 
further increase at all with the quadrupole field. 

Completely different results were obtained after 
we had added a diaphragm at the entrance to the 
chamber to limit the diameter of the injected plasma. 
The lifetime now increased as a function of the 
quadrupole field, always roughly in the same manner, 
no matter what the density. 

Analysis of the results leads on the believe that 
they can be explained entirely by the two causes of 
plasma loss already mentioned, namely instability 
and charge e:ltchange with the neutral gas. However, 
as regards the first series of experiments (without 
diaphragm), one has to consider that the density of 
the neutral gas was not merely that of the residual 
gas, and moreover that it increased with the density 
of the plasma. This can be explained perfectly well 
if one considers the rt'>le of the walls. In the experiments 
without diaphragm the chamber was too complete!Y 
filled and a part of the plasma was not captured in 

the magnetic well, the depth of which was limited. 
This unconfined plasma soon strikes the walls, remov
ing the gas from them and so introducing neut~al 
gas into the chamber in proportion to the quantity 
of plasma striking the walls. . 

Needless to say, a great many experiments sbll 
have to be performed, particularly with a view to 
clarifying and eventually eliminating this unfortunate 
wall effect. But the results obtained so far, although 
only preliminary, are nevertheless very encouraging; 
they provide a clear experimental indication in favour 
of the stability of magnetic well configurations. 

K. FUSHIMI (Japan): Professor Watson-Munro has 
been kind enough to cover, in paper P/881, the more 
important Japanese work in . fusion and_ plas~a 
physics. I can, therefore, confine myself to d1scussmg 
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a few of the highlights, without any attempt to ev~luate 
the relative significance of the different activities. 

To some extent, Japanese work in plasma physics 
derives from a rather long tradition of research into 
electrical discharges in gases. From this tradition there 
emerged the proposal for a double probe, put forward 
by Professor Kojima, and, more especially, Professor 
Takayama's proposal for a resonance probe. The 
perfonnance of the resonance probe has attracted 
wide interest, especially at Stanford University and 
at the Max Planck Institute, and has been the object 
of close study. Although the original interpretation 
of the observed resonance-like peak as indicating the 
exact frequency of plasma oscillations has had to be 
abandoned because of the modification introduced 
by the sheath impedance, the essential feature of the 
method remains valid, so that it may eventually 
become a reliable diagnostic tool, though probably 
outside the realm of fusion. 

The results of our· research suggest the conclusion 
, th~t plasmas apparently in the same state, and having 
the same density and temperature, can respond in 
different ways. This fact has prompted research workers 
to the witticism that every diagnostic method has its 
own plasma, and it certainly hampers our efforts to 
obtain a coherent picture from the results of different 
research projects. For instance, Profei;sor Takayama's 
success in obtaining a conspicuous resonance peak 
was due essentially to the fact that he made a large, 
spherically-shaped discharge bulb, the electrode system 
being put at the side of the tube, so that only the 
skirts of the plasma came near the centre of the bulb. 
In this way, wall effects on the plasma were avoided 
and other electrical disturbances of the electrode 
system were prevented. One part of our initial task 
at the Institute of Plasma Physics is to produce 
plasmas of definite and known parameters, an aim 
which so far has not been fully realized. 

A second part of the Japanese effort in fusion owes 
its origin to the great stimulus provided by the first 
and second Geneva Conferences. Dr. Bhabha declared 
at the first conference that fusion power might be 
practical within twenty years, and the second confer
ence made available all at once the great fund of 
material that had been accumulated in secret experi- · 
ments in the atomically advanced countries. Able 
scientists from related fields of research, such as 
cosmic-ray physics and accelerator physics, were 
attracted to this new and challenging work. The_ task 
was more difficult than they had anticipated, appar
ently, and after several trials they realized that plasmas 
were frequently not amenable to control. 

As an example, I should like to mention a painful 
experience we had in the construction of the heliotron, 
a device for containment and heating of plasma in 
a special corrugated magnetic field. A number of 
wires wound along the generating lines of the toroidal 

discharge tube were used to produce joule heating. 
After considerable experimentation it was found that 
these' wires produced a transverse field which drove 
the plasma sideways. The research group in question 
is now building a second device in which, it is hoped, 
the weak points of the original design will have been 
removed. I have heard that in some of the big American 
machines, too, there has been a similar neglect of the 
Maxwell equations. 

I have discussed two aspects of the Japanese work 
that may have their counterparts in other countries: 
Pursuant to these observations I should like to mention 
a problem wh_ich should at least give us food for 
thought. In 1961, midway between the second and 
third Geneva Conferences, the International Atomic 
Energy Agency held in Salzburg an international 
conference on plasma physics and controlled nuclear 
fusion research. In the same year there was a parallel 
conference held in Munich on ionization phenomena 
in gases. Next year the Agency intends to hold another 
conference on controlled nuclear fusion, and there is 
also to be a further conference on the phenomena 
of ionization in gases. The problem, then, is to get 
these two schools of scientific research to collaborate 
more closely. 

In closing I should like to mention a second problem. 
I have already described one instance where the 
progress of an experimental project was slowed by 
a rather trivial and elementary mistake. There must 
have been many errors of this type in the atomically 
advanced countries, yet it is not easy to find accounts 
of them in the literature; one learns of them, in fact, 
only through actual exchanges of research personnel. 
The problem, then, is how to promote the fuller 
exchange of information of this kind. 

J. B. ADAMS (United Kingdom): Perhaps I can best 
· contribute to the discussion by commenting on various 
specific problems as we see them at Culham. Our 
programme as a whole is, of course, very adequately 
covered by Professor Schlilter in paper P/882. 

In 1958 the work in the United Kingdom was mainly 
concerned with the pinch experiment. Our programme 
now encompasses three lines of work on the contain
ment problem: adiabatic magnetic mirror experi
ments, both in the simple form and in the magnetic 
well form; 'experiments using magnetic bottles such 
as the thetatrons-i.e., experiments with high-P 
plasmas (these first two are both open-ended systems); -
and, lastly, research with closed magnetic traps, 
where we have concentrated on the pinch and the 
inverse pinch experiments. 

As regards the adiabatic magnetic mirrors, un
doubtedly the most important advance in the last 
year or so has been the idea of magnetic wells. Our 
contribution, after the original experiments of Joffe 
at the Kurchatov Institute, has been in the theoretical 
work. We have managed to calculate the stability of 
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such wells, which are containment systems; and, more 
mxn\ly, we have found how to calculate what is 
called the /J limit, that is, how much plasma one can 
put into such a we\1 before the magnetic field bc(:omes 
so distorted that the interchange instability reappears. 
We have checked lotre•s experiment in our own 
laboratory with results very similar to his and we 
hope to extend these experiments, particularly those 
concerned with the /J limit. To judge by Dr. Trocheris' 
remarks about the experience with DECA II, it 
seems that this really is one or the most important 
problems. 

With regard 10 the magnetic bottles, such as theta• 
trons, I think our most useful contribution has been 
in connection with detennination or the equilibrium 
position in such devices. This may seem a trivial 
problem, but in fact it has arisen in many plasma 
containment systems; there is little use in discussing 
instabilities where no equilibrium exists. This, I 
think, has been generally realized now. 

The real problem with thetatrons and with the 
spindle-cusp, which is a very similar type of experi
ment, using, essentially, a magnetic bottle with a we11, 
is the rate of leakage from such devices. It is well 
established that they produce very hot and dense 
plasmas. But unless the leaks can be stopped it is 
difficult to see how one could use them as the basis 
of a practical reactor. At Culham we have perhaps 
made a useful contribution towards a solution of 
this problem by trying to find the width of the leak. 
We found it to be of the order of twice the ion gyro
magnetic radius; and of course for the purposes of 
a reactor it will have to be much smaller, something 
more like the electron gyromagnetic radius. This, 
it seems to me, is the sort of problem which is likely to 
become very important in the next year or so. 

In our work with closed magnetic traps we have 
concentrated on the inverse pinch experiments. 
Professor SchtUter's paper refers to our work on 
resistive instability. The question of shear stabilization 
also still needs a good deal of clarification. The most 
interesting recent development in closed systems, to 
my mind, is the possibility of making something like 
a magnetic well in them. It is theoretically impossible 
to have a closed system with magnetic fields increasing 
in all directions from the plasma centre, but it is 
possible to think of appropriate averages of the 
magnetic field taken round the system, such as an 
integral of d// B, which can give a type of magnetic 
well. Such systems have been investigated in the 
United States and offer an alternative to the shear
stabilized system. 

In closing I should like to emphasize that very 
important advances have been made since 1958 in 
plasma diagnostics. If we know more about hot 
plasmas now and spe;ik of them with greater con
fidence, it is because we can measure them better. 

This is probably one of the most important areas or 
progress since the last conference. 

Lastly, it should be borne in mind in all th.is 
work that in studying plasmas we are dealing with a 
state or matter which, although it may be new to us, 
is very common in the universe. At Culham we arc 
engaging in programmes of stellar spectroscopy, 
using stabilized rockets. This is an interesting problem: 
to measure cosmic plasmas with the diagnostic tools 
developed in the laboratory for research into laboratory 
plasmas. I think one should also emphasize that the 
plasma state may well have many uses apart from 
nuclear fusion, and that it is therefore a legitimate i 

sphere of research in itself, quite apart from the goal. 
I. N. GOLOVIN (USSR): A great deal has been said 

about the successful development of one particular 
method of overcoming flute instability. It is not hard 
to understand the keen interest of experimentalists 
and theoreticians in this matter because flute instability 
is in fact the most serious of the known forms of 
instability; if it develops, the accumulation of a dense 
hot plasma in a magnetic trap is quite out of the 
question. The many results of investigations of plasma 
instability in various laboratories throughout the 
world often seem at first sight to be in contradiction 
with each other. This has given rise to lively discussions, 
as a result or which the true picture of plasrna insta
bility has become a good deal clearer in the last few 
years; even so further clarification of detail is required, 
both in theory and in the experiments. We have heard 
about effective suppression of flute instability by 
means of radially increasing magnetic fields. This is 
a considerable achievement. Nevertheless, I should 
like to dwell briefly on two other methods of dealing 
with this problem, for only the future will show which 
way of overcoming instability is most practical. 

At the Salzburg Conference in the autumn of 1961 I 
it was pointed out that the finite dimensions of the · 
ion orbits (Larmor radius)· produce a stabilizing 
effect. Subsequent theoretical analysis-carried out in 
the Soviet Union, and experiments on OGRA, have 
shown that the radial electric field of the plasma 
space charge has, depending on how it changes along 
the radius, either a de-stabilizing effect on a plasma 
which was stable beforehand or a stabilizing effect 
on a previously unstable plasma. In other words, a 
radial electric field increasing faster than the first power 
of the radius has stabilizing effect, whereas a radial 
electric field increasing more slowly, or decreasing, 
has a de-stabilizing effect on the plasma. The experi
ments carried out so far have been at low pla~ma 
densities of up to 108 ions/cm3, but the attractive 
feature of this stabilizing mechanism is that, in 
accordance with the theory, its effectiveness does not 
depend on the density of the plasma. 

We have learned how to suppress instability by 
modifying the radial distribution of the plasma s.pace 
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d=lcm 

d=4cm 

d=8cm 
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Figure 1. The flux of fast ions onto a probe covered with foil 
at nrious distances from the chamber wall in the unstabilized 

(Uc = 0) and stabilized (Uc= + 12 kV) regimes . 

charge, and from Figure 1 you can see how effective 
this method is. Here we see how the signal from the 
probe changes when it is immersed at various depths 
in the plasma. On the left is unstabilized plasma, on 
the right stabilized plasma. We see that at" a depth of 
only 16 cm from its surface the plasma is completely 
quiescent, although its diameter is about 1 m. 

In Figure 2 we see how the fluxes of neutral atoms 
escaping from the plasma depend on the stabilizing 
effect. The upper diagram shows an oscillogram of the 
fluxes of neutral atoms without the stabilizing field; 
on the lower diagram you see a completely smooth 
horizontal straight line and, after shutdown, a smooth 
decrease in the stabilized regime. Experiments showing 
to what extent this mechanism will guarantee stability 
in the systems required for practical fusion reactors 
have yet to be carried out. In such systems the plasma 
must have a lifetime of the order of a second, but in 
our experiments, where the lifetime is 0.01 s, we have 
been unable to detect any signs of instability in the 
stabilized regime. 

Another important method of overcoming flute 
instability has been under discussion since the time 
of the second Geneva Conference, a method to 
which attention was first called by Post and Rosen
bluth in the United States. We regard it as extremely 
significant. It is based on the fact that in mirror 
machines flute instability is suppressed if conductivity 
along the magnetic field from the mirror to the ends 

of the chamber can be ensured. An' analysis of this 
mechanism has been undertaken by the Zavoisky 
group at the Kurchatov Institute of Atomic Energy. 
The theory evolved by Rudakov indicates that there 
are good prospects of arriving at systems of practical 
importance: specifica1ly, conductivity up to the ends 
of the chamber is quite sufficient if outside the mirrors 
there is a cold plasma with a density 1000 times less 
than that of the hot confined plasma. A cold plasma 
of this type is inevitably formed as a result of the .. 
residual gas surrounding the hot plasma. It has been 
proven experimentally that with cold plasma densities 
40-80 times less than the density of the hot plasma, 
the hot plasma itself is stable. We hope that stability 
wi11 be preserved, as predicted by the theory, with 
further reductions in the density of the cold plasma. 
This will have to be checked by experiments using a 
higher vacuum. 

Interesting results on the suppression of plasma 
instability have been obtained by S. M. Osovets and 
his group, also at the Kurchatov Institute of Atomic 
Energy. In order to stabilize t'1.e plasma use is made of 
a high-frequency electromagnetic field whose pressure 
on the plasma increases radially. 

Uc 
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Figure 2. The flux of neutrals from charge exchange a~d the 
flux of fast ions onto the walls of the OGRA chamber in the 
unstabilized (Uc= 0) and stabilized (Uc= 12 kV) regimes. 

At t = 0 the injection of fast ions is cut off 
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Figure 3 shows how effecti't'ely his system works. 
In the upper pan we see bent unstabilized plasma 
columns whereas below we see a completely smooth 
plasma column stabilized by the high-frequency field. 
It is still too early to say whether this system will be 
practicable from the point of view of power production 
in full-scale industrial reactors, but at least the excellent 
agreement between theory and experiment is gratifying. 

In the last few years our attitude towards the problem 
of instability has undergone a significant upheaval. 
Until r«cntly experimenters were so frightened by 
the instabilities predicted by the theoreticians that 
they avoided producing these forms of instability; 
alt their efforts were directed to suppressing them. 
The Zavoisky group and the laboratory of the Novo• 
sibirsk Institute of Nuclear Physics have now adopted 
the diametrically opposite approach. They have 
come round to the idea of deliberately producing 
intense instabilities for the purpose of heating dense 
plasmas. Needless to say, not all forms of instability 
arc suitable for this purpose; only those forms can 
be used which do not result in large amounts of the 
plasma escaping from the trap. The size of the insta
bility must be small relative to the dimensions of 
the plasma trap. and the time required to thermatize 
the unstable oscillations must be small enough so 
that the plasma does not have time to enter into 
strong interaction with the walls. It appears that there 
arc instabilities which meet these requirements, e.g. 
the cluster or .. double•ftux. .. instability. The turbulent 
heating which results therefrom is due to the fact 
that intense particle flu,ces are excited in the plasma; 
the cluster instability sets up strong plasma oscillations 
and chaotically distributed plasma waves interacting 
nonlinearly with each other; and these in turn charac• 
terize the particle velocity distribution in the beam 
and heat up the plasma as a whole. As was pointed 
out in paper P/297, the effectiveness of plasma heating 
by this method has been proven experimentally. 
The figures quoted show that the plasma is heated to 
hundreds of millions of degrees and that the ions 
have an elltreme\y high temperature; in Zavoisky's 
e,cperiments the plasma already has a lifetime of 
about 0.02 s; and these values do not represent the 
limit of what is attainable. The prospects for further 
development of turbulent heating are very good indeed. 

In conclusion 1 should like to say that the many 
fonns of plasma instability predicted by theory, 
which until recently have been a black cloud on the 
horizon of thermonuclear research, are now increas• 
ingty coming under our control. Effective methods are 
being worked out for the suppression of the large• 
scale instabilities which endanger plasma confinement, 
and the small•scale instabilities are already beginning 
to serve us usefully as a means of plasma heating. 

C. N. WATSON-MUNRO (Australia): As indicated in 
paper P/88l, our main efforts in the field in Australia 

tie in basic work on the measurement of plasma I 
properties and the development of diagnostic methodi 
In addition, we have undertaken a small programme 
based on ion--cyclotron heating. We hope to get 
plasmas to temperatures of a few hundred electron 
volts at fairly low densities, something like 1011 or 
1013 ions/cm3• Our machine also provides for a mag
netic compression cycle so that we could introduce 
the Joffe bars that have been so successful in other 
e,cperiments of this kind. 

Paper P/297 
DISCUSSION 

A. SIMON (United States of America): You mention 
that in the PR-5 apparatus the decay of plasma 
density in the region of highest density is not exponen
tial. Is there some explanation for this? 

L. A. ARTSIM0VICH (USSR): Recent experiments 
have completely explained the nature of plasma 
decay at these high densities. It has become clear 
that in the new method which Joffe is now using for 
his experiments there occurs, in the initial stages of 

figure 3. Photographs of a plasma column_ without the high• 
frequency stablliting field (below). The oscillogram shows the 
discharge current (low frequency) and the curr~~t. in the 
stabilizing bars (high frequency). One of the stab1l1Z1ng bar-1 

casts a longitudinal shadow on all the photographs. 
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the process, a sharp increase in gas pressure. The 
drop in density is therefore due to the normal process 
of charge exchange. This is related in no way to the 
problem of stability. 

R. S. PEASE (United Kingdom): Could you explain 
how the PR-Strap is filled with high-density plasma? 

L. A. ARTSIMOVICH (USSR): The new method of 
plasma accumulation in PR-5 makes use of . the 
electrostatic instability of a pinch of cold plasma. 
The cold plasma, propagating itself along the axis 
of the magnetic system, is rendered unstable and this 
instability produces electric fields which ~cceierate 
the ions. This enables us to accumulate a denser 
plasma than before. The densities obtained with 
this method are now of the order of 1011 ions/cm3 ; I 
doubt whether it will yield higher densities, and for 
that reason other techniques of increasing the density 
to 1012 ions/cm3 are being studied. 

. R. S. PEASE (United Kingdom): Do you have 
direct evidence of the electron temperature in the 
TOKOMAK device? 

L.A. ARTSIMOV!CH {USSR): .The electron tempera
Jure in the TOKOMAK device at present attains 
about 2 million degrees. One index of this is the 
conductivity of the plasma, although it gives rather 
too low a value for electron temperature. Secondly, 
one can measure the so-called diamagnetic effect, from 
which it is then possible to determine average plasma 
pressure. Spectroscopic data are in good agreement 
with the results obtained by these two methods. · 

Mr. JORDAN (Federal Republic -of Germany): 
The method of turbulent heating described by Mr. 
Artsimovich hears some similarity to the inductive 

. preheating technique commonly used in theta-pinch 
experiments. If possible I should like to hear further 
details of this new method. 

LA. ARTSIMOVICH (USSR): There is one basic 
difference between turbulent heating and the technique 
used in theta-pinch systems, namely that the growth 
rate of the magnetic field is far greater in turbulent 
heating. In the experiments of Zavoisky at the Institute 
of Atomic Energy, and those of Nesterikhin ·at the 
Novosibirsk Institute of Nuclear Physics, special 
systems are now used which enable the magnetic 
field to increase to 10 kilogauss in less than 0.1 µs: 
The essential thing here is that the frequency of the 
electromagnetic pulse must be at a maximum. As a 
result, a rapid wave passes to the centre causing a 
sharp drop in the magnetic field. With this drop is 
associated the formation of an azimuthal flux of fast 
electrons. This flux is unstable; the energy is quickly 
dispersed and converted to heat. Thus you can see 
that this is really a different method, one which 
makes use of the instability of an azimuthal flux of 
electrons in a low-density collisionless plasma. 

Paper P/195 (presented by H. Roderick) 

DISCUSSION 

I. N. GOLOVIN (USSR): At the end of Part II of 
this paper we read that "Burnout and perhaps simul
taneous ion heating have been obtained in electron
beam interaction with plasma". Could we have further 
details as what this means? 

·H. RODERICK (United States of America): I can 
only reply that work on the electron-beam interaction 
with plasma is proceeding very well, although a good 
many mysterious questions remain to be answered. 
I. Alexeff and R. V. Neidigh have just prepared a 
paper on the measurements they have made so far, 
and I am pleased to hand Mr. Golovin a copy. This 
is a detailed series of measurements the significance of 
which, as regards burnout, is not yet entirely clear. 

E. P1sKAREV (IAEA): Have experimental results 
already been obtained on the accumulation of electrons 
in "Astron"? If so, (a) was an E-layer formed, {b) 
how long did it exist, and (c) was the direction of the 
magnetic field altered? , 

H. RODERICK (United States of America): "Astron" 
has been in operation for approximately 12 hours 
during the month of August. Electrons have been 
injected, and preliminary measurements show the 
lifetime to be rather short. It appears that the electrons 
are now being held for 50 µs whereas the anticipated 
lifetime is 5 s. The reason for this short electron 
confinement appears to be that the electrons are 
creating microwave noise; this acts as a klystron, 
interacting with the electrons and expelling them from 
the device. The trapping efficiency is about 10 % of 
the initial beam. At present the circulating current 
from one burst of electrons is about 1000 A. It is 
hoped, of course, that as the experiment develops, and 
as we find ways of damping the microwaves produced 
by the electrons, the lifetime will increase. 

L. A. ARTSIM0VICH (USSR): It appears that in 
the DCX-2 device plasma decay occurs at first very 
rapidly, after which the smooth exponential decay 
begins. At what concentration does the change from 
a rapid to a slow, smooth decay take place? 

H. RODERICK (United States of America):. The 
measurements of decay time in DCX-2 are open to 
some question. The rapid decay is from 2 x 1010 ions/cm3 

to half that value, after which the long decay period 
begins. However, I think more experiments need to 
be done to determine whether there are in fact two 
decay periods or just one with a bend in it. 

Paper P/882 
DISCUSSION 

A. N. SEVCHENKO (Byelorussian SSR): In your 
investigations of plasma spectra (para. 15 of the paper), 
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did you study the isotropy of the radiation or its 
dependence on temperature? 

A. ~CHL~R (Federal Republic of Germany): 
There 1s no direct connection belween lhe anistropy 
of the plasma and the temperature. There is an indirect 
connection in the following way: in a future fusion 
reactor. losses of particles through elastic collisions 
will have to be tolerated to a larger extent lhan is 
now possible in the mirror machines for instance 
and these additional losses, which will also involve ~ 
larger ~eviation from isotropy, will have to be compen
sated. in part at least, by a higher temperature. 

Paper P/881 

There was no separate discussion of this paper. 

GENERAL DISCUSSION 

A. M. WE1N8ERO (United States of America): 
ln most of the discussion it has been assumed that the 
necessary conditions for 1hermonuclear fusion are a 
temperature of about 10 keV. a density of 10a-1O1• 
ions/cm1 and a P value, that is, the ratio of plasma 
pressure to magnetic pressure, of 0.1. Have any of 
you considered the possibility suggested by Dr. Post 
at the Salzburg Conference. • namely that it may be 
possible to produce more energy than is consumed in 
systems with a far lower /J (say P=O.O1) by using 
superconducting magnets and highly efficient injection? 

L.A. ARUUdOVlCH (USSR): It seems to me that 
the problem of constructing a system which will have 
a positive energy balance for p values of a few tenths 
will. in the long run. be solved. However, I do not 
think that we arc ready as yet to discuss in detail the 
technical aspects of a thermonuclear reactor. There 
is still a long road ahead of us before we can hope to 
obtain the parameters which are essential, in principle, 
for a positive energy balance. The first task, then, is 
to increase the density of our plasmas and to ensure 
their stability at these higher densities. At present 
we have succeeded in achieving stability at densities, 
roughly speaking, of the order of 1011 ions/cm3

, by 
the method of stabilizing or hybrid fields, also called 
the minimum-8 principle. It is hard to say what 
results other methods will yield, but it seems certain 
in any case that we can make progress with this 
method. If we succeed in getting a fJ of a few tenths, 
and that is certainty not out of the question with this 
method, then, obviously, refrigerated conductors or 
possibly even superconductors, can be used in order 

· to solve the problem. 
A. M. WEINBERG (United States of America): 

I merely want to say to Professor Artsimovich, as 

• Nuclear Fusion, IAEA, Supplement, Part I, pp. 99-123, 
Vienna (1962). 

one who believes by instinct that the task of burning 
rocks is going to be easier than burning the seas, that 
it might be useful to try to do the simplest and most 
elementary thing first. It seems to me that if we can 
get an energy gain at a /J of 0.01, and we are not 
far from that, it would be logical to exploit that 
advance as soon as possible. 

H. RODERICK (United States of America): With 
regard to the experiments on OGRA-1, 1 notice that 
the plasma has been stabilized at a density of 10' 
ions/cm3 by the use of electrostatic potentials on the 
side walls of the device. Could you elaborate on the 
stabilizing effect? 

I. N. GOLOVIN (USSR): We have actually managed 
to achieve stabilization with electric fields, but only 
at densities of 108 ions/cm3 ; we have not yet been able 
to carry out such experiments with denser plasmas. 
To do so we must perfect our means of evacuation 
and increase the injection current. We plan to perform 
such experiments this year. 

S. D. WINTER (France): Could Professor Golovin 
give us a few details on the method of stabilization 
by high-frequency fields? In particular, I should 
like to know: (a) the density of the stabilized plasma; 
(h) the characteristics of the high-frequency field; and 
(c) the difficu\ties encountered in coupling the high· 
frequency generator to the plasma (drift of resonance 
frequency). 

I. N. GotOYIN (USSR): I am not familiar with the 
technique used in coupling the generator to the p\asma; 
that is a rather specialized matter. The principle of 
the method consists in placing linear conductors 
similar to those used by Joffe outside the space occupied 
by the plasma. The high~frequency current is passed 
through these conductors, thus exerting on the 
average a radially increasing pressure on the plasma. 
The frequency selected is such that the period of the 
high-frequency field is substantially less than the 
time of flight of the ions from the boundary or the 
plasma to the walls. In the instant during which the 
field passes through zero the regions have no time to 
shift appreciably, so that the plasma is in fact stabl~ 
contained by the high-frequency field. 

T. CONSOLI (France): I should like to mention 
certain experimental results obtained in France with 
a device called PLti'ADE, a model of which can be seen 
at the atomic exhibition. Pleiade is a resonance device 
in which a stationary high-frequency electromagnetic 
field is superposed on a decreasing static magnetic 
field. Placed at the extremities of a bottle-shaped 
magnetic field, it can act as an accelerator or as a 
reflector of the plasma beam. The energy of the 
electrons is essentially transverse, that of the ions 
axial. Using the device as a continuous particle 
accelerator we have obtained fluxes of, 101~101

8 

particles/cm2 s, the ions having a maximum parallel 
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energy of 30 keV, with electrons of 50 keV. Using 
it as a mirror we have observed only some 100 reflec
tions, this rather low number being due to the charge 
exchange losses brought about by the poor vacuum. 

J.B. ADAMS {United Kingdom): I would like to 
address a question to those who have studied plasma 
containment in magnetic wells. Can we be sure that 
the greatly increased containment times observed in 
these experiments are entirely due to the inherent 
magnetohydrodynamic stability of a magnetic well 
and not to other stabilizing effects such as "line
tying"? In all the experiments a great deal of the 
plasma formed initially is subsequently thrown to 
the walls of the vessel and hence fonns a conducting 
medium joining the contained plasma with external 
conductors. We know that such conducting paths 
from the contained plasma to metal walls will stabilize 
interchange instabilities in the simple magnetic 
mirror. Can the same thing be happening in the 
magnetic well experiments such as loffe's and those 
carried out on DECA II? 

M. TROCHERIS {France): I quite agree with Dr. 
Adams that the cold plasma raises serious problems. 
In the particular case of DECA II, however, we hope 
that its role is not terribly important. A long column 
separates the plasma gun from the experimental 
chamber and the cold plasma does not arrive in the 
chamber until the experiment js almost over. Never
theless, some cold plasma might be present as a result 
of the cooling of hot plasma on the walls. In future 
experiments it will certainly be very important to do 
much more towards eliminating cold pl~sma; a 
number of devices for this purpose are already being 
studied at Fontenay-aux-Roses, and undoubtedly in 
other laboratories as well. 

I think, however, that an increase in lifetime as a 
function of the quadrupole field is a sure indication 
of stability. If there were no variation with the quadru
pole field nothing whatever would be proved. It is 
a different matter, however, when there is such a 
variation: one cannot imagine how the quadrupole 
field could influence stabilization by cold plasma. 

L. A. AR.TSIMOVICH (USSR): I should also like to 
say a word about Dr. Adam's question. We are quite 
Certain that cold plasma can have no such effect in 
the PR.S device. Experiments have shown that this 
effect is associated directly with the stabilizing field, 
in cases where there is an extremely high vacuum. 
The cold plasma is maintained only for an extremely 
short time near the axis of symmetry and then dis
appears. 

H. RODERICK {United States of America): I am 
inclined to agree with Professor Artsimovich. The 
AUCE experiments employed a very high initial 
vacuum {about 2 x 10-9 torr) into which neutral 

particles were injected and trapped. I doubt whether 
much cold·plasma could be present in such an experi
ment, and the dramatic change when the 12-bar 
Joffe system was introduced would tend to confirm 
the fact that this really is a minimum-B stabilization. 
However, a group at New York University have been 
making theoretical calculations which tend to show 
that a plasma can be stabilized by cold plasma very 
carefully injected outside the hot plasma; moreover, 
their calculations suggest that this· technique may tie 
in with the minimum-B method. 

Sir William PENNEY (Chainnan): As Chairman 
of the session, I am expected now to give a summary 
of my impressions, but I am sure that all of you will 
sympathize with me in the difficulty of this task. 
What is obvious is that we have splendid international 
collaboration. As regards the scale of the effort in 
terms of money costs, total annual expenditure around 
the world on fusion research would appear to-day 
to be equivalent to about US $IO0-million (or roughly 
the same amount in Soviet roubles). 

Since the 1958 Conference we have made a lot 
of . progress, and that progress consists partly in 
realizing that the scientific problems are much harder 
than we had thought. Theory has made a most effective 
contribution, although some of the instabilities pre
dicted by the theorists may not be of much significance. 
I was certainly interested in the Soviet approach: 
to create some of these instabilities and then make 
use of them to heat the plasma. There is nothing 
like looking for a thing to make it disappear. The 
different technical questions that have been asked 
show that there are still uncertainties about the exact 
interpretation to be placed on some of the measurements 
and observations, but undoubtedly there have been 
great improvements in diagnostic techniques. Scientists 
are much more certain of what they. are measuring 
than they were five years ago, and some of the new 
techniques interfere less with the plasma than the 
older methods. I think the laser interferometric 
method, for example, has great merit and there may 
well be other applications of lasers. 

Just where this is all going to lead is still uncertain. 
The programme is by now so diverse and yet so 
specialized that it constitutes a branch of physics 
which will have difficulty in communicating with other 
branches. In time it will be simplified and the irrele
vancies will disappear, but at the moment the mere 
mass of material, and all these strange names which 
each person invents for his own apparatus, require 
a costly effort of memory. But, as I say, I am sure 
that all this will become simpler. 

Having listened to this session, I should think it 
fair to say that this field of science is not only interest
ing and important in its own right but could really 
lead, in time, to the practical objective which has so , 
frequently been expressed. Clearly, some time-
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several y~a~-:-must pass before we can reliably assess 
th~ ~ss1b1httes. All we can say at present is that 
sc1ent1sts should continue with their work and seek 
the nCCC$sary support from their governments 
because the ultimate goal is so important. The more 
developed _countries must carry the main load, because 
the work 1s long and costly in scientists and money. 
The less-developed countries have more immediate 
tasks for their scitntists and for their funds. 

Compte rendu de la seance E 

I think those are broad and fair conclusions to be 
drawn from what has been said. To comment on the 
technical highli~hts would, I think, bea little premature. 
We all nee~ time to study the various papers and 
hear them discussed by small groups in the laboratories. 
So, in conclusion, we have reached a very exciting 
stage which witl bring forth important new ideas and 
results, and I am sure that we can all look forward to 
continued close and fruitful collaboration. 

Fusion nucleaire controlee 

Prlsldent: Sir William Penney (Royaume-Uni) 

DISCUSSION DE GROUPE 

M. TR?C"HERJ~ (Fra?cc): Je voudrais donner qucl
ques details sur I cxpencnce DECA II qui est cntrcprise 
a ~onte~ay-aux-Roses. Le principe de cette ex~rience, 
~u1 consastc en un confinement par des miroirs magne
t1qu~s et une stabilisation par champs multipolaircs, 
para1t en cfTet l'un des plus promctteurs actuellement 
ct potte les espoirs de plusieurs laboratoires. 

Dans la machine DECA JI, la configuration stable 
est rcali~ par ta superposition d'un champ a miroirs 
magnctiques ct d'un champ quadrupolaire. Le champ 
a m_iroirs magnctiques est produit par deux bobines de 
meme ue distantes d'environ SO cm, avcc un diametre 
intcrieur de 20 cm environ. Le champ quadrupolaire 
est produit par des courants circulant dans 4 barres 
paratleles a l'axe dans des sens alterncs. Le champ 
magnetique maximal peut atteindre 15 kilogauss au 
centre ct 30 kilogauss aux miroirs. 

Le plasma de deuterium n 'est pas produit in situ 
dans la chambre d'experience, mais injecte de l'exte
rieur sous la fonne d'une bouffee rapide produite par 
un canon a plasma. Apres capture entre tes miroirs 
magnetiques, l'cnergie moyenne d'un ion du plasma 
atteint plusieurs centaines d'electron-volts. Le plasma 
est ensuite porte a une temperature encore plus 
elevee et en meme temps eloigne des parois par une 
augmentation lente du champ magnetique ou com
pression adiabatique. 

On a fait de nombreuses mesures sur le plasma ainsi 
f onne. Les principales sont la mesure de la densite des 
electrons au moyen d'ondes millimetriques et la detec• 
tion d'atomes neutres rapides formes par echange de 
charge des ions rapides du plasma sur les atomes lents 
du gaz neutre residuel. La decroissance en fonction du 
temps du signal d'observation des neutres rapides 
donne une mesure du temps de vie du plasma. 

Un avantage tres appreciable de la methode d•injec• 
tion utilisee dans DECA II est la possibilite de realiser 
des plasmas dont on peut faire varier la densite dans 
un large intervalle (1010 a JOH particules/cm3). 

On peut rcsumer trcs sommairement les experiences 
realisees avec DECA II en disant qu'on a etudie la 
variation du temps de vie du plasma en fonction de 
deux parametres qui sopt l'intensite du champ quadru• 
polaire et la densite. 

En theorie, si l'on augmente l'intensite du champ 1 

quadrupolaire sans changer le champ principal des 
miroirs, la configuration stable doit etre realisee i 
partir d 'uncertain minimum du champ quadrupolaire. 
Le temps de vie du plasma devrait done augmenter 
brusquement quand on franchit cette valeur minimale. 
Cest bien ce que l'on observe pour les densites Jes 
plus faibles (de l'ordre de 1010 particules/ctn3

), le 
temps de vie passant, par exemple de 20 a 200 µs. 
Cette derniere valeur est determinee par une cause de 
perte du plasma autre que l'instabilite et qui est 
l'echange de charge sur le gaz residuel. 

Pour Jes densites plus elevees, les premiers resultats 
ont etc tres decourageants: pour une densite de IOU 
particules/cm3 la vie ne depassait pas 70 µs et pour 
une densite de 1013 ou 101' particules/cm3 le temps 
de vie n'augmentait plus du tout avec le champ 
quadrupolaire. 

Des resultats tout differents ont ete obtenus apres 
avoir ajoute un diaphragme a l'entree de la chambre 
pour limiter le diametre du plasma inject6. Dans 
ces nouvelles conditions. le temps de vie augmentait 
en fonction du champ quadrupolaire, en gros de 
la meme facon, quelle que soit la valeur de la 
densite. 

L'analyse des resultats fait penser qu'ils peuvent etre 
exptiques en invoquant seulement les deux causes de 
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perte du plasma deja mentionnees, l'instabilite et 
l'echange de charge sur le gaz neutre. Mais, dans la 
premiere serie d'experiences sans diaphragme, il faut 
admettre que la densite du gaz neutre n'est pas sim
plement celle du gaz residue), et qu'e11e augmente 
avec la densite du plasma. Cela est parfaitement expli
cable en faisant intervenir le role des parois. Dans les 
experiences sans diaphragme, la chambre etait trop 
bien remplie et une partie du plasma n'etait pas 
capturee dans le puits magnetique dont !'extension 
est limitee. Ce plasma non · confine va rapidement 
frapper les parois et provoque leur degazage, ce qui 
introduit du gaz neutre dans la chambre, en propor-
tion du plasma qui a frappe la paroi. · 

II reste, bien entendu, a faire encore. de nombreuses 
experiences, en particulier pour eclaircir et ensuite 
eliminer ce role nefaste des parois. Mais les resultats 
obtenus, quoique preliminaires, sont deja tres encou
rageants et apportent une indication experimentale 
tres nette en faveur de la stabilite des configurations a 
puits magnetiques. 

K. FUSHIMI (Japon) : Le professeur Watson
Munro a bien voulu mentionner, dans son memoire 
P/881, l'essentiel des travaux japonais sur la fusion 
et la physique des plasmas. Je peux done me limiter 
a la discussion de certains aspects principaux, sans 
chercher a evaluer I 'importance relative des differentes 
activites. 

Les travauxjaponais en physique des plasmas decou
lent, jusqu'a un certain point, d'une assez ancienne 
tradition de recherche sur les decharges electriques 
dans les gaz. Cette tradition a donne naissance a la 
proposition d'une sonde double, suggeree par le pro
fesseur Kojima. et, plus particulierement, a Ia sugges
tion du professeur Takayama au sujet d 'une sonde a 
resonance. Les resultats obtenus avec la sonde a 
resonance ont suscite un vif interet, en particulier a 
l'Universite de Stanford et a l'Institut Max Planck, et 
sont l'objet de nombreuses etudes. Bien qu'il ait fallu 
abandonner !'interpretation initiate, selon laquelle le 
pie du type resonance observe indiqua:it la frequence 
exacte des oscillations du plasma, en raison de Ia 
modification due a I 'impedance de Ia gaine, Jes aspects 
essentiels de Ia methode restent valables, ce qui Jui 
permettra sans doute de devenir µn instrument sfir de 
diagnostic, mais probablement en dehors du domaine 
de la fusion. 

Les resultats de nos recherches conduisent a Ia 
conclusion que des plasmas apparcmment dans le 
meme etat, ayant les memes densites et temperatures, 
peuvent reagir de differentes fai;ons. Cela a conduit les 
chercheurs a dire en plaisantant que chaque methode 
de diagnostic a son propre plasma, et complique 
certainement les efforts que nous faisons pour obtenir 
nn tableau coherent a partir des resultats de differents 
projets de recherche. Par exemple, le succes avec lequel 
le professeur Takayama a obtenu un pie de resonance 

net etait dft essentiellement au fait qu'il utilisait un 
grand tube de decharg~ de forme spherique, avec le 
systeme d 'electrodes place de cote, de sorte que seule 
la partie peripherique du plasma arrivait au centre du 
tube. De cette fa1yon il evitait les effets de paroi sur le 
plasma, ainsi que d'autres interferences electriques sur 
le systeme d'electrodes. Une partie de notre travail 
initial a 1 'Institut de physique du plasma consiste a 
produire des plasmas dont les parametres sont defiilis et 
connus, et ce but n 'est pas encore completement atteint. 

Une seconde partie de l'effort japonais dans le 
domaine de la fusion doit son origine a l'impulsion 
donnee par la premiere et la deuxieme conference de 
Geneve. Le Dr Bhabha declarait a la premiere Confe
rence que l'energie de fusion pourrait etre disponible 
en moins de vingt ans, et la seconde Conference a mis 
brusquement a la disposition de tous les resultats 
accumules a la suite d'experiences secretes effectuees 
dans les pays les plus avances en energie atomique. Les 
chercheurs competents venant de discip.lines scienti
fiques voisines, comme la physique des rayons cos
miques et Ia physique des accelerateurs, ont ete attires 
par ce domaine nouveau et excitant. La tache a ete 
plus difficile que prevu, semble-t-il, et de nombreux 
essais ont montre qu'il etait souvent impossible de 
controler les plasmas. 

Par exemple, je voudrais citer !'experience penible 
que nous avons eue en construisant l 'heliotron, un 
appareil pour le confinement et le chauffage du plasma 
clans un champ magnetique ondule special. Des fils 
enroules le long des generatrices du tube a decharge 
toroidal servaient au chauffage par etfet Joule. Apres 
de nombreuses experiences, on a trouve que ces fils 
produisaient un champ transversal qui deviait le 
plasma. Le groupe de recherche en question est en 
train de construire un second appareil dans lequel on 
espere que les points faibles du schema initial seront 
elimines. J'ai entendu dire que dans certaines des 
grandes machines americaines, on avait aussi neglige 
les equations de Maxwell. 

J'ai parle de deux aspects des recherches japonaises 
qui ont sans doute leur contrepartie dans d'autres 
pays. A la suite de ces observations je voudrais parter 
d'un probleme qui devrait pour le moins, nous donner 
a reflechir. En 1961, a mi-chemin entre la deuxieme et 
la troisiime Conference de Gen eve, I' Agence inter
nationalc de l'energie atomique a organise a Salzbourg 
une conference internationale sur la physique des 
plasmas et la recherche sur la fusion nucleaire contro
lee. La meme annee, il y a eu une conference parallele 
a Munich, sur les phenomenes d'ionisation clans les 
gaz. L'Agence a !'intention d'organiser l'annee pro
chaine une nouvelle conference sur la fusion nucleaire 
controlee, et ii y aura aussi une autre conference sur 
Jes phenomenes d 'ionisation dans Jes gaz. Le probleme 
est alors de realiser une collaboration plus etroite entre 
ces deux ecoles de recherche scientifique. 
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Pour tcrminer jc ,·oudrais mcntionner un second 
problc:me. J'ai deja dccrit un cas ou le progrcs d 'un 
projct experimental a etc ralcnti par unc crreur asscz 
insignifiantc et clemcntairc. U a dO y avoir beaucoup 
d•crreurs de cc genre dans Jes pays plus avanccs en 
maticre de rcchcrche atomiquc, ct pourtant il n'est pas 
facile d~n trou,·cr des cchos dans la littcraturc; on en 
entcnd parkr. en fait, sculcmcnt a ("occasion d'echan
gcs de personnel de rechcrche. Le problc:me consistc 
done a 1rouvcr le moyen d"cchangcr plus efficacemcnt 
Jes renscigncmcnts de ce type. 

J.B. ADAMS (Royaumc-Uni): Jc pensc que la fa~on 
la plus utile de contribucr a ccuc discussion est d'cxpo
scr lcs opinions quc nous avons a Culham sur cenains 
problcmcs spccifiques. Le mcmoire P/882 du prof CS• 

scur Schluter donne naturellement une cxccltentc vue 
d'enscmblc de notrc programme. 

En 1958, lcs recherches au Royaumc-Uni etaient 
concmlrtts principalement sur lcs experiences de pin
ccmcnt. Notre programme comprcnd maintcnant trois 
cypes d'ctudes sur Jc problcmc du confinement: des 
experiences de miroirs magn~tiqucs adiabatiques, a la 
f ois sous formc simple ct sous forme de puits magne
tiquc; des experiences utilisant des bouteilles magne
\iqucs commc lcs \hctatrons - c'est-a-dire des expe
riences sur des plasmas a p elevc (ii s'agit dans ces 
dcuJt premiers cas de systemes a cxtremites ouvertes); 
et enfin des recherches avec des pieges magnetiques 
fcnncs, pour lcsquctlcs nous nous sommes concentres 
sur lcs experiences de pinccment et de pincement 
in\'Cf'SC. 

En cc qui conceme lcs miroirs magnetiques adiaba
tiqucs, l'idee des puits magnetiques a constituc sans 
aucun doutc le progrcs majeur au cours de la derniere 
annee. Notre contribution. apres les experiences origi
nales de Joffe a l'lnstitut Kurchatov, a etc d'ordre 
theoriquc. Nous avons reussi a calculer 1a stabitite de 
tels puits, qui sont des systemes de confinement; et, 
plus rcccmmenl, nous avons trouve comment calcuter 
ce qu'on appelle la limite {J, c'est-a-dire la quantite de 
plasma que l'on peut introduire dans un tel puits avant 
quc 1e champ magnctiquc ne devienne assez def orme 
pour que l'instabilite d'echange apparaisse a nouveau. 
Nous avons verifie l'experience de Ioffe dans notre 
laboratoire, et obtenu des i-esultats tres voisins des 
siens, et nous esperons poursuivre ces experiences, en 
particulier cel\es qui concement la limite {J. D'apres 
les remarques du o, Trocheris sur • ♦experience de 
DECA n. il semble qu'il s'agisse 1a d'un des prob\emes 
ks plus importants. 

En ce qui conceme ks bouteillcs magnetiqucs. 
comme ks thetatrons, je pense que notre contribution 
la plus utile concerne la determination de la position 
d'equilibre dans de tels appareils. Cela peut sembler 
un probleme mineur, mais c'est un probleme qui s'est 
pose dans un grand nombre de systemes de confine
ment du plasma; ii n'est pas trcs utile de discuter des 

instabilites quand ii n •)' a pas d 'equilibre. Je crois que 
cette idee est maintenant generalement acceptee. 

Le probleme reel que posent les thetatrons - et la 
cosse-pivot, que constitue un type d'experience voisin, 
utilisant cssentiellement une bouteille magnetique avec 
un puits - c'est le taux de perte a partir de ces 
systcmcs. · On sait qu 'i\s produisent des plasmas tres 
chauds et denses. Mais si Jes pertes ne peuvent pas etre 
limitees, on ne voit pas comment on pourrait utiliser 
ccs systcmes comme reacteurs pratiques. A Culham, 
nous avons peut-etre apporte une contribution utile 
a la solution de ce probteme en essayant de determiner 
la Jargcur de la perte. Nous avons trouve qu'elle etait 
de l'ordre du double du rayon gyromagnetique de 
)'ion; et naturellement ii faudrait qu 'elle soit beau
coup plus petite pour un reacteur, plutot de l'ordre du 
rayon gyromagnetique de l'electron. Voici, a rnon 
avis, un type de probleme qui deviendra sans doute 
important au cours de t·annee prochaine. 

Dans notrc etucje des pieges magnetiques fermes, 
nous nous sommes concentres sur Jes experiences de 
pinccmcnt inverse. La communication du professeur 
Schluter signale notre travail sur l'instabilite de 
resistivite. La question de la stabilisation par cisaille• 
ment a aussi besoin d'etre tiree au clair. Je pense que 
le developpement recent le plus interessant dans les 
systemcs fermes est la possibilite d 'y realiser une sorte 
de puits magnetique. II est theoriquement impossible 
d'avoir un systeme fenne avec des champs magneti
ques croissant dans toutes les directions a partir du 
centre du plasma, mais on peut imaginer des valeurs 
moyennes appropriees du champ magnetique, prises 
autour du systeme, comme une integrate de d// B, ce qui 
donne une sorte de puits magnetique. De tels systemes 
ont etc etudies aux Etats-Unis et donnent une solution 
de rechange aux systemes stabilises par cisaillement. 

En terminant, je voudrais insister sur Jes progres 
tres importants realises depuis 1958 en diagnostic des 
plasmas. Si nous connaissons mieux maintenant les 
plasmas chauds et si nous en parlons avec plus de 
certitude, c'est parce que nous pouvons mieux. les 
mesurer. Ce qui constitue sans doute l'un des plus 
importants domaines de progres depuis la derniere 
conference. 

Entin, ii faut se rappelcr dans toutes ces etudcs 
qu'en etudiant 1es plasmas nous avons affaire a un etat 
de la matiere qui, memc s'il nous semble nouveau, est 
tres repandu dans l'univers. A Culham, nous avons 
des programmes de spectroscopic stcllaire, utilisant des 
fusees stabilisees. La mcsure des plasmas cosmiques 
avec 1es methodes de diagnostic mises au point en labo
ratoire pour l'etude des plasmas de laboratoire repre: 
sente un probleme interessant. Je crois qu'il faut ausst 
insister sur le fait que Jes plasmas peuvent avoir_ de 
nombrcuses applications en dehors de la fusion 
nucleaire, et representent un domaine legitime de 
recherche. en dehors du but poursuivi. 
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d=lcm 

d=4on 

d=Scm 

d=16cm 

fiiure 1. flux d'ions rapides arrivant sur une sonde couverte 
,l'une feullle meta.llique, l diffirentes dist1nc:es de la paroi de la 
dllambre en regime non stabillse (Uc = O) et stabilise 

(Uc=+ 12 kV) 

I. N. GOLOVIN (URSS): On a beaucoup parle du 
succes de !'elaboration d'une methode d'elimination 
de l'instabilite de battement. On comprend facilement 
nnteret des experimentateurs et des theoriciens pour 
cc probleme. car I'instabilite de battement est l'une 
des formes les plus graves d'instabilite; si elle se deve
loppe, ii est hors de question d'accumuler un plasma 
cbaud dense dans un piege magnetique. Les nombreux 
risultats des eludes d'instabilite du plasma dans divers 
laboratoires du monde entier semblent parfois en 
contradiction a premiere vue. Cela a suscite des dis
cussions animees, qui ont permis d'avoir une idee 
bcaucoup plus claire depuis quelques annees de la 
nature reelle de l'instabilite du plasma; il faut cepen
dant cclaircir encore des details, theoriques et experi
menta\l.X. Nous avons entendu.parler de suppression 
dticace de l'instabilite de battement a l'aide d'un 
accroissement du champ magnetique dans toutes les 
directions du piege. C'est un resultat considerable. 
upcndant. je voudrais parter brievement de deux 
a:atres methodes d'aborder ce probleme, car seul 
\'avenir dira quelle est la methode la plus pratique 
pour surmonter l'instabilite. 

A la Conference de Salzbourg en automne 1961, on 
avait deja signale que les dimensions finies des orbites 
des ions (rayon de Larmor) produisent un effet de 
stabilisation. L'analyse theorique entreprise ensuite en 
Union sovietique, et les experiences sur OGRA, ont 

montre que le champ electrique radial de Ia charge 
d'espace du plasma a - en fonction de sa variation 
avec le rayon - soit un effet destabilisant sur un 
plasma qui etait primitivement stable, soit un effet 
stabilisant sur un plasma initialement instable; c'est-a
dire un champ electrique radial croissant plus vite que 
la premiere puissance du rayon a un effet stabilisant, 
tandis qu 'un champ electrique radial croissant plus 
lentement, ou decroissant, a l'effet inverse sur le , 
plasma. Les experiences realisees pour le moment Pont 
ete avec des densites de plasma faibles allant jusqu'a 
108 ions/cm3, mais ce mecanisme de stabilisation pre
sente l'interet d'avoir, selon la theorie, une efficacite 
independante de la densite du plasma. 

Nous avons appris comment supprimer l'instabilite 
en modifiant Ia distribution radiale de la charge 
d'espace du plasma, et la figure 1 vous montre l'effica
cite de cette methode. Nous observons la variation du 
signal de la sonde quand on l 'introduit dans le plasma 
a diverses profondeurs. Sur la gauche se trouve le 
plasma non stabilise, sur la droite le plasma stabilise. 
Nous voyons qu'a une profondeur de seulement 16 cm 
a partir de sa surface, le plasma est cornpletement 
tranquille, ators que son diametre est voisin de I m. 

p== 1.2x10-7 

Neutres 

Ions 

-1 0 1 ms 
. . 

' 

. . 
.. . .. . 

•l 0 1 ms 

Figure 2. flu" de neutres, du i l'echange de charge, et flux 
d'ions rapides ven la paroi d'e la chambre du dispositif OGRA 
en regime non stabilise (Uc= 0) et stabilise (Uc= 12 kV). 

Au tempt t = O, ii y a a.rret de !'injection d'lons rapides 
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la figure 2 montrc commcn, lcs ftu:c. de ncutres 
s•cchappant du plasma dependent de l'cff'et de stabili
sation. La panic supcrieurc donnc un oscillogrammc 
d~ ft'IU. de neutrcs en \'absence d•un champ de stabi\i
sauon; sur la panic infcricurc vous pouvcz voir unc 
lignc droitc horizontale parfaitcmcnt lissc et, apres 
a_rrft. unc dccroissance regulierc dans un regime stabi
hsc. II mtc l realiser ks experiences qui montrcront 
dans quclle mesurc cc mccanismc pcut garantir la 
stabilitc dans le,. regimes n~saircs au:c. rcactcurs de 
fusion pratiques. Dans de lcls systcmes. lc plasma doit 
avoir un temps de vie de l'ordrc de la scconde, mais 
dans nos experiences, ou le temps de vie est 0,01 s, nous 
n"avons pu dc1cctcr aucun signc d·instabi1ite en regime 
stabilise. 

On discute dcpuis la dc\U.icmc Conference de 
Gcnh'c d'unc· aucre rnethode importantc de suppres
sion de t'instabilile de battcmcnt, mtthodc qui a etc 
signaltt pour la premiere fois par Post ct Rosenbluth 
au" Etats-Unis. Nous la considcrons commc ucs 
importantc. EUc est basec sur le fait quc dans les 
machines A miroirs. l'instabilite de battcmcnt est sup
primtc si on pcut assurer la conduction le long du 
champ magnetique, du miroir aux extrcmitcs de la 
chamb~. L'ana1ysc de ce mccanisme a etc entreprise 
par le groupc Zavoi$ky a rtnstitut d'cncrgic atomiquc 
Kurchatov. La theoric claborec par Rudakov indiquc 
qu'on a de bonncs chances d•arrivcr A des systcmcs 
d•imponanee pratique. A savoir que la conduction 
jusqu•aux cxtrcmites de la chambrc est tout a fait 
suffisantc si on a. derritrc lcs miroin. un plasma froid 
dont ta densile est J 000 fois plus faible que celle du 
plasma chaud confine. Un plasma froid de ce type sc 
forme inevitablcment a cause du gaz residuel qui 
cntoure le plasma chaud. On a prouve experimentate
mcnt qu'avcc des dcnsites de plasma froid 40 a 80 fois 
plus faiblcs que celle du plasma chaud. Je plasma 
chaud lui-memc est stable. Nous esperons quc ta stabi
litt scra conservce. comme le predit Ja theorie, quand 
on rMuira encore la densite du plasma froid. II faudra 
le verifier cxpcrimcnta\emcnt en utilisant un vide plus 
pousse. 

Des resultats interessants sur la suppression de 
l'instabilitc du plasma ont ete obtenus par S. M. Oso
vets ct son groupe, egalement a l'lnstitut Kurchatov. 
Afin de stabiliser te plasma, ils utilisent un champ 
clectromagnctique a haute frequence dont la pression 
sur le plasma croit radialement. 

La figure 3 montre l'efficacite de ce systeme. Dans la 
partie superieure nous voyons des colonnes de p\asma 
non stabilise, ct ces colonncs sont courbecs, tandis que 
dans la partie inferieure nous voyons une co1onne 
entierement lissc de plasma stabilise par le champ a 
haute frequence. Il est trop tot pour dire si ce systeme 
sera utilisable pour les grands reacteurs industriels pro
ducteurs d'energie. mais l'excellent accord entre la 
theorie et l'expcrience est encourageant. 

Figure 3. Photographles de la colonne de plasma: en haut -
en !'absence du champ stabilisant de haute frequenc:e, en bas 
- le champ de haute frequence etant applique. L'oscillogrammt 
donne le counnt de decharge (basse frequence) et le courant 
dans les barres stabilisatrices (haute frequence). l'un~ d~s 
barres est la cause de l'ombre longltudinale que l'on vo1t sur 

sur toutes les photographies. 

Notre attitude envers les problemes d'instabilite a 
evolue de fa,;on significative ces dernieres annees. 
Tout recemment encore Jes experimentateurs avaient 
si peur des instabitites predites par les theoriciens qu'ils 
evitaient de produire des instabilites; tous leurs efforts 
tendaient a Jes supprimer. Le groupe de Zavoisky et le 
laboratoire de l'Institut de physique nucleaire de 
Novosibirsk ont maintenant adopte !'attitude diam
tralement opposee. Ils ont eu l'idee de produire deli
berement des instabilites intenses dans le but de 
chauffer des plasmas denses. Bien entendu, toutes tes 
formes d'instabilites ne conviennent pas dans ce but; 
on ne peut utiliser que celles qui n'entrainent pas une 
perte importante de plasma hors du piege. Lataille de 
l'instabilite doit etre faible par rapport aux dimensions 
du piege a plasma, et le temps necessaire a thermaliser 
les oscil\ations instables doit etre assez petit pour que 
le plasma n'ait pas le temps d 'entrer en interaction !~r~e 
avec les parois. On a constate qu'il ya des instab1htes 
qui repondent a ces conditions, par exemple l'insta· 
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bilite en grappe ou en « double flux ». Le chauffage 
!11ri>ulent qui en resulte est du au fait que des flux 
~tenses de particules sont excites dans le plasma; 
l'~tabilite en grappe provoque des oscillations 
,wle~tes du plasma et des vagues de plasma distribuees 
chaottquement avec des interactions non lineaires · ces 
dernieres a leur tour caracterisent Ia distributio~ des 
\-itesses des particules dans la grappe et chauffent l'en
sembte du plasma. Comme l'in<lique le memoire 
P/297, on a prouve experimentalement l'efficacite de 
~~e methode pour chauffer \e plasma. Les chiffres 
ates montrent que le plasma est porte a des centaines 
de millions de degres et que les ions ont une tempera• 
hire_ cxtremement elevee; dans les experiences de 
Zavoisky, le.plasma a deja une vie d'environ 002 s· 
ct ccs valeurs ne representent pas la limite qu; l'o~ 
pcut · atteindre. Les chances de developpement futur 
du chauff age turbulent sont certainement tres grandes. 

En conclusion je voudrais dire que les nombreuses 
fonncs d'instabilite du plasma predites par la theorie, 
qui representaient jusqu'a tout recemment un nuage 
noir a l'horizon de la recherche thermonucleaire, sont 
maintenant de mieux en mieux contr6lees. On met au 
point des methodes efficaces pour supprimer les insta
bilites de grandes dimensions qui mettent en danger 
le confinement du plasma, et les instabilites de petites 
dimensions commencent deja a nous servir utilement 
mmme moyen de chautfage du plasma. 

C N. WATSON-MUNRO (Australie): Comme l'in
dique le rnemoire P/88!, nos principaux efforts dans 
ce domaine en Australie sont consacres a des etudes 
foodamentales sur la mesure des proprietes du plasma 
d la misc au point de methodes de diagnostic. En plus, 
DOUS avons entrepris un petit programme base sur le 
chauffage cyclotronique d 'ions. Nous esperons porter 
des plasmas a des temperatures de quelques centaines 
d•eJectron-volts a d'assez faibles densites, de l'ordre 
de IOU ou 1013 ions/cm3• Notre machine perinet aussi 
1111 cycle de compression magnetique, de sorte gue 
nous pourrions utiliser !es barres de Ioffe qui se sont 
l'Mlecs si utiles dans d'autres experiences de ce type. 

t1emoire P {297 

DISCUSSlON 

A SIMON (Etats-Unis d'Amerique): Yous mention
DtZ que dans l'appareil PR-5 la decroissance de la 
&mite du plasma dans la region des plus hautes den
sites n"est pas exponentieHe. Avez-vous une explica
tion pour ce resultat? 

L A. ARTSIMOVICH (URSS): Des experiences recen
ti:s ont completement explique la nature de la decrois
~ du plasma a ces densites elevees. II est mainte
lllnt cJair que dans la nouvelle rnethode utilisee par 
Ioft"e pour ses experiences, il se produit, au stade initial 
lfa processus. une augmentation brutale de la pression 

du gaz. La chute de densite est done due au processus 
normal d 'echange de charges. Cela n 'a rien a voir avec 
le probleme de stabilite. 

R. S. PEASE (Royaume-Uni): Pourriez-vous expli
quer comment le piege du PR-5 est rempli de plasma 
a haute densite? 

L.A. ARTSJMOVICH (URSS): La nouvelle methode 
d'accumulation du plasma dans PR-5 utilise l'insta
bilite electrostatique d 'un pincement de plasma froid. 
Le plasma froid, qui se propage le long de I 'axe du 
systeme magnetique, est rendu instable, et cette 
instabilite produit des champs electriques qui accele
rent Jes ions. 

Ceci nous permet d 'accumuler un plasma plus dense 
que le plasma initial. Les densi'tes obtenues par cette 
methode sont maintenant de l'ordre de 1011 ions/cm3; 

je ne pense pas qu'on obtiendra ainsi des densites plus 
elevees, et c'est pourquoi nous etudions d'autres 
techniques pour augmenter Jes densites jusqu'a 
1012 ions/cm3• 

R. S. PEASE (Royaume-Uni): Avez-vous des preuves 
directes de la temperature des electrons dans l'appareil 
TOKOMAK? 

L.A. ARTSIMOVICH (URSS): La temperature des 
electrons dans I'appareil TOKOMAK atteint actuelle
ment environ 2 millions de degres. L'un des indices en 
est Ia conductibilite du plasma, bien qu'elle donne une 
valeur plutot faible pour la temperature des electrons. 
De plus, on peut mesurer ce qu'on appelle l'effet 
diamagnetique,- d'ou !'on peut deduire la pression 
moyenne du plasma. Les donnees spectroscopiques 
sont en bon accord avec !es resultats obtenus par ces 
deux methodes. 

M. JORDAN (Republique federale d'Allemagne): La 
methode de chauffage turbulent decrite par M. Artsi
movich ressemble quelque peu a la technique de pre
chauffage par induction couramment utilisee dans les 
experiences de pincement theta. Si possible, j'aimerais 
avoir quelques details sur cette nouvelle methode. 

, L.A. ARTSIMOVICH (URSS): 11 y a une difference 
fondamentale entre le chauffage turbulent et la tech
nique utilisee dans Jes systemes a pincement theta, c'est 
que la vitesse de croissance du champ magnetique est 
beaucoup plus grande dans le chauffage turbulent. 
Dans les experiences de Zavoisky a l'Institut de 
l'energie atomique, et dans c~lles de Nesterikhin a 
l 'Institut de physique nucleaire de Novosibirsk, on 
utilise maintenant des systemes speciaux qui permet~ 
tent de porter le champ magnetique a 10 kilogauss en 
moind de 0, 1 µs. La condition essentielle est que Ia fre
quence de !'impulsion electromagnetique soit a un 
maximum. 'A ce moment, une onde rapide se propage 
vers le centre, provoquant une diminution brutale du 
champ magnetique. A cette diminution est associee la 
formation d 'un flux azimutal d 'electrons rapides. Ce 
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fflll est instablt: l'cncrgie sc disperse rapidcmcnt ct "Se 

transfonM en chalcur. Vous ••O)'tt done qu'il s'agit 
en fait d'unc mtlhodc differcntc. qui utilise l'instabilitc 
d'un fltn uimulal d'clcctrons dans un plasma de 
r aiblc den site sans collisions. 

Himoire P/195 (pr&ente pu H. Roderick) 

DISCUSSION 

l. N. Got.o\1s (URSS): A la fin de la panic II de 
cc mtmoirc, nous lisons quc l'on a obtcnu la combus-
1ion co1alc tl pcu1~trc en mtme temps le chauffagc 
d"ions par interaction du faisctau d'c1cctrons ct du 
pla\ffla. Pourrions-nous noir des details sur ccuc 
dccbration? 

H. ROO£a10: (Etats-Unis d"Amcriquc): Jc pcux 
scukmcnt ttpondrc qw: lcs trnaul sur ks interactions 
entrc lcs fai~a'" d't1cctrons ct Jes plasmas se pour
sui,fflt nee suc«s. bien qu"il rcstc un bon nombre de 
questions mystericuscs. I. Akitcff ct R. V. Ncidigh 
vimncnl de ttdigcr un article ,ur lcs mcsurcs qu'ils 
ont deja lialisks. ct jc scrai hcurcu.\ d"cn rcmcnrc un 
ewnplairc l M. Go1o\'in. II s'agit d'unc scrie de 
mnurn dtt.aiUm don1 la signification. en cc qui 
conccmc la combuilion lotalc. n'cst pas encore tout 
a rait au claire. 

E. PlsKAREV (AIEA): Avcz•vous deja obtenu des 
result.au clperimcntaux sur l'ac:cumulation d·clcc
trons dans « Asuon »? Si oui. a) unc couche E s·est
elle form«. b) combicn de temps a-t-clle dure, et 
c) la direction du champ magnetique a-t--clle etc 
modifiec'? 

ff. RooattcK (Etats.-Unis d' Amerique): << Astron » 
a fonctionne unc douz.ainc d 'heures pendant le mois 
d'ao6t. On a injecte des electrons, et les mesures preli• 
minaires montrcnt que le temps de vie est asscz court. 
J1 scmble que lcs electrons sont actue1lement conserves 
pendant 50 ,,s alors qu'on esperait unc duree de vie 
de S s. La raison de cc confinement de courte duree 
des electrons scmblc due au fait quc les electrons 
cr-ccnt un bruit de fond en micro-ondes; celui--ci joue 
le role d~un klystron. en interaction avec les electrons 
ct cxpulsc ccs dcrniers de l'appareil. L'efficacite du 
piegeage est de l'ordre de 10% du faisceau initial. 
Actucllement le courant circulant d·une bouffee d'elec
trons est d'cnviron 1 000 A. On es~re, nature\lement, 
quc le temps de vie croitra a mesure que 1•on pour
suivra les experiences et trouvera le moyen d'amortir 
les micro-ondes produites par !es electrons. 

L. A. ARTSIMOVICH (URSS): n semble que dans 
l'appareil DCX-2, la decroissance du plasma se pro
duit tres rapidement au debut et qu'elle devient expo
nentielle et regulierc ensuite. A quelle concentration 
le changement d'une decroissance rapide a une decrois
sance lente et reguliere a-t-il lieu? 

H. RoDERJCK (Etats-Unis d'Amerique): Les mesures 
du temps de decroissance dans DCX-2 ne sont pas 
parfaitement cx.pliquecs. La decroissance rapide a lieu 
de 2 x 1010 ions/cm' jusqu'a la moitie de cette valeur, 
ct cnsuite la periode de decroissance lente commence. 
Je pcnsc cepcndant qu'il faudra d'autres experiences 
pour determiner s'i1 y a vraiment dcux. periodes de 
dccroissancc ou bicn une scule avec une courbure. 

DiSCUSSION 

A. N. StVCIIENKO (RSS de Bielorussic): Dans votre 
ctudc des spectres de plasma (paragraphe 15 du 
memoire). avcz•vous ctudic \'isotropic ·du rayonne· 
mcnt ou sa variation en fonction de la temperature? 

A. ScnLOnR (Republique federate d'Allemagne): 
11 n'y a pas de rapport direct entrc l'anisotropie du 
plasma ct la temperature. 11 y a un rapport indirect 
quc l'on pcut cxpliquer ainsi: dans un futur reactcur 
a fusion. ii faudra tolerer des pert es de particules par 
col1isions elastiques, superieures a celles que l'on a 
maintcnant dans les machines a miroirs par exemple, 
ct ccs pcrtes additionnelles, qui entraincront aussi un 
kart plus grand de t'isotropie, devront ctre com• 
pcn~s, en partie tout au moins, par une temperature 
plus elev~. 

Memolre P/881 

Ce memoire n'a pas fait l'objet d'une discussion 
distincte. 

DISCUSSION G~N~RALE 

A. M. WEINBERG (Etats-Unis d'Amerique): D~n_5 la 
plupart des discussions on a suppose que les conditions 
necessaires a la fusion thermonudeaire etaient une 
temperature d'environ 10 keV, une densite de iou. 
1015 ions/cm3, et une valeur de p, c'est-a-dire du ra? 
port entre la pression du plasma et la pression ~ag~e
tique. de 0,1. Certains d'entre vous ont-ils envisage la 
possibilite, suggeree par le Dr Post a la Conference ~e 
Salzbourg *, qu'il pourrait etre possible de pro1wre 
plus d'energie qu'on n·eu consomme dans des systemes 
a fJ beaucoup plus faible (par exempte /J = O,O_t)_ en 
utilisant des aimants supraconducteurs ct une 1nJeC· 
tion tres efficace? 

L.A. ARTSIMOVICR (URSS): Je pense que le pr~
bleme de la construction d 'un systeme a bilan energe
tique positif pour des valeurs de fj de quelques dizicmes 
sera resolu en fin de compte. Cependant, je nc pense 
pas que nous soyons prcts pour le moment a discuter 

• Fusion Nucleaire, AIEA, Supplement, Partie l, p. 99, Vicnne 
(1962). 
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en detail Jes aspects techniques d 'un reacteur thermo
nucleaire. II nous reste un long chemin a parcourir 
avant de pouvoir esperer obtenir les parametres indis
pensables, en principe, pour un bilan energetique 
positif. Notre premiere tache est d 'augmenter la densite 
de nos plasmas et d'assurer leur stabilite a ces densites 
elevees. Pour le moment, nous avons reussi a obtenir 
la stabilite a des densites, en gros, de l'ordre de 
1011 ions/cm3

, par la methode des champs stabilisants 
ou hybrides, aussi appeles le principe de B minimum. 
II est difficile de prevoir les resultats que l'on obtiendra 
avec d'autres methodes, mais il semble certain en tout 
cas, que nous pouvons faire des progres avec cette 
methode. Si nous reusissons a obtenir un fJ de quelques 
diziemes - et ce n'est certainement pas exclu par 
cette methode - ii est alors evident que des conduc
teurs refroidis ou peut-etre meme des supraconduc
teurs pourraient etre utilises pour resoudre Ce pro
bleme. 

A. M. WEINBERG (Etats-Unis d'Amerique): Je veux 
seu1ement dire au professeur Artsimovich, comme 
quelqu'un qui croit d'instinct qu'il sera plus simple 
de bn1ler les roches que de bruler Jes oceans, qu'il 
pourrait etre utile de faire d'abord le plus simple et le 
plus elementaire. 11 me semble que si nous pouvons 
avoir un gain d'energie avec un {J de 0,01, et nous n'en 
sommes pas loin, il serait logique d'exploiter ce resultat 
des que possible. 

H. RODERICK (Etats-Unis d'Amerique): A propos 
des experiences sur OGRA-1, je remarque que le 
plasma a ete stabilise a une densite de 109 ions/cm3 en 
utilisant des potentiels electrostatiques sur les parois 
laterales de l'appareil. Pourriez-vous preciser l'effet de 
stabilisation'! 

I. N. ·arn.oVIN (URSS): En fait nous sommes arrives 
l obtenir la stabilisation avec des champs electriques, 
mais seulement a des densites de 108 ions/cm3 ; nous 
n'avons pas encore reussi de telles experiences avec 
des plasmas plus denses. Pour y arriver, il nous faut 
ameliorer nos moyens de pompage et augmenter le 
courant d'injection. Nous pensons faire de telles 
experiences cette annee. , 

S. D. WINTER (France): Le professeur Golovin 
pourrait-il nous donner quelques-details sur la methode 
de stabilisation par des champs de haute frequence? 
J'aimerais connaitre en particulier: a) la densite du 
plasma stabilise; b) les caracteristiques du champ de 
haute frequence; et c) Ies difficultes rencontrees en 
couplant le generateur haute frequence au plasma 
(glissement de la frequence de resonance). 

I. N. GowVIN (URSS): Jene suis pas tres renseigne 
su:r la technique de couplage du generateur au plasma; 
c'cst un domaine assez specialise. Le principe de la 
methode consiste a placer des conducteurs Iineaires, 
semblables a ceux utilises par Joffe, a l'exterieur du 
volume occupe par le plasma. Le courant a haute fre-

quence passe dans ces conducteurs, en moyenne exer
cant ainsi sur le plasma une pression croissant radia
lement. La frequence choisie est telle que la periode 
du champ de haute frequence soit nettement inferieure 
au temps de vol des ions de la frontiere du plasma aux 
parois. Au moment ou le champ passe par zero, Ies 
regions n'ont pas le temps de glisser de facon appre
ciable, de sorte que le plasma est en fait confine· de 
facon stable par le champ a haute frequence. 

T. CoNSOLI (France): Je voudrais mentionner 
certains resultats experimentaux obtenus en France 
avec un appareil appele PLEIADE, dont on peut voir 
un modele a !'Exposition atomique, PL.EIADE est une 
structure resonante dans laquelle un champ electro
magnetique stationnaire a haute frequence est super
pose a un champ magnetique statique decroissant. 
Placee aux extremites d 'un champ magnetique en forme 
de bouteille ou de cosse, elle peut servir d'accelerateur 
ou de reflecteur pour le faisceau de plasma. L'energie 
des electrons est essentiellement transversale, celle des 
ions axiale. En utilisant cet appareil comme un accele
rateur continu de particules, nous avons obtenudes flux 
de 1015-1018 particules/cm2 s, Ies ions ayant une energie 
parallele maximale de 30 keV, avec des electrons de 
50 keV. En l'utilisant comme un miroir, nous n'avons 
observe que 100 reflexions, ce chiffre assez faible etant 
du aux pertes par echange de charge provoquees par 
le mauvais vide. 

J. B. ADAMS (Royaume-Uni): Je voudrais poser une 
question a ceux qui ont etudie le confinement du 
plasma dans des puits magnetiques. Sommes-nous surs 
que Ies durees de confinement beaucoup plus grandes 
observees dans ces experiences soot entierement dues 
a Ia stabilite magnetohydrodynamique inherente d'un 
puits magnetique, et non pas a d'autres effets stabilis~
teurs? Dans toutes les experiences, une bonne parhe 
du plasma initialement forme est ensuite rejetee vers 
les parois du recipient et forme done un milieu conduc
teur reliant le plasma confine a des conducteurs 
extemes. Nous savons que de tels chemins conducteurs 
allant du plasma confine au parois metalliques stabi
lisent !es instabilites d'echange dans le miroir magne
tique simple. La meme chose peut-elle se produire dans 
Jes experiences de puits magnetique comme celles de 
Ioffe et celles qui sont faites sur DECA II? 

M. TROCHERIS (France): Je suis tout a fait d'accord 
avec le Dr Adams que le plasma froid pose de graves 
problemes. Dans le cas particulier de DECA II, cepen 
dant, nous esperons que son role n'est pas tres impor
tant. Une longue colonne separe le canon a plasma de 
Ia chambre d'experience, et le plasma froid n'arrive 
dans la chambre que lorsque l'experience est presque 
terminee. Neanmoins, ii peut y avoir du plasma froid 
a Ia suite du refroidissement du plasma chaud sur les 
parois. Dans les experiences futures, ii sera certaine
ment tres important de faire beaucoup plus d'efforts 
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pour eliminer le plasma froid; divers dispositifs sont 
actutlkmcnt a l"ctu.dc dans cc but a Fontcnay
au-Ro~ tl ccrtaincmcnt aussi dans d'autrcs labo
ratoircs.. 

Jc pcnse ccpcndant qu•unc augmentation du temps 
de \·ie en fonction du champ quadrupolairc est unc 
indication sore de stabifoe. s·il n•y avait pas de varia
tion en fonction du champ quadrupolaire. cc rcsultat 
nc prou't·crail ricn. Mais s·iJ y a une variation. on ne 
,·oit pas comment le champ quadrupolairc pourrait 
avoir unc influence sur la stabitiution par le plasma 
froid. 

LA. ARTSIMOVJCII (URSS): Jc voudrais aussi dire 
un mot en rtponse a la question du Dr Adams. Nous 
s.ommes tout a fait ccrtains quc le plasma r roid nc pcut 
pas avoir d'eff'ct dans \'apparcil PR-S. Les experiences 
ont montre quc cct cff ct est dircctcmcnt associ! au 
champ stabilisatcur, cas ou t•on a un vidc trcs pous~. 
Le plasma froid n 'est maintcnu qu ·un temps exccssivc
mcnt court au voisinagc de l'axe de symetric ct dispa
ralt c:nsuitc. 

H. RoowcK (Etats-Unis d'Ameriquc): J'ai ten
dance a itrc d•accord avcc le profcsscur Artsimovich. 
Dans lcs upericnccs Al.ICE on avait initiatcment un 
vidc Ires pousse (environ 2 x 10-• torr) dans lequel 
des particules neurres etaicnt injectecs ct picgees. Je ne 
crois pas qu'il Pouvait y avoir beaucoup de plasma 
froid dans unc tcltc experience, ct te changcmcnt frap-
pant obtcnu par introduction du systcme Ioffe a 
12 barres tcndrail a confirmer qu'il s'agit bien de 
stabilisation par 8 minimal. Cepcndant un groupe de 
l'Unh·ersite de New York a fait des calcuts thforiques 
qui tcndcnt a montrcr qu'un plasma peut ctre stabilise 
par du plasma froid injcctc avec beaucoup de soin a 
l"cxtcricur du plasma chaud; de plus, leurs calculs indi
qucnt quc ceue technique peut etre lice a la methode 
de B minima!. 

Sir William PENNEY (President): En tant que Presi
dent de la ~nee, ii convient que je resume maintenant 
mes impressions, mais je suis sQr de votre sympathie 
en face des difficultes de cette tiche. Ce qui est evident, 
c•~t que nous sommes en face d'une splcndide colta• 
boration intemationale. En ce qui concerne l'echelle 
de l'cff on en tcrmes budgetaires, les depenses annuelles 
totalcs dans le mondc entier pour !es recherches 
consacrees a la fusion semblent aujourd'hui equiva
lcntes a 100 millions de dollars des Etats-Unis environ 
( ou approximativernent le rneme rnontant en roubles 
sovietiques). 

Depuis la Conference: de 1958, nous avons fait beau
coup de progres, et ces progres consistent en partie a 
avoir compris que les problemes scientifiques sont 
beaucoup plus ardus que nous ne le pensions. La 
theorie a apporte sa contribution tres efficace, bien que 

ccrtaincs des instabilitcs prevues par les theoriciens 
n'aient pas beaucoup d'importance. J'ai ete tres inte
rcsse par la methode d'approche sovietique: creer 
certaines de ces instabilites et les utiliser ensuite pour 
chauffer le plasma. 11 n 'y a rien com me chercher une 
chose pour la voir disparaitre. Les differentes questions 
techniques qui ont ete posees montrent qu'il reste 
encore des incertitudes concernant I 'interpretation 
exacte de ccrtaines mesures et de certaines observa• 
tions. mais il y a sans aucun doute de grands progre~ 
dans les methodes de diagnostic. Les chercheurs sont 
beaucoup plus certains de ce qu'ils mesurent qu'il Ya 
cinq ans. et certaines des nouvelles techniques inter· 
fcrcnt moins avec le plasma que !es methodes plus 
ancienncs. Jc pensc quc la methode interferometrique 
au laser, par cx.emple, est tres interessante, et il y aura 
sans doute d'autres applications des lasers. 

Nous nc savons pas uactement ou ces travaux vont 
nous conduire. Le programme est maintenant si diver
sific, ct pourtant si specialise, qu'it constitue une 
branchc de ta physique qui cprouvera des difficultes a 
communiqucr avec les autres branches. A la longue 
elle se simplifiera et les problemes inutiles disparai
tront, mais pour le moment la masse merne des don
nccs. et tous ces noms etr-anges que chacun invente 
pour son propre appareil, exigent un gros effort de 
memoirc. Mais, comme je viens de le dire, je suis sfu 
que lcs choses iront en se simplifiant. 

Apres avoir entendu cette seance, je pense qu'il est 
correct de dire que ce domaine de la science n'est pas 
seu\emcnt intcressant et important en soi, mais _qu'!1 

pourrait vraiment conduire, dans l'avenir, a l'obJectif 
pratique qui a etc si souvent cite. 11 faut clairement 
attendre quelque temps, plusieurs annees, avant de 
pouvoir evaluer avec certitude les possibilltes. Tout ce 
quc nous pouvons dire pour le moment, c'est qu.e Ies 
chercheurs doivent continuer a travailler et do1vent 
demander le soutien necessaire a leurs gouvernements 
parce que le but est si important. Les pays les plus 
developpes doivent accomplir le plus gros de la tache, 
parce que les travaux sont longs et coiHeux en cher• 
cheurs et en argent. Les pays moins developpes ont 
des tliches plus urgentes pour leurs chercheurs et pour 
leurs fonds. 

Je pense que telles sont les conclusions gener~\es 
qu'it faut tirer de ce qui a ete dit. Des commentaires 
sur les donnees techniques seraient a mon avis quelque 
peu prematures. I1 nous faut a tous du temps pour 
etudier les diff erentes communications et les entendre 
discuter par de petits groupes dans les laboratoire~. le 
dirai, en conclusion, que nous avons atteint ~e etape 
tres interessante qui conduira a de nouvelles tdees et 
de nouveaux resultats importants, et je suis sur que 
nous pouvons tous penser avec espoir a une collabo· 
ration etroite, efficace et continue. 
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Ynpasnsre/t\blH •AepHblH CHHTe3 

llpeaceoameAb: c3p. YHnbRM neHHH (Coep.HHeHHoe Hoponeecrao) 

AHCHYCCHfl 

M. TPOillEPII (<l>pann;m1): Mne xoTeJIOCL 6LI 
tOOO~HTL npucyTCTBYIOfi\D.M 3]\eCL BeROTopue 
IlO~J)OOHOCTH 06 :mcuepHMeHTax, BhIUOJIHeHHl,IX 
ea YCTaHOBKe DECA-11 e <l>oHTeue-o-Po3. 3TH 
3KcnepuHeun1, ocuouannble ua npuuu;une y,n;ep

a.auua IlJl33Mld B JIOBYIIIRe C MarHDTHl,JMU npo6-
Ea:l[H H CT30DJIH3Hpyron~IIMH MHOfODOJIIOCHMMU 
DOJIHMII, DO-BHAHMOMy, JIBJutIOTC.R CCH'laC Han6o
;iee o6e~aIOu\HMH. IloatoMy na 1JOA06H1,1e ncc.11e
;lOBa~HH B03Jl3f3IOT CBOD Hal{em,!\LI pn.a; Jia6opa
ropuu. 

B YcTanoeKe DECA-11 ycToii'luean «oncj,urypa
:qJIJI DJiaaMLr rroJiyqaerca 6Jiaroll,apH 11aJ1omemno 
Qa:l,pYJlOJILIIOfO IlOJJR Ha IlOJIC npo(foquoii reo
KeTpHH. IloJie npo6o« coa]\aerc11 c noMOll.\LIO ABYX 
'-03KCH3Jl1,lll,IX KarymeK, Jl3CIIOJIO>KCHHLIX JJ.pyr 

OT !{PYra na paccro11u11H o«ono 50 c..w. BnyTpen
llHH ](HalfCTp KaTymeK paeu11eTC.R npn6JIH3HTOJib
no 20 CM. l\83,!lpynoJibHOe none C03,!{3CTCU C 
DOMO~LJO 'leTL1pex cTepmueii, pacnoJJoarnHHLIX 
oapaime.:JLHO OCH, npH'leM TOR B COCC]l_HHX CTepm
BJIX -Te'ICT B UpOTHBOilOJIO)KHl,JX HanpaBJieHJUIX. 
MaKCHMaJJLHoe anaqenne uanpsmeHHOCTH Mar

BRTBoro DOJIR MomeT ]l,OCTHfaTh 15 ,;,zc e ~eHTpc " 
30 1'2c e npo6Kax. , 

JleiiTepnesaa nJJaaMa o6paayeTcH ne nenocpe,A
CTueeno B KaMepe :lKcnep1rneurnm,Hoii ycrauoe
tra, a HH:meKTupyeTC& 113BHe B BH,Ae 6hlCTporo 
tl")'CTKa H3 n.11aaMeuuoii nymm1. CpcAmUI :rnep
rua HOHOB, 33XBa'leHHJ,lX B 06.1ractH Memn:y Mar
lfRTBLIMH npo6KaMH, COCTaBJIHCT HCCKOJILKO COTeH 
3..'ICKTpOHB0.1bT. 3aTCM TCMnepaTypa DJia3ftll,I 803-

pacTaer )\0 eu(e OOJJLWlfX BC.;JH'IHH l{ B TO me Bpe
l/lJI npoucxo,n,nT OTmaTne UJI33Ml,I OT CTCIIOK 6.11a
ro;1,ap11 Me,AJICHHOMY uapaCT3JIHIO M8rHHTHOI'O 
U0.1J1, BJIH 3_:\Ha6aTH'letROMy cmaTHlO. 

BecLMa cy:tn;ecTBeHHJ,IM npe11Mytu;CCTBOM Meron:a 
11ume:KnHH, ucnoJ11,ayeMoro » ycTaHoBKe DECA-IJ, 
JIJUUleTCR B03MO>RHOCTb coa,n,aHHR IIJiaaMbl, IlJIOT
BOCTL KOTopoii MOiKHO MeHHTh B mnpOKHX upe
~M;IX OT 10IO ~o 1014 '(,aCTUlJJc.M3 •. 

011eu1, KOpOTKO rouopJI, D :n<cnepHMCHTax Ha 
YCTIUIOBKe DECA-11 nay'laJiac1, aaBHCHMOCTh 
.apexeuu mB3HH DJia3MLI OT .nsyx napaMeTpoe: aa
np11meusocTH KBa,!lpynoJU,HOro DOJIJI H IlJIOTHO
Cl'U. CorJiacuo Teopun, eCJIH uanpnmeuuocth 1rna
)q)yno.111,noro non11 BoapacTaeT, B TO BpeMJI RaI( 
0CBOBBoe npo6011Hoe UOJie OCT3CTCJI neuaMeHHLIM, 
npa Hanpnm:ellHOCTH KBa~pynOJihHOfO IIOJIJI, 60Jib-. 
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meii: onpeµ;eJieuuoro MHHBMa.111,uoro ana'leBHJJ, 
AOJIIB:Ha J\OCTnraTLCJI ycTOH'lBBaJI KOH<f,urypa{\Jrn:. 
C.11e;weaTCJibHO, epeMn muaHH n.11aaMu t\om1mo 
pea«o BoapactaTb, RaK TOJlhIW HaupmKeliHOCTh 
KBa)lpynoJILHoro IlOJIJI npeBhlCHT MHHHM3JILHOe 
auaqeuue. 3ro .neiicTBHTeJILHo ua6JUO,!{aeTCH npu 
H3HMeHLlliHX 3Ha'ICIIHJIX DJIOTHOCTH ( nop.RJJ,Ka 
· 1010 'l.acrmy.cM3 ). BpeMH muaHn Boapacrner, ua

npHMep, OT 20 .n:o 200 Mr.eel'.. !'.ho noc.'l.CJJ.Hee aua-
11enHe epeMeuu mHann onpe,n:eJrneTCJI c«opee no
TepHMH nJiaJMl,J, HemeJiu HeyCTOH'lHBOCTLIO, a 
HMeHHO nepeaapH,!{ROH Ba OCTaTO'IHOM raac. 

Ilpn 60.11ee BLICOI(HX UJIOTHOCTIIX narun nepeo
ua11aJ1hHhle pe3yJJLT3Thl 6MJIH BCChMa HCyTellIH
TCJJbHLIMH: npn IIJIOTHOCTH 1011 '1.aCTU1flCJlt3 BpCM11 
)f<H3HH He npcBhlIIIa.110 70 MI.ICeK, a npH IIJIOTHOCTH 
1013 HJIH 1014 11acTU1JlcM3 BpeM11 ilCH3HH COBCeM He 
B03p3CT3JIO npu BCil0Jlh30BaHBH ){Ba,n.pynoJILHOro 
IlOJIH. 

CoBepmeHno nn1,1e peaym,TaTLI 61,mn noJiyqe
Hhl IIOCJie Toro, 1(81( Ha BXOAC RaMepbl 6blJia ycTa
HOBJieHa ,!{HaqtparMa, Koropaa orpaunqHnaJia 
)\H3llieTp IlJI33MLI. BpCMH ,KH3HH B ;}TOM CJiytJae 
yeeJIH'IHBaJJOCL B aaBHCHMOCTH OT BOJIJI'IIIHbl 
KBa,!{pyuoJibHOfO IlOJill BCer;ta npHOJll-13HTCJlbHO 
O)\HHaKOBl,]M o6paaoM HeaaBHCHMO OT BCJIH'IUIILI 
DJIOTHOCTH. 

AnaJIHa noJiytJeHHLIX Jleayni.raTOB npHBO/J.HT K 
BLIBO~Y, 11ro OHH Mory-r 6LITb 061,acuem,1 n;e.11n-

. I.OM ABYMJI yme ynoMJlH3BillHMHCJI BIJIIIe npH'IH
R3MH IlOTeph IlJl33Ml,J, a HMeHHO HCYCTOH'IHBOCTLIO 
u uepeaapH,AKoii ua uciiTpa.111,uoM raae. 0AnaKo, 
lJTO RacaeTCH nepBOH cepBH :rncnepBMeHTOB (6ca 

,Ana<f>parMhl)' TO JICI'RO BH)\eTb, 'ITO IIJIOTHOCTb 
HCiiTpam,Horo raaa He paBHHeTCH COOTBCTCTBCHHO 
UJIOTHOCTH OCT3TO'IHOro raaa JI 60.11ee Toro eoapa
CTaeT C yeeJIB'leHHCM UJIOTHOCTH IlJl33MlJ. 8To 
MO»(HO O'ICHL nerKO 001,HCHHTb, eCJIH Y'ICCTL BJIH
JUIBC CTCHOR. B ::mcnepHMCHT3X: 6ea ,!\Ha(flparMY 
naMepa 61,1Jia n;eJJuKoM aanoJIHena nJiaaMoii if 
118CTL 3TOR DJl33Ml,J Hep;ocTaTO'IHO xopomo aaxBa
TLIBaJiaCh » MarHHTHOH »Me, rny6uHa KOTopoii 
01,JJia orpann'lenno». !'.ha uey_Aep,mrnaeMa11 m1aa
Ma CKOpo non3AaeT Ha CTeHKH, BLIOHBaJI B3 BHX 
MOJJeKy.11LI ra3a. TaKnM o6paaoM, ROJJB'leCTBo neii
rpan1,uoro raaa, nona,!{a10iu;ero e I<aMepy, oKaaLI
eaerca nponopn;uouaJILBLIM RoJI1111ecTey n.11aaML1, 
nona,11;a10iu;eii ua cTenKu. • 

llamuune roeopHTL, 'ITO ueo6xo;:umo eiu;e npo
eecTH otJeHL MHoro 3KCnepnMeHTOB ]);Jiff BLIJICBC
llDJI POJIH H B KOBe'IHOM C'leTe HCKJIIOIJCHIUI 3Toro 
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ue63aroopn11moro ~KTa, nA:sannoro co cTe11-
u11a. Ol.uaKO ~3J.:lLTaTY, Do.'IY'ltnnue 8 HaCT0JI
U{tt BptMR, XOTR n U()(RT npe;iupuu:n.nwit 
:upatn't"p, RL1RIOT('R TPM ne 11euee oGK&,leHutllalC)
lltRMII II npe,lCT88.1RIOT co6oii RCHOO 3KCUep1nceu

TL1LHoe ;1.oKaaaTe.11.tTao • :sautnTy )'CToii•rnaoc:t1t 
KOHcl,Ul')'palllUI Manunttoro Do."IR 00.lOOHOfO Tnna. 

It (J>YllJIIMII (flnoHHR): flpocl>eccop Yotco11-
M)·upo Gu., HaCTO.U.KO .1I06e3t'ff, 'ITO BK.1IO'IH-1 8 
~oK.,a.l P,'881 nanoo.it-e a&JKnYe peay.iLTaTLI pa
ft0T no CUHTt"3f H tl,n3HKe D.183NLI, Bt'.:t)"lltHCCH 8 
Hnonnn. llonoNy JI Mory orpaUH'IHTLCR oGcy>K
;\tnne11 HKKO.lbKHX o6ntHX IOPpotOB, He DLITIIRC'L 
:t&tl,, OQ.tllK)' on1ocnn.11.11oi1 ~eRUOCTII p33.111'111LU: 

pafioT. 
no 1te1m1opoii CTeneHH paoonl no c),H3Ht.e 

n.:1a:uu.a. _.;u-m.nttR • flnonnn, oc11oaan1.1 ua :10-
B0.11.110 napLIX Tpa;tnQ.URX ncc..,e;\OB&IUtii 3:leK
TPll'lttKlll pa3pa;toa a ruax. OTC10.:1.a B03Hl\K..'lo 
npe;uto>Ke1111e O npHMC'llt'HHH .:tBOihtLlX 30113.0B. 

ur.,amu,e npocl>eccopow Ho;t>KH»a, 11 ocfl6e11110 
Hp('.:t-lO>Kl'Hltc, n~copa TaKaRMLI oG ttcno.,i.-
30Ballllll pt'30UallCHOro ao11.1a. XapaKTepUCTHKI( 
pnonancuoro 30n,1a sLlaaa.:111 6o.nUJoii 1111Tepcc, 

oco6t-nno • Cyami><,pl.CKOM YRHB('J)CJITCTC II B 
ltHCTRt)'-re IIM. MaKta lba11Ka. lloJMO>l<HOCTH 
nplOll'Hl'HltR :lTOro 3011.:ta ni,a'te."ll.HO 113Y'l8IOTCR. 
XOT• hl'p10nna.11.11aR 1111npnpe-ratt1tR ua6.."lto;s,as
mc-rocR pt'301181f('OhOl.OOIIOro QHKa. KaK T0'III0 
('0011Jl"JCTB)"IOU1l'ro '18CTOTe QJ183Ml'HlfLIX t.onl'Ga
Hffi't, 0Kaaa:1ac1. neonpas.1a11noir H3-3a 11aweue
HMn, ("BR3811HLIX C ll8;11l'IHCM 1111ne;iauca C..'IOJI, oK
P)"iK810l11l'fO 3011;1, BCC me OCUOBHLle CBOiiCTBil 
MeTO.:lB ocTatoTCR cnpaae;\..'IIIBLIMH, TBK -tTO OH MO· *" 8 K0IIClfR0M C'll'TC CT&TI,, naCTOR~nt.t ;lHarno
CTR .. l"CKH)I epe.lCTB0M, npau;s.a, B o6.1aCTH, ne CBR

aannoii C R;teplll.111 CHHTC30K. 

Pe3y:tLT&TLI nautHX HCCJle;tOBaHRii npHBO;lRT t.. 
33K..ll0'1CHHIO, qyo n.:aaaMellHYe Cr)'CTKH. naxo;J.R
U\Re<:R no CynltCTBY 8 0~H0H R TOM >Ke COCTOJIHHII 

MCTpalur. Ao nacTonutero BpeMe1111 3Ta JJ.eJJL nOJ• 
HOCTl>IO eme ne ,lJ.OCTUrByTI. 

Opoac,1eu11e BTOpoii ,,actH ncc:te;i.oeanuu: a 06-
:taCT11 11,'tepnoro c11nTeaa, na.,_ RoTopoii 1py.n.11TCa 
11no11cK11e y11e111.1e, 61.rno ctuMyJJnpoeano Ilepson 
u llTopoii iKcueecKHMH 1<onl}iepem\m1M11. ):\oKrop 
XoMJI GaGa 3aRBHJI ua DTOpoii iH:e11eoc1<oii KoH
tl>ePl'Hl.\1111, 'ITO npaKTll'ICCJ<0e IICtIOJJLaOBaBHe 
3HepnlH Sl~epnoro Cll11TC3a MO>KCT ULITL OCYJlleCT

a.,eno B Te'lemrn Gmot<aiiumx aea;i.l_\aTH ne1. B10-

pa11 Ko11c\)epc11u.1u1 cpaay CJJ.CJiaJia ;J._OCTYllHl,IM jl,llK 

urnpoKoro Kpyra Y'ICHLIX 60J1Ltuoc 1<0JJuq:ecTBo 
('Bt';J.t'lutii, 118KOIIJJCIIIIWX 8 pcaynLTaTe ceKpeT• 

HLIX 3KCnepJOfCHT0B, ltOTOpLIC BC.'UICL B CTpauax, 

WHpoKo paaBHBaBIUIIX 8TOMIIYIO nayKy. Cnoco6-
HW8 Y'ICHLl8 113 CMC>KIILIX o6JJaCTcii 4'113HKH, Ta· 

i.11x. KalC 4i>J13HKa ICOC)llf'leCKJIX JIY'ICU ff <}IH3HKa 

)·cKopHTCJ1e11, (iw;m npuune'len1:,1 K pa6oTe B a1oii 
uoaoii H conep1m"laJOU\CH oGnacTn. 3aJJ.a"la. 01<aaa• 
:18CL ropa3;t.O OOJtee Tpy;t.UOH, '-ICM, nO-Bff!\IOlOMY, 
0)l(ll;l8JI0CL, H ROCJIC cepHH aKcnepnMeHTOB 6Ll.'IO 
oGnapymeuo, 'IT0 n,11a311a 0'ICIIL '18CTO OJC83LIBaeT

CJI 11eynpae.1ReMoii. 
Jlanpu,u~p. M0)KII0 ynoMnHYTh O ropL-KOM OIILl-

TC coopy>KeUHII yCTaHOBKII «feJJIIOTPOIU JJ.1l11 y;i.ep
mam,11 11 narpeea nJ1a3MLt c npnMeneirneM cne~11· 
a:n.11oro roqlpHpoBaHHOro )t8fllHTHOrO llOJUI. Jl.:ill 
;,.moy.,eea narpesa ucnonbayeTCR uecROJlbKO o6-
M0T0K, paCUOJIO)l(CUULI:<. B1f.OJIL Topon;r.aJil,HOii paa
PIIAlloii Tpy6K11. ITocne npoee,D,cmrn :~mono: 3KC· 
11ep1111eUTOB 6LIJJO oGnapymeno, 'ITO :)T}l o6MOTJ,JI 
C03~8IOT nonepe'IHOC MarHHTJIOC UOJJC, J.OTOP~ 
npnBO,'lHT K CMC~emuo IIJl83MLI K CTCHKaM. Ce11-
'l8C paCCMaTpHB8CTCH Bonpoc O coopymeHJI.H BTO

por, ycTaHOBKH, a '.KOTOpOH, KaK HaJJ,elOTCH, 6!11,yr 
)"CTpaueHLl ueA()(.TaTKll, UMCIOW,HCCR B nepBOli ye· 
TaROBKe. fl CJILIIU8JI TaKme, 'ITO B HCKOTOPLl1 

CioJJLWHX aMep11KallCKHX YCT3110BKaX nMeeT MC· 

cTo no~o6noe ues1.1nonuea11e ypaeue1mii MaKC-

senJia. 

11 Hlll'IOll\He 0;\HH8KOBLl8 nn0TlfOCTH JI Te1mepa
Typw. wor)'T Bl'CTII ce6R p83-1H'lHLIM o6paaoM. 
3ToT 4,aKT ;ta.:I noBO~ JlJIR myroK yqeHLlX, qyo 

1<am;,.0My ;l,11amocT1tlfecHovy MeTo;iJ.y npncy~a 
ero co6cTBCRH8R UJl33M3 H )\eiicTBHTeJlhllO 3TO 

npenRTCTBYeT uaWRM yCllJIKRII B ROJl}"leRIIK co
r;JaCOB3RHOH KapTHHLI Ha OCHOBe peaynLTaTOB, 
no;iyqeum.ax JS pa3.1HlfHLIX 3KCnepHMeHT3X. Ha-· 
np1111ep, ycnex npotf>eccopa TaKaR1ra, K0Top1,1ii 
o61tapym11JJ 3Ha'lnTeJ1LHLlii peaoeaHCHLIH DHK, 
o&l.HCHReTCR TeM. 'ITO eMy y,?J.aJIOCI» c~eJiaTL 60JIL
my10 c~pH'ICCKYlO p83pH}l.BY1() Kai1epy C CHCTe
MOH 3J1e1'TpoAOB, pacnoJ1omeuuoi't co cTopoHLI 
Tpy6KH, TaK 'ITO B6JJB3H ~eeTpa KaMepLl naxo~H
;iacL TO.JI.KO napymoaR OM8CTb QJJ83MeBHOrO 

cryCTKa. TaKHM o6pa30M -YA8JIOCb H36emaTL BJIH
JIBHJI CTeHOK ua DJla3MY H npeJJ.OTBP3THTL 3JICK
TPRlfeCKHe B03M}'IUeBRR, C03~asae1u.1e cBcTeMoii 
3neKTpo~oB. flepsaR ~aen. uamen nep»ona~anL
uoii aa.tt.a'IH, CToRm.eii nepe>\ llBCTB'fYTOM qnt3llKH 
nnaaMu, aaKJ110quaci. B co3~auaa nJia3MeBHYX 
Cr}"CTKOB C onpeAeJieHBLIMH It H3BecTKLIMH napa-

n KOCHYJJCff ABYX acneKTOJI pauoT, se~yll\HXCII 
B flnoRHH, KOTOpYe, B03MO)KHO, BCJJ.Y'l"CJI U B p.py
rnx CTpanax. B CBH3H C 3TIIM ?,me XOTCJIOCL JiOC· 

HYTLCff npo6JICMLI, KoTopan no KpaiiHeii 111epe ~ MO-
rna 61,1 A3TL HaM nn~y ,n:1111 paaMhllllJICHHli. E 
1961 r. ua noJIJJYTH Me~y Ilepsoii: n BTopoii ilk 
11eecK11Mn 11:on«J>epemtHRMH MAf AT3 npoeeJIO 
Mem:.n:ynapo,n;nyro Kon«J>epeu~HIO no l}>nanJ<e m1a
aMLI " ynpaBJJffCMOMY .ff]tCpHOMY CHIITeay _B 3aJibl\-
6ypre. B TOM me ro.u.y COCT011JH\CL napamJeJJbH3ll 

KOH<\)epeH~HH no ROHH3a~HOHHLlM ~BJleDmlM B 

raaax u Miouxene. B 6yAyru_eM roAY MAr AT:3 ua
MepeuaeTCJI nposecTn CJJCAYIOJJ\YIO KOH<pepeu~H
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no ynpaBJIJleMOMY HJ];CpHOMY CHHTC3Y H, i;:poMC 
Toro, COCTOHTCJI oqepe]tH8JI J(OHc}tepeHLVIJI no HO
BR38~BOHHLIM JIBJICHJf.ffM B raaax. Ilpo6JJeMa, cJie
p;ouaTeJlbHO, 331UllO'll:\eTCH B TOM, 1IT06bt cBRSL 

MC>RJJ.Y aTHMR ABYMR BCTBJIMll aay'IHLIX. HCCJIC;t.0-

BaHHH 6LU1a 6onee Tecuoii. 
B 3aKn1011eH11e MHe xo-reJIOCL 6u ynoMRHYTL ~ 

BTopoii. npo6neMe. ff ym:e ynoMJIHaJI 011,11H cny•uHI 
KOr.t\3 pa3BHTHC 3KCDepHM:CHT3JlLHblX paOOT 6LIJIO 
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3aveAJieeo H3-aa AOBOJibHO TPHBH3JlbHOii H :me
:uenTa pHoii omu61m. TaKnx omu6oK MomeT ObITb 
O'le&L MHoro H B CTpaHax, rAe CHJILHO pa3BHTLI 
HCCJ18AOBaHHR no aTOMHOH BayKe TaK KaK O'leHL 
TPY V ' ;ulo HaHTH AaHHLle no 3TOMY noeo~y B JIHTe-
parype. 06 :JTOM qia«TH'leCKH M01KHO ysHaTL TOJib-
1.0 ope nu11aoM o6w;eauu. Ilpo6neMa aaKmo11aeTcsr 
B TO.If, 'ITOOl,I KaKHM-TO o6paaoM c11oco6cTBOBaTh 
DOJI&oMy o6Meay ueqiopMan;ueii IIOAOOHoro poJJ;a. 

Am. B. A~AMC (CoeAuHennoe RoponeecTeo): 
Bo3MO>KHO, 'ITO HaHJIYIJWHM BKJia.a;oM B o6cym)l;e
HBe, KOTOpLiii R Mory CAeJiaTL, 6yAeT IlOilLIT.Ka 
;taTL IIOJICHeHHR K pa3JIH'IHLIM cne~HqiH'leCKHM 
DJ)OOJleMaM TaK, KaK 3TO ·ML[ IlOHHMaeM B Kanxe- · 
ve. Hama nporpaMua HCCJieAoBaHuii B J:\e~oM 
6LL1a HaJiomena B8CbMa TO'IHO npoqieccopoM llimo
TepoM: B AOKJiaAe P/882. 

B f 958 r. pa60T1,1 no RAepHoMy cuHTeay B Be
.:JHKoopuTaHHH BeJJHCL TOJILKO no caMocmaTLJM 
P83PRJJ:aM. B aacToRw;ee upeMH nama nporpaMMa 
pa3BHBaeTC.fl no TpeM HanpaBJieHH.RM HCCJie.a;oBa
BHR npo6JieM1,1 y.a;epmaau11 nJiaaMLI: a.a;Ha6aTu11e
c~e ManmTHLle JioBymKH c npo6KaMu Ka« 06L111-
uoa cf,op1,u,1, TaK H C KOMOHHHpoBaHHLIMH IlOJIH
)fB (MarHHTHaH RMa); MarHHTHLie JIOBYIIIKH 
TB:Da TeTaTpona, TO ecTL CHCT8MLI C 6oJILIIIOU. 
Bemi'IHHOii ( o6a 8TH HanpaBJieHHH OTHOCHTCH K 
CRCTeMaM e eeaaMKHYTLIMH KOH.qaMH); HaKOHe.q, 
3aHKBy-rLie MarHHTHLle JIOBYWKH, B OCHOBROM C 
DJ)OCTJ.IM: H 06paw;eHHl,IM CaMocmaTLJMH pa3p.R
.laMH. 

'ITO KacaeTC.fl a~uaoaTH'leCKHX JIOBymeK C Mar
BRTHWMII npo6Ka1m, TO HeCOMHeHHO caMLJM Bam
BLIJI pesym,TaTOM aa IlOCJie].l;HHH ro]\ HBJI.ReTCH no
JIUeBHe H]{eH o MarRHTHOH 11Me. Ham BKJia,n B 
no11 nanpaBJieHuu, nocne Toro KaK nepBoua11aJ11,
BWe 3Rcnepu.MeHTLI 61,mn ocyw;ecTDJiem,1 JfoqilJ>e 
• HecTHTyTe aToMuoii 3Hepruu HM. 11. B. Ryp11a
Toaa, 38KJIIO'laJICH B pa3BHTHH Teopun. HaM y,na
~OCI, c~eJiaTb paC'l8TLI no YCTOH'IHBOCTH M3rHHT
•w:x Koecf>urypan;uii Tuna RMLI, KOTOpLie HCllOJIL-
3J]OTCR .I\JIH YAepmaHHR nnaaM1,1. CoBceM BeAaBHo 
bWJI eaii~eu MeToA pacqera TaK Haa1,1eaeMoro npe
.leJrLBoro 3H811CHHJI 8, TO 0CTL KOJIH'leCTBa nJiaa-
111.1, KOTopoe MomeT OLITL BBe,l\euo s o6JiacTI, 
~epmauH11, a HMeHHO B TaKyIO M3rHHTHYJO HMY, 
npe~e 11eM MarHHTHoe none 6yAeT B03MYil.leHo 
HaCTOJILKO, 'ITO CHOBa B03HHKH8T nepecTaHOBO'I
BaR eeycToii11uBocTL. MLI npopepHJIH onNTM Hoqi-
4>e y Bae e Jia6opaTOpHH u IlOJIY'IHJIH BeCLMa CXOA
DUe peayJILT8TLI. M1,1 Ha,l\eeMCH npO,l\OJHKHTL 3TH 
JKcnepuHeHTl,1, B 'IaCTHOCTH ,!(JUI BI,.J.RCBCHHH BO
Ol)OCOB, KacaIOlll;HXCJI npe));eJILHLlX BeJJD'IHH Bs 
Cy;v1 no aaMe11auu.11:M ,n;oKropa Tpomepu 0Taoc11-
Te.n.uo a«cnepnMeHTOB aa ycTaHouKe DECA~IJ, 
O'leBB):UIO, ara npo6JieMa HBJIJICTCJI O));HOH 83 ca
.lQ,lx BruKJI.Llx. 

Ecnu paccMaTpUB3Tb MarBHTHLie JIOByntKH TH
Ila TeT3Tl)OB3, TO AYMaIO, 'ITO ean6oJiee IlOJJC3HhUf 
•ltll~OM na namux pa6oT HBJIHeTc11 uaxom.a;eune 
.PaBHOBecuoro COCTOHHH11 IlJl33MLI B IlOAOOHhIX yc
TauouKax. 3To MomeT IIOKa3aThCJI TpHBHaJibHOii 
11po6:1e:uoii, O)'.\H8KO B .a;eii:cTBHTeJibBOCTII 3Ta npo-

oJieMa HMeeT MeCTO B cJiyqae MHOrHX cncTeM. Bo-
061.qe M8JIO Il0Jlb3Ll OT paccymAeHuii OTHOCHTeJih
HO ueycTOH'IBBOCTe.ii B CBCTeMax, r,l\e Her pasuo
Becus. ,]:(yMaIO, 'ITO Tenep1,, 3TO ocoanauo 
IlOBCIOAY· 

HacTo.11w;aH npo6JieMa AJIJI TeTarpoHoB, a TaKmo 
].\JUI B8CLMa auaJIOrH'IHhlX YCTaHOBOK C OCTpOKO
He'IHOH reoMeTpneii DOJIH, B KOTOpbIX no cyi.qecT➔ 
BY HCilOJih3yeTCJI KoHlf>Hrypal\Hff MarHUTHOro no-
1IH THDa JIOBYWKH C JlMoii, 33KJIIO'laeTC.R B TOM, 
K8KOBa me CROpOCTL yTe'IKH DJl33Ml,I 'lepea Mar
HHTHYJO w;eJIL H3 TaKHX CHCTeM. To11uo ycTaHoB
Jieuo, 'ITO B TaKHX CHCTeMax C03,l\8eTC.R O'leBL 
rop.R'laH H DJIOTH3.R llJI83Ma. 0AH8KO .a;o Tex nop 
noxa He OYAYT 11pe~oTBpall.leu1,1 aTu yTe'IKH, Tpy,1-
110 rrpe.a;cTaBHTL ce6e,. KaKHM o6pa30M MOmHo HX 
HCDOJib30B3Tb B Ka'leCTBe OCHOBl,I TepMO.RAepuoro 
peaKTopa c nonomnTeJILHLIM BLixo.a;oM :meprnu • 
B RanxeMe 6LlJIH npoBe.a;eH1.1 pa60TL1, _KOTOpLie 
B03Momuo, HM8IOT 3Ha'leHBe JJ;JIH pemeBHJI 8TOll 
npo6neMLI onpeAeJieHH.R mup11uw w;enu. BwJio 
Han,ll.eao, 'ITO oua no nopHAKY BCJIH11ne.1,,1 paeaaeT
c11 ,ll.BYM HOHBhIM napMOpOBCKDM pa));nycaM. EcJJn 
me paccMaTpUB3Tb Tep:&IOJI,l(epHLIH peaKTOp, TO 
mupnHa .w;eJiu AOJI»ma 6L1J1a Ohl 6Lln, ropa3~o 
~reubme, Hanpu.Mep, nopSI,ll.Ka 3JieKTponuoro nap
Moposc«oro pa,ll.u.yca. 3TO, KaK MHe KameTc.a, npoo
JieMa TaKoro xapaKTepa, 'ITO oaa, sepo.RTBO, np11-
06peTeT O'leHb , uamuoe aaa'leeue B 6nnmaiimee 
upeMR. Pa6oTLI no aaMKBYTLIM MarHUTHLIM Jio
nymKaM OLIJIH cocpe,zi:oTO'l8HLI Ha 'ucCJiel-'OBaHIUIX 
o6pam;eeHoro caMocmaToro · pa3p.a.a;a. B .a;oKJia.a;e 
npoq>eccopa lllnIOTepa ynoM11naJOTC.R eaIIIH 11ccJie
p;onanuJI ueycTOH'IHBOCTH, o6ycJIOBJICHHOH KOHe11-, 
HI,IM conpoTHBJJeHHeM. Bonpoc O BOaMOmHOCTH 
CTa6HJIHaan;uu aeycTOH'IHBOCTH DJI83MLI C no
MOlll;l,JO nepeKpew;eHHLIX IlOJie:ii TaKme ew;e Tpe6y
eT nop;TBepiK)l;eeu.11. Ilo-MoeMy, aau6oJiee neTepec~ 
HhIH H3 ue.a;asao noJif'leHHLIX pe3YJibT8TOB, 
Kacaiow;nxc.11 38MKHYTLIX CHCTeM, - 3TO B03MO>K
HOCTh coa.a;aHHII B HUX B HeKOTOPOM po.a;e J,fafHHT
HOH HMLI. C ro11.KH apeun11 reopuu HeJIL3JI uMeTL 
38MKHYTYJO CHCTeMy C MarHHTHldMH DOJI.RMU, Ha
paCT8l0ll_\HMH BO Bcex HanpaBJieHHJIX OT J:\eHTpa 
o6JiaCTH, 3aHnMaeMoii IlJia3MOH, O,ll;H3KO oKa3LI
BaeTC.II eoaMomuLIM rosopnTL o cooTseTcrsyrom;eii 
ycpe,l\H8HHOH BCJIH'IHHe MarHHTHOrO IIOJIJI no nceii 
cucreMe, Ta.Kou:, RaK HHTerpaJI BeJIH'IHHLI dllB, 
KOTopaR MomeT COOTBeTCTBOB3Tb o.a;HOMY H3 TH
DOB MarHHTHOH HMhl. TaKue CHCTeMLJ uccne.a;oBa
JHICh s CIIIA n 61,mn npe,o;nomeu1,1 B Ka<JeCTBe 
anhTepuaTHBLI co cw6uJIBJaQ11eii: nepeHpem;eu
HLIMH IlOJIJIMll. 

B 3aKJIIO'ICBHe II xo11y DO));'Iep1myTI,, 'ITO C 
1958 r. O'leHL BamHLle ycnexn OLIJIH ,!J;OCTHrHyYLl 
B o6JJaCTH )\HarHOCTHI<H IlJl83MLI. Ecnu MLI auae11 
ceii'lac ropaa,n;o 6on1,me o CBOI'icTeax rop11'leii 
IlJI33Mld H rOBOpHM O HHX C OOJJbillCU. yoe]\HTeJJL
HOCThIO, TO :)TUM Mhl o6H33HLI TOMY, 'ITO Mhl 110-
.meM nyqme naMepHTL uapaMerpw nnaaMhl. Be
po11Tno, 3TO O));Ha ua ua116onee BaIBHLIX o6nacreir, 
r,o;e ].l;OCTHrHYT nporpecc C MOMCHTa npose.a;eBH11 
llOCJie,n;HeH 1wmJ1epeHQHH. 
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Haxoaell. e.,~;o-n BMl"TL a 1u;u-. "ITO np11 11c
c.u.:1oean•• D.1431fU lfW llMttW ;,.e.,o c COCTORHH
('I( MITt"P••• KOTOpoe XOTR n noao ;t.1ft 11ac, 110 
o,ea1, patnpocTpaue-uo ao ate.1'1111oii. B Ha:ixeMe 
IJ(',l).TU p.tOOTW no C'DE"K'TJ>OCKOQHH 38t'3,l C IIC

flQ.1"3C)UBUM CTa6a.1n311poBaHBWX pat<n. :ho 
o~tu~ •nttpfCRaR upo(i.,ewa: K3Wt~ttue napa
Mnpoa KotJIIM11ec'KOi 0.113111.., C noMOUlblO .'\HlfHO
CT,t'l~Kax np11f.M>po1, coo.1anuw1 • .,aoopnopuu 
;ua au.1~.toea1u111 .nGopuopttoii n.,auu.i. JI ;,.y-
1ila1>, ~e~n Ta10Ke no;i.•u.•pNH)'Tlt, 'ITO aetnNTBQ 
• runweunov COCTOIIHHH NOH<l'T )'CUNIJHO HC

llo.t"30Nnc• 90 MDornx o6.:tacTJU;, IIOMIIMO R:te1-.-
11oro c:unnaa. 11 10,1e11no nonoM)' auo.:me UJla-
11t.1MJo M"tTR JtCt~l'lOllaHMR noiiCTa. n.,uicw 
n,ua•cnMO OT ICOllt"'IHOii ltt'.1tf. 

It II. rononnu (CCCP): 3,:tttl, O'INU. MHoro 

roaopuor., 00 )'CPt'WHOM paJBUTJfU u.woro 118CT• 
Horo lft"TO.U no.1aa.1en1111 >Ke.,oG,maoii H<')'CToii•ut• 
90('fff. llnp)'.l.no no11Rn. orpowuun 1mtept>e 
3KCHfpflllt'tlTITOpoa 1$ TN>J'K''fHKOB K :noft npo6.,c
)U". IIOTOM)' nG H(t'~OOKOBaA Hl')'CToit .. HaocTb .aei1-
"8NTt".11.1to IIL1Jll'fflt IIIH00.1l'e Ct'f)M"3110ii 113 BCCX 
lt3aec:'TIIU~ BK:to• He)'CTOii'lllllOClU. 1-:c.,H OHa Gy
;\t'T no:iaL'lftta, To 903)IO>KKOCTI> 11a1mn:umun 
n.iOTnoii ropll'ft'Q h.1a3MU I Marmnuoii .'IOBYJU
t(t' Ht> 1u~11aan c.-01tne11nii. Muornc pe3y.11.1u1,1 
ucc~c.-;toaamcu no )·cTofi•maocn, n:rn3MLI, no.,y
"""""'e • pn.,1t11n1.1,: :ia(lOpnopnffx Mnpa, 'laCTo 
JUUt<)"ttlf Ha Til'J)BLlii 13r,1R,'l OJ)OTJIBOJ)C'IBUlllMH 
;l(l)'r ;tp)·ry. 3To UOC.l)')tm.,o 11080;\0M ;xm, OHOlll
.,enffl.n, ;t11c~•ec11ii, B ~3y:U."f8TC KOTOpt.lX HC
"11'HHIJI Kaptn»a ne)'C'TO)l'IHBQC'l'JI TI.:183MU aa no
r.,e;urnc HttKO.lLKo .,eT cTa.1a Huntoro 11cuec. 
O.tnaKo Neo6XO;{hMO ;ta.,i.neiimee BLIIICHCHl1e AC-
TIJl('M Kit< a TeopnH, TIU( " B o6:taCTM .lKCll<?p1tMen
'T08. Mw c.,uwa:n1 o6 ~eKT11anoM no.:tas.,emm 
>Ke.1o6K080ii HCYCTOH'IHBOCTH C nOMOll(l,IO MartmT
HWl no.,eii. uapacTa10m11x B pa;u1a;ia.uo11 uanpas
:1ee11M. 3To 6o.1i.111oe AOCTnmeune. TeM ue MeHec 
R JOTM 61,1 KOJ)OTKO OCTaHOBBTl>CR na 'ABYX npy
n1,x Me-ro:.ax pemeRHR :JTOii npo6.:it-MLI, T8R KaK 
TO.U.KO 6y;Q'll{ee noKa'ReT, HaKoii H3 MeTO;tOB no-
3aB.,eH"R ReycTofiqqBQCTH A8.1ReTCR BaH6o~ee 
npaKTJAm,n,. 

Ha 3am,tt6yprcrfon J<on4'epen~a11 ocem,JO 
f 961 r. 6W10 onretreao, 'ITO Ko&e'lHa11 seJIH'IHBa 
napMOJ)OBCKOl'O pa~ayea npHBO~llT K CTa6HJIB3a
~m nnann.a. TeopeT1111ec1<1tii asanz3 (BunoxBeH
uwii 3ateM B CosetCHOM Comae) B 3KCnepH:MeBTLI 
ua yctaeoaJCe cOrpu noRaaana, 'ITO paAHaJif>Hoe 
3~eKTpeqeeRoe no~e npoc-rpauctaeuaoro 3apn~a 
TIJ183MY B 38BRCHMOCTH OT Toro, KaK OHO MeBReT
CR B.::tOJIL paAeyca, MoMCeT npusoAHTL nnoo K p.e
CTa6nnuaauue nnaa1n.r, J(OTopaR 6uJia ~o ~Toro 

ycTOH11BBOii, JIR6o R cTa6RJIH3aQ,RH nnaaMLI, ecn11 
oua ao :noro 6i.ma HeycToii11eaoii. Uuaqe rooop11, 
pa~nam,soe aneKTJ)H'lec1<oe noJie, napaeTaio~ee 
6wcTpee, 11eH nepaa11 cTenenL pa,11;nyca, upHBOAHT 
K CTa61u1Haatt.nH JIJl33MLl, TOr.IJ,a KaK 3J1eKTPJI'le
c1me none, 11apacTa10~ee Heanemtee, HJIH yMeHJ.
ma10~eec11 none npHBO.JJ.HT I( AeCTa6HnmJa~,m 
nJIB3MLI. 8 3KCnepu1«eaTax, BLlllOJIHeBRl,,lX R na-

d=lcM 

d = 16cM 

1 M:CCl' 

PHc. 1. noTOH ~blCTpblX HOHOB Ha 30HA, 3aKpb1TblM 
¢0111,roit, Ha paSJ!lt"IHblX pacCTORHHR)( OT CT8Hi<M 
KaMepbl 8 H8CTaf5HAH3HPOBaHHOM (UC=" 0) H cra611• 
JIM3MpoaaHHOM (Uc= + 12 KB) pe1to1MaX 

CT0Rme11y BpeM(mH, nJJOTHOCTb TIJl33Mlil 61,ma Ma
na u ne npeum11aJ1a 108 uonoe/cM3, o,'.lRaHo nan: 
Gonee 38M8HtfHBOC CBOHCTBO MexaHBaMa TaKOll 
CT&USI.JlH3aU,Hli aaRJllO'laeTCR B TOM, 'ITO eornacao 
BWBO;J.8H Teop»H, .)<J>IJ>ewruBltOCTb '3TOfO ?,{eX:aHB3-
Ma He aaBHCHT OT BCJIJl'llfBLI mtoTHOCTH m1a3MW, 

MLl nay,rnmt MexannaM no~an;renHR eeycToii
'IHBOCTK nyTeM naMeacmrn pa;r.naJH,Horo pacnpe
neJieH»Jl npocTpaHcneH11oro aapff~a nJla3MLl. lb 
puc. 1 M01KH0 BH~en, JlaCH0JlbK0 acf><f>e1'TlrtBH1illl 
6L1J1 3ToT MeTo)l. Ha pHCYHHe noRaaaHo, KaR Me

HReTCR curua.11 OT aoup,a, Koraa OH norpymaeTcll 
D m1aaMy Ha paanyio rny611uy. C.nesa pacooJIO: 
>KeHW RpHBW:e JVIR CJiy'laJI lleCTa6HJIH3HpoBaHBOlf 
nnaar.rw. cnpana - AJJK cTa6mrna11poeaHHoii. Ml,( 
BHJI,HM, 'ITO mrnaMa CTaHOBHTC.fl cosepmeHilO CJIO
KOHHOH TOJILKO Ha paCCTOJtHlUI t6 CM OT ee DO-
BepxHOCTH, XOTR ;!lH8MeTp TIJ183MLl pasHffeTCJI 
DpH6JIH3HTCJlbHO 1 M. _ 

Ha puc. 2 noKa3aHa aaBHCHMOCTb IlOTOKa Hell· 
Tpam,HYX QTOMOB, BLIJieTaIO~JiX B3 UJI8.3MbI, OT 
3(j>c}>el(Ta c1a6mrnaa~1rn:. B»epxy npnse/1,eHa oe
~11.11;10rpaMMa noToKa aToMoB, lCor.na CTa6mnum
pyio~ee none orcyTCTByeT. Ha Hn»meii )lnarpa~
Me BhJJ.Ha COBepUieHHO fJI3lJ.K8.R npHMaH ropuaoJl· 
TaJlbHan JU\Hl'UI, a nocJie BhlJ{Jtto'ICHlfft HCTO'IHll
Ka - nnaBnoe yMem,memie ( B pemnMe, Korp:a 
nnaa.Ma cTa6n.mrnuposaHa). 01.(mmo ei.qe Heo6xo
Jl.HMO npoBeCTH :mcuepm,mHTbJ, Ha 0CH0BBJIIIH RO
'topwx MO)!(HO OLlJIO 6bl cy)l.HTI>, HllCKom,R0 3TOT 
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P1tc. 2. noTOK Hef11panos or nepe3ap11,11.KH H noroa 
6blCTpb1X MOHOB Ha CTeHKH KaMepbl .Orpbl" e Hecra• 

CSKJIH3HpoeaHHOM (Uc= 0) H CTat5HnH3HpoaaHHOM 
(Uc= 12 KB) peH<HMax. B M0M8HT apeMeHH t~O · 
npoHCXOAHT BbtKJIIO<t8HH8 HHlK8K4HH t5btCTPblX 

11OHOB 

xex:aHIJ3M 6y,AeT rapaHTHpoBaTl, ycToii•rnBOCTb 

CIICTeM c napaMerpaMH, Tpe6yeMhIMH ,11,.w: TepMO· 

B;l;epuoro peainopa C II0JI0lliHTenbHMM BhlX0A0M 
3Bepmu. ,O:mr Tal<HX CHCTeM BpeMlI >KH3HH nJia3-

}f1,1 J\OJnKH0 6LJTI. ll0p11}\Ka CeHyH,!J,hl, HO B H81IIHX 
3RcnepuHeHTaX, r~e BpeM.R: ffill3HU COCTaBJilIJIO 

0,0t ce-,., MLI 6wnu He B COCT01JHHH 3aMCTHTb Ka

Jaie-Jiu6o npR3H3l\H HeyCTOll'flIBOCTH B pemnMe, 
Ror].(a nJiaaMa 6wJia cTa6HJrn~upoBaHa. 

J{pyroii :r,rnTOJ\ no;:i;aBJieHll.R: aeycTOll'JHBOCTE: 06-
ty,K]{aeTCH ell\e co npeMeHn B1opoii llieHeecr<oii: 
Koncpepeaqnn. !:ho MeTo;:i;, Ha KOTOphlii: nrrepBbie 

o6paTDJ111 BHHMaune IlocT e Poaeu6nIOT B CIIIA. 
Mu C'IHTaeM ero 11peaB1,1qauao BamHhlM. Ou ocuo
:aau Ba TOM, 'ITO n JIOByruKax c MarRHTHhlMH npo6-
Ra.KR >K0JI06RoBaff HeycTOH'IHBOCTb no~aBJIJleTCH, 

eeJIB o6ecne'IUTL npoBOADMOCTL B,11,0JIL CHJIOBLIX 

;JJtnaii M3rHHTHOrO IIOJIH OT npOOl\H R KOHQY Ra-

11ep1,1. AHaJiua :noro MexauuaMa 6blJI BbllloJIHeH 
rpynnoii 3aBOHCROro n lfHCTllTyTe aTOMHOU aHep-

1'8.B BM If. B. KyptJaToBa. Ma Teopnn, paaBIIToii 
Pyp,a«oBLIM, cJie,t\yeT, lJTO cyIQeCTBYIOT 6.naronp11-
J1nrr.1e ycn:oBHff AJIH C03,ll;3Blf.R: CHCTeM, HMeromnx 

npaKTHqecKoe anaqenHe: B lJaCTBOCTH, npOBO}l;H

MOCTb K lWH[J;3M RaMepLI OK33blBaeTCH BilOJIHe AO

CTaToquoii, ecm1 aa npo61.aMH HMeeTCH XOJIO~HaH 
TIJI33Ma C IlJIOTHOCTbIO, B 1000 paa MeHbmeii, 'leM 

nnoTHOCTL rop»qeji YAepmttBaeMoii miaaMLI. Xo
JI0,11,aa11 nJiaaMa no,11,06eoro po,!1,a neua6e1«Ho o6pa
ayeTCH H3-33 uam1qnJ1 OCT3T01IHOro raaa, OKpy
)K3I01.l\efO ropHqyro mraaMy. 8Kcnep1rneHTam,no 

6hlJIO Il0K333HO, lJTO npu IlJJOTHOCTHX XOJJO}l;HOii 

JIJI33Mbl B 40-80 pa3 MeHbillC IlJJOTHOCTH ropH
qeii IlJia3Mhl IlOCJIC,!1,H1UI Ol{a3bIB3eTCH YCTOll'l}!BOii. 

MhI H3,1].CeMCH, lJTO ycTOtt'lHBOCTb coxpaHJITCH, KaK 

aTo npe,!1,cKa3bIIiaeT reopm:r, H nptt ,11,am,neiiureM 
yMeHhllleHHH IJJJOTHOCTH XOJIO~BOil IlJJ33Mhl. 3TO 
6y11:er npoBepeHo ;mcnep1rnen1aJibHO nyTeM no

BMmenm1 BaKyyMa. 
HnTepecm,re peayJihT3Thl no no;:i;aeJieHHIO HC

ycTOH'IHBOCTH nnaaMbI 6hlJIH nonyqeHbI C. M. Oco
Bll.0M II ero rpynnoii Tal\me B lfocrnryTe aToMHoii 

auepnrn HM. n. B. Kyp'laTOBa. ,0:JJ1I CTa6HJilf3at.l;HJ( 

Pvic. 3. a>ororpacpvi11 cront5a nna3Mbl 6e3 crat51111H3H· 
PYIOl.l..\8ro BblC0l<0'laCT0TH0ro n0JIR (Hasepxy) H co 
BKnlO'leHHblM BblC0K0'laCT0THblM noneM (BHH3y). 
Ha oc411nnorpaMMe no1<a3aHbt: TOK pa3PRAa (HH3-
Kafl 4RCTOTa) H TOK B CTat5HnH~HpylOU(HX crep
mH.RX (BblC0HaR 4aCTOTa). OAHH H3 CTat5HJ1H3HPY
IOU(HX crepmHeH J).a8T np0JJ.0JlbHYIO T8Hb Ha ecex 

rpororparp 11 Rx 
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fl.1UMU NCII0.1J.30Ba.1otJ. BMC'Ot.O'flCTOTHoe 3.1fK• 

TpoM•n111TUoe 110.1(', ;lil8.1Nftl(' KOToporo Ha n.,al
Jil)• 903panan • pa.·u,a.,a.uoM nanpaa.,emrn. Ila 
p■c. 3 MOJKUO BH.:tn... Hat'K0.11,KO ~KTHBll.1 

TaKa■ tntttMa. 8 Bt-p!Heii 'flCTU JlllC)'trna IIOt.aJaH 
N30nt)~Wff HttTaGtt.1H3Hpoaa IUU,I ii n.,UME'tl H lot ii 
IUD)"p, TOr.:ta J<IK mnt<e ltOKa3aH t'OBE'plllE'HUU 

r,U.ltt•ii 1L1a:n11t-1111ur1 muyp, naCi11.,11311ponatmt.1ii 
9Mt'OKO'latTIJTtn,UI 110:IE'M. 1-:Ut(' pa110 ronopHTL 
«i)'l" ;\ft -~t'TI. TaKaR ftlt'll'Ma npaKTtl'l('('l(O; 

aaa'lt'lllll' C TU•nm 3pt'IU1R 110.l)''ll'HllR ;m('pflUI R 
11poMMUt.1e'KHOM MICIUTaGt-. O;\Haaio no lipaiinl'ii 
Mtpe ■w3waan )";toa.ie'TBOSl<'HHe <1.,~1'RU\N~ co
r.,arNt- Mt'HU)" Tt"Ot>Ul'ii U 3t.:CU('pll M('ltTOll. 

3a noc.u;iune ll~K0.1LKO :u.>T Haute 0TH0Wt"Hlle 
JC opo(i:texe Pl")"CTOH'IHBOCTH npttepne.,o CYW.t'CT• 
waawe N3Mtnemu,. ]lo ne.:1.au11ero · BpeMe11n 3Kc• 
ntp■Nt'HTITOpU Gwm 118CTO.UKO Hanyram.a Dt')'C

TOhNBOCTRMN, KOTOpLIO 6L1.111 npe.'tCKaaam..a Tl'O
penucaMR. 'ITO onn CT8pl.111CJ. H3GeraTI. C03;tlBaTI, 
'tine fft")"CTOh'UIBOCTtf. Dee )"CH.11fll aKcnepn
ilt>HUTopoa (;1,1:nt 11anpaa.,e11w 118 DOllB.1CtlllC 
3TIIX 1teycTOtt'IHaotni\. r pynna 3noi1cKoro 11 .,a-
6opnopaR UnCTUT)"Ta R;tepuoii 4>11a11K11 B r. Ho
aoc:,di11pcKe a1,1Gpa:1a cefi'lac :tna"MeTpa:n.110 npo
neono.10H<Ut.di U)"'tl.. 01111 BW;\BRHY:tll li;\el0 0 

CRt'tUfa.1LffOW 1M>36)'>K;l.Nllllt RIITl'IICHBHLIX nc~;c
TOii'fflBOCTt'H ;1.111 11arpeaa n:1uML1. Jla.111mne ro
aopnTt., 'ITO He IIC'l' THULi llf)"CToii•IHBOCTeii npu
TO;lffl,I ,l.1A :>Toii tte.11t. 8o3MO>KHO 11cno.,a.aona1111e 
T0.11.KO TaKnx TIIIIOB, K0T0pWe He npuao;tRT IC 
yxo;u- ffl :IOB)'Wl<lf 6o.1t.rnoro K0.111'1<'CT8a Jl.'J83MLI. 
Pa3Mt'pM ll(')"CTOil'llfBOCTII ;\o.:UKIILI 6L1TI. MIJll,I 110 

tp88H('fflfl0 C paa11epaMH ;IOBYWtm, a BJlCM.R, lfe
o6io;uu•oe ;t.lff Tl'pMa:m3al\lnt IU~)"CTOH'IPBLIX KO

;ie<iam,ii, .:lO:'liKHO Gl.lTb ;\OC1aTO'IHO Ma:n.aM, Tat. 
'ITOOW n:ta3Ma aa 3T0 apeMR HC Morna BCTYRllTla 

• cn.1L1toe p3a1oro;i.eiic1a11e co cn111<um. HamcT• 
('ff, 'ITO r)·mecTBYIOT neyCToii'fHBOCTH, KOTOPLIC 

)"~OB.1eTBOpfflOT 3TIIM YC.'lOBIUIM, nanpm,,ep nylf

K088R H.111 •:tBY:<IIOTOKOBaR• neycroii'IHBOCTL. 
Ty()OyJlelfTIILlii 11arp('8, BLITeKalOLQHii, OTCIO;t,a, 
o6yc.,oa.,eu TeM, 'ITo e n:saaMe soa6yac,1a10tcR 
IIHTeHCHIIIIWe IJOTOKH 'taCTHU. Tiy•rnoea11 Heye• 

TOil'IIIBOCTb npnuo;un K ITOHBJleHHIO Cll:ILHLIX nnaa
MNIHUX 1<0.1eGan11ii, a ane'M nponcxo;un 1te
;umeiinoe aaa11Mo;i('i;etene ,caoTH'teC.KH pacnpe;xe4 

.lt('llRLlX UJt33MellULIX BO~H, KoTopoe B CBOl() 

o'tepe;tl. BLl3LIB~U?T .xaoTH33~11IO pacnpe;i,e11eH11R 
'13CTHU ny'fR8 no CJ\Op<>CTRH If Harpe& nJla3MLI 

"aK ue.1oro. Hat{ 61.1J10 OTMe'feHo B :to1mane P/297, 
a«We"THBHOCTL 3Toro MeTo~a narpeea ,no1<aaa11a 
aKcnep11Menta:u,110. Tipuee.:tenm.re B ~oR.1a!l;e pn
cynKH 1101<aawaa10T, 11To nJJaaMa uarpeeaeTC.fl no 
coten MHJIJIHOHOB rpa)\yCoB 11 'ITO HOHbl m,1eJOT 
'1pe3Bl.1'1aHHO BWCOKYJO TeMnepa1ypy. B aKcnepn
Me1tTax 3aBoHCKOl"O BpeMff. H<H3HH IlJla'3MLl yme 
COCTaBJUleT 0,02 cen n :no He HBJUleTCff npe;i,e
JIOM, ROTopwii MoiKeT 6L1Tb AOCTHrHyT. BoaMom
ffOCTH A8Jlt.Heiimero paaunTHa typ6ynen111oro ua
rpeaa ue sw3wea10T coMuenuii. 

B aaKmoqenne 11 xotty CRa3aTL, 'ITO 1,rnorue na 
THPOP neycTOiiqHBOCTeii m1aa11L1, npe~cKa3aHHblX 

•TeopHei, H KO'Topue no ue,,aeuero »peMeHH RBJlll• 
~ltCb 'lepm,n, oG.illKO'M na ropH30HTe TepMOS1)1ep

ltYX HCC.'lC;l.OBasrnrt B naCTOHn:t.ee BpeMJI Bee 
oo.,uue no;uatoTCR namcMy KontpOJ:no. Anll 
D0;t!a.,em111 KpynnoMaCUlTaGuux HeycTOH'IHBO
CTeH, K0Top1,1e no;i.eeprum onacnoc111 yaepmaHlle 
11JUl3MLI, paapa00Ta111.1 3cl><l>cKTHBHhlC MeTOiJ.Y, a 
)f('.1KOll3CWta6ULIO IICYCTOH'IHBOCTJI yme H8'1HHa

lOT HCno.,a.aonaTLCJI RaK JIO.'Jeauoe cpe;J.CTBO ;{JIii 

11arpeaa n.,a3MW. 
It II. YOTCOH-MYHPO (Ancrpanm1): HaK 

OTWC'la.10CL 8 ;tOK.,a;i.e P/881, OCIIOBJILl8 ycm1111t 
11ecTpa.,11iicK11x yqe111.1x B aroii ouJiaCTH uanpaBJJe
nw Ha 11ay1te1rne OOUlHX ceoiicTe m1aaML1 n paapa
OOTKY MeTO~oe ;u,arnocTHKH. l\poiw Toro, H11ee1c11 
11e-6o.1L111a11 nporpaMMa no UCCJIC~oBaJIHIO HOHHOfO 

l\H><:10Tpon11oro narpcaa. Mw 11a~eeMc11 n0.JJY
•nt11. ll:183)1Y C a:JCKTponuoii TCMIICpatypoi1 B ee• 

C'KO:U,'KO COTt'H :)J'l('KTJ)OUBOJlbT npu cpa»llK'feJll,
HO HCUOJILHUIX nJ10THOCTRX, 'ITO-HUUYJU> nopn;u,a 
1012 mm I013 'U.01<08/c.-3• llama ycrauonKa pac
<''IIITaHa ua MarltllTHOC C>KO.THC, TaK me K8K H ua 
ll<'JIOJIL3088IIHC CTepmneii llocl>cl>e, J{OTOpLle raK 
)"Cnemno 11ptu.1e1111nt1ca. B ,npyrnx ;n,cnepmrnurax 
110;\00IIOro TUIJll. 

Jl~CKYCC~fl 

A. CAnMOH (CllIA): B1,1 ro»opumt O TOM, 

'tTO B ycTaHOBKe fl p.5 cna;\ BJIOTHOCTK nJ183MLl 

;1..:rn c.1y•1aR uoJ1Lut11x nnoTHoc1eii ue JJBJJ.flerc.11 
3KCOOIH.'lll(lt8.1blU,IM. lf MCCTCR Jlll 1rnKOe-nH6y;u, 

001.RCIJetlllC :3TOMy? 

JI. A. APU.lfMOUJflJ (CCCP): Jioc.1e~uHe aRC

ncp101e11TL1 noJJHOCTbJO 06-J.HCII.JJIOT npupo~y pac
na.:ta ll.1183MLI ]l.'111 CJJ)''lllJI TaKHX OOJlblllllX IIJJOT
IJOCTCii. Tenepr. CTaJJo JJCHO, tJTO npu HOBOM irnro· 
;(C HlliKCl(QJfH, KOtop1,1ii ceiiqac npuMeH.ReTCII 11a 
yCTaHOBKC l1ocJ>IJ>e, Ha IU1'18JJ1,JIOii CT3:{HH nponec
ta ll)!eeT MCCto pe3Koe yBemt'lemie )].aBJ1em1R ra
aa. CJJe)l,o»aTeJU,110, cna;,. IlJIOTJIOCTll 06yc110BJI('R 

HOpManLHl,lM npOI\CCCOM nepeaapHAKll. 8to amw
JIM 06pa30M ne ce.flaaHo c npo6JicMoii yctoiilfll• 
BOCTH • 

P. C. TI113 (Coe;J.HRe.HHoe HopoJJCBCTBO): H~ 
MOfJlH 6L1 B1,1 IlOIICHHTI>, 1(81( B ycTaHOBl<e nP-J 
npOHCXO;J;HT aanoJJHeIIHe KaMepM nJia3MOii C OOJJL

utoii DJIOTHOCTblO? 

JI. A. APQHMOBJPI (CCCP): HoaLiii Mero,'{ 
11a1mnnemrn: n.11aJMM e ycrauoeKe IIP-5 ocHonaH 
Ha HCDOJlb30B8HIUl aJiei<TpocTaTH'ICCJ(OII neycToii

'IHBOCTH caMocmaTOI'O paapa}l.a C XOJIO;J.HOH nJU\3-
Moii. XoJIOJI.HMl nJ1a3Ma, pacnpoc1pammc1> n;r.om, 
OCH MarHHTHOH CHCTeMt.l, CTaHOBHTCfl neycTOMtJH

Boii H aTa HeyCTOH'fllBOCTL C03]1.3CT aJJeKTpH'leCKJ!e 
no.1111, KOTop1,1e ycICopaIOT HOHM. 3ro .Il03BOJIHJl0 
HIM HaKOilHTI, 6oJtee DJIOTHYIO IlJI83MY, 11eM aTO 
6MJJO panee. JIJJOTHOCTL nJia3MI,I; noJiyqeBHa.fl Ta
RHM MeTOJJ;OM', ceii11ac COCT8BJJHCT nopa;i,Ra 
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3
• H COMHeBaIOCb, MOiHHO JIH 6yAeT 

IIOJIY'IHTb 6oJiee BLICOKHe 3Ha•rnHH.II DJIOTHOCTII H 

D03TOMy ,!J,JIH llOBhlIDeHHR IlJIOTHOCTH ,!{O 

10
12 

UOH,OtJ/cM
3 6y.n;eT HCilOJIL30BaTLC.R .u,pyroii MC

TO;J;. 

P. C. flU3 (Coe,IJ.HHeHaoe RoponeBcTao): EcTI, 
Jl1I w IlpHMLle ,!J,OHa3aTeJll,CTBa 3Ha'leHHH 3.)JCKTPOH
BOH Te:t.mepaTypLI Ha ycTaHOBKe «Tol(aMam>? 

JI. A. APQMMOBJfq (CCCP): B nacro.mu;ee 
Bpe:1u1 3JieKTpoHHaH Te1'mepaTypa Ba ycTaHOBKe 
«T0Kaua10 AOCTHraeT npu6JIH3HTeJihHO ;u;syx MHJI
:mouoo rpa.u,ycoB. 0,IJ,HHM H3 CBH,!J,eTeJILCTB 3Toro 
RBJIJ10TC.8 npoBOAHMOCTL nJia3Mhl, XOTH 3TO .n;aeT 
6oJree BH3RHe 3Ha'leHHJI 3Jl0JCTpOHHOII TeMrrepaTy
pw:. BO-BTOpLix, MOJKHO H3MepHTL TaK Ba3J,IBae
KLlii .nnaMarHUTHLIH acptf>e«T, no ROTOpoMy 3aTeM 
Momao onpe,IJ,eJIHTL cpe,a.uee aHa'lemrn .n;asJieHHJ'I 
IU:83.MW:. CneKTpOCKOIIH'lec1me H3MepeHHH Haxo
;{.RTCR B xopomeM cornac1rn c peayJILTaTaMn, no
JIYl0HHWMH C IlOMOll\LIO 3TUX ,D,BYX M0TO)J;08, 

HOP~AH ((J)Pf): MeTO;u; TypoyJICHTHOro Ha
rpeua, onncaHHLiii Apl(HMOBll'rnM, BblfJI.R.D;HT Beeb
Ka noxoarnM: Ha MeTOA HHAYKTHBHOro npe):\Bapn
Te.;JLHoro HarpeBa, o6LI'IHO ucnon1.ayeMoro B aKc
nepHHeHTax no TeTa-IlHH'laM. Ecm1 MOil<HO, TO MHe 
OLI XOTeJiocL ycnLimaTL ;u;anLHeum»e no.n;po6Hocrn 
00 3TOM HOBOM MeTO_l\e. 

JI. A. APQHMOBMt.J (CCCP): Mem.n;y Typ6y
;,eaTHLIM HarpeBOM H MeTO.D;OM, HCilOJIL3yeMLIM B 

CBCTeMax C TeTa·IlHH'laMH, HMeeTC.R O;\HO rJiaBHOC 
pa3.1IH11ue, a nMeHHo, c1wpoCTL napacranuJ1 Mar
HllTBoro llOJI.JI e CJiy'lae Typ6yJieHTHOfO HarpeBa 
Baxeoro 6oJILme. B aKcnepnMeHrnx 3asoiic1wro 
(JlecTHTYT aTOMHoi'r :meprnu) H HecTepHx1rna 
(Hosocn6npc1mii JfHCTHTYT 11.n;epHoii cf>ttanRn) 
BCUML3YIOTC11 crreu;naJILHble CHCT0Mhl, Il03BOJJ.RIO
llUle Hapall\HBaTL MarHHTHoe IIOJie 'AO Hanp.11meH
ROCTR 10 'KZC Meeee 'ICM 3a 0,1 .M1.Ce1.. Cyll\CCT
BeHHl,U.l 3~ec1, .RBJI.ReTC.R: TO, 'ITO 'laCTOTa 
3."JeKTpo»arHHTHoro HMnyn1,ca .n;onmua 61,111, Mai.
ca11aJILHOii. B peayJII,TaTe B03HHKaeT 6LICTpaa 
IIOJIBa, pacapocTpanRIOll\8R K QeHTPY H Bhl3bl
aa10~aa peaKnii cna.n; MarHHTHoro nonH. C aTm1 
cn~oM CBJ1aauo oopaaonaune aaHMyTaJibHoro no
TORa 61.1cTpb1X aneKTPOHOB. 3roT HOTOK Heycroii-
11RB. 3uepruR 6LicTpo pacceueae1cJ1 u npeo6pa-
3)'eTC.R e TeUJIO. Ta.KUM o6paaoM MOiKHO BH)J;CTI.,, 
11TO 3TO .n;eiiCTBHTeJILIIO HHOii MCTOil, B KOTopoM 
BCllOJJL3yeyc11 HeYCTOU'IHBOCTL 88HMyTam,Horo 
DOToKa aJJelCTpOHOB B 6eCCTOJl.KHOBHTeJihHOir ITJl38-
lfe C MaJioii IlJIOTHOCTbIO. 

AoKnaA P/195 (npep.cTaBHn Pop.epHH) 

,D_HCHYCCHH 

If. H. roJIOBHH (CCCP): B ,KOH~e BTOpoii 
-racm ayoro ~oKna.n;a MO:if<Ho npo'IHTaTh q,paay 
11To cnpu BaanMo.n;eiicTBHH :mem·po1moro nyqKa e 
Qaa:11ou 01>1JJO .n;ocTHrHyTo BLiropaHne u, :noaMom-

HO, 0,1HOBpeMCHHhlH Harpee HOHOB». He MOrJIH 6hlt 
BI.i 6oJJee no.n;po6Ho JIO.RCHHTL, 'ITO 3TO oaHa'laeT? 

X. PO~EPHK (ClliA): l:ha pa6oTa BhlllOJIHe
Ha CHeJJJIOM H .n;p., H OT BX llllf8HH JI Mory TOJlLKO 
coo6~uTL, 11To pa6oTa no Baauw.n;eiicTBmo nyq
Ka :meKTpOHOB C IJJJa3Moii pa3BHBaeTCR O'ICHb xo
pomo, XOTH )l;OBOJlbHO MHOro BOIIpOCOB noKa OCTa
IOTC.R 6ea OTBeTa. H. AneKceeB H P. B. Heii~nr ceii
'lac no.n;roTOBHJIH CTaTLIO no BLillOJIHeHHhlM ]l.O 
HaCTOJl~ero BpCMCHH H3MepeHH11M, H MHe 6yp;eT 
I1pH11THO BpytlHTh e·e 3K3eMITJI.Rp l];OKTOpy f OJIOBH
Hy. Bmia npo:ne.n;eaa cep1rn no):\po6Hhlx HaMepeeHii, 
HO HX 3Ha'ICHHe )l;JIJI npo6Jie:Mbl BLiropaHHH IIOKa 
e~e He 1fCHO. 

E. B. IllfCRAPEB (MAfAT3): IlOJiytlCHLlJIH 
:mcnepUMCHTaJihHLie peayJihTaTbl no HaRoITJICHHIO 
3JICKTpOHOB B ycTaHOBKe «ACTpOH»? ECJIH .n;a, TO 
a) y.n;anocL JIH coa.n;aTL E-cJioii, b) JCaK .n;onro on 
cy~eCTBOBaJI I{ c) MCHRJIOCb JIH HanpaBJICHl'IC 
MarHHTHoro ITOJIH? 

' 
X. POJJ;EPMR (CIIIA): YcrauoBKa tAcrpoH• 

µa6oTaJia B aerycTe nptt6,rnaurem,Ho 12 "· Ocy
~ecTBJieHa HHiReKI\H.II 3.'leKTpOHOB, Jf npeJJ,BapH
reJif,Hble H8MepeHHH IIOKaaaJIH, •no BpeMSl il(Jf3HH 
,lJ,OBOJibHO KOpOTKOe. Ilo·BHJJ;IIMOMY, ceii'iaC ::meJ.
TPOHlil y.n;epmHBaIOTCJI e Te'leHne 50 Jt1.ce1., TOr
,l:\8 KaK Oil<H)J;aeMoe BpeMSI iKH3HII AOJiil<HO COCTaB
J111Tb 5 ce1.. 

IlpH'IHHoii TaKoro Manoro epeMenn y].\epmaHH.R 
:)JieKTpOHOB, IlO·Bll;J.UMOMY, MomeT 6LJTb B036ym
:\CH11e 3JICKTpoHaMH MHKpOBOJIHOBhlX lllYMOB. 3TH 
IUYMLI, B3aHM0,!(0llCTBYR C 3JICKTpOH3MJI _ (aHaJio
rH'IHO KJIHCTpOHHOMY a<f>cJ)eJ(TY), npHBO/:VIT K Bhl

opocy :lJICliTpOHOB H3 YCT8HOBKH. J<o3(pqlIIO:HCJIT 
aaxaaTa COCTaBJIHCT npHOJIH3HT0JlhHO 10 % OT Be
JlH'UIHbl Ha'faJibHOrO ny<1Ka. B HaC70H~ee Bpem1 
~HPKYJIHpyro~nfi TOK OT OAHOTO crycn.a ::J.110KTpo
HOB cocTaBJIHeT np116JIH3HTCJihHO 1000 a. KoHelf
HO, HaACIOTCH, 'ITO a )\aJJLHettrneM, KOrJJ,a 6y,r,,yT 
HaH,!{CHld nyTH noAaBJieHHH MHKpOBOJIHOBOrO 113-
JIY'feHH.II 3JICKTPOHOB, BpeMH iKH3HH 6yJJ,eT yaemt
'ICHO. 

JI. A. APQ11MOBH1J (CCCP): Ilo-BHJJ,HMOMY, 
B ycTaHoBKe DCX-2 nJJa3Ma pacnaAaeTCH cHa'iaJJa 
o•reHh OhICTpo, a aaTeM II3'11fH88TCH aJiaBHOC 3KC
ITOHCH(\H8JILHOe YOLIBaHne Il.'IOTHOCTH nJia3Ml:J. 
flpn HaKOJi BeJIH'IlfHC DJIOTHOCTH IIBOJIIO;J.aeTCJI 
3TOT nepexoJJ, OT 6blCTporo K MC)l;JleHHOMY, nJiaB
JIOMY cna.n;y IlJIOTHOCTlt? 

X. PO,nEPHR (CIIIA}: lfaMepemrn epeMem1 
pacnaJJ,a ua ycTaBoBKe DCX-2 ocra_R>TC.R B Hel(o
TopoM po,11,e noJJ, eonpocoM. EbicTpLiu cna,zt npo11c
xoJJ,HT HatJHH811 OT IlJIOTHOCTH 2. 10!0 UOHOB/CM! 

AO 3Ha'ICHH11, paBHOro no.'IOBUH8 OT Ha'laJibHoro, 
nocJie 11ero Ha•urnaerc11 ,n;JinTen1.uhlii nepno.n; cna
JJ,a HJJOTHOCTH. 0JJ,H3KO .R p;y&rnIO, 'ITO HeOOXO)];HMO 
npoBeCTH eme )];OilOJIHBTCJibHLie Jl3MepeHHJI, 11T0-
6LI orrpe,n;eJIHTb, ~eHCTBUTCJlhHO JIH HMCeTCJ'I JI.Ba 
nepno,'.\a pacna,n;a m1aaMw HJIH TOJibKO o.n;nH c 
uepernooM. 
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AoKJtaAP/882 

.ll,MCKYCCl-1R 

A. II. IIIEBllEHHO (GCCP): ll3)''ta.ucL :m 
11:wrpon1111 ftl.1)"11eu1111 n.,11 e-e 38BMCIUtOCTt. OT 

Tl'Mnepnyp1,1 • BamKx Mtt.1t-;\oaam,Rx cnet.Tpa 
U.U3MY ( D)'1UlT 15 ;\OK.1a;l.8)? 

A. lllJllOTEP ((!)Pf): Op.RWaR t'B.R3Jo weac;cy 
-~•30TP?Dlleii ~,aaMM: n TCMnt>paTypoii OTC)'T('T
•) n. C)utecTIIJeT t.lCl.)"IOlltAA tiOCBCUllaR 3aBll<'ll

NOCTL: • CiY,lYuteM TPpMO.R;t,l'puow peal\tope HOT'-'
pH 'IACTIIQ. ■3·3a Yllp)'rHX tTO.lltHOBNlllii ;\O.i>KHl.l 
GMTL oo.,ee_ on•tHLIMK, 'H'M 3TO IIMl'et Ml'CTO, 11a
npnwep, c:e1t1tae • ;ioaymt<a:t c Mar1tnTHYMH npo(.
.. aw1t. M no:>ro111y 30110.1HHTe:n.11ta1l' llOTt'IUI, tiOTO

put- '1)',l)"T, NOHt''fllO, UpllB0.11fTI, ti (JO.lLUl<'MY 
otK.lOHl'IIIUO or H30Tpomm, ;l,O.lJtOll,l CiLITL t.OM

lll'HC'IIJ>ONHLI, no Kpaiineii wepe, 'facn1•1110 (,-1a
ro,1.ap11 Go.,ee BLICOKOH Tl'MHrpnype. 

Oo 3tolly AO~naAY AMCKyCCMM Me C5blno 

06l1.tAfl AMCKYCCHR 

A. M. Y3nnnErr (ClllA): no.,Lwm,ctao 1,a 
8LICT)·na1mnx ncxo,1n.,11 113 npe.:1no.1omC'111111. 'ITn 
Ht'OOXO.llOILUfH yc.,oBHRMn Jl.1A OC)~CCTB.1('1111R 
Tt>pMOR.:te-pnoro ('UUTeaa HB.1fflOTCR 11a.1111111e Te>I• 

ltt>pat)'PLI npn6.1H3Hte.1LUO B 10 1'Jtl, n.,oTIIOCTII 
!014

- IO" UOH01/a' 11 aua-.emtA 11e:111q11u1,1 ), 
TO <'CTI. OTHolUeHHR l.88.1l'HHR n:ta3Mt.l K M8rHHT
HoMy :taa.1enn10, nopRl.Ka 0,l. Pa(,cMaTpnsa;t ;in 
KTO-HnGy;u. JU) npHC)'TCT8)'10U\HX B03MOHOIOCTh 

ocy~ecTa.1e1111R npe.:t.,1omeHnR .:1-pa IloeTa, c;i,e
;,annoro na 3a;11,n.6yprcKoi1 1wnil>epen~1111 •, a 
1u1en110. 'ITO npn ncno.11.3oea1111n ceepxnpoeo..111-
1unx OOMOTOK II eeca.wa a4><1,eKTHBnoii 1mme1U\IIU 
MO>KRO 6y.:teT BLlpa6au.JBaTL 3H€'pnm 6om.rne, 'ICM 
38Tp8'1HB8('TCff B ClfCTeMax e ropa3,10 Melll,tnHMH 
B('JJR'IHHaMH (c:Ka>KeM, ~ = O,Of)? 

.i1. A. APU,UMOBU11 (CCCP): Mee 1tamnc11, 
'ITO npo6:1eMa C03;1.8UHR CMCTell. C IlOJlO'.IKHTem,HLIM 
GallaHC-OM 3HeprHH B CJtyqae BenHqHH ~ IlOPffaKa 
HecKO:lbKMX ;{eeRTWX 6yp,eT pemeaa, XOTff H O'leHI. 
He Cl.Op<>. O;,.aaKo JI ue ,n.yMalO, 'ITO MLl yme B C.o

tTOHHHH no;tpo6no o6cym~aTb TeXHH'leCRHe ac
lleKTW TepMOR;tepuoro peai.-ropa. IlpeJJ.CTOHT 
npoiiTH e111e ,ltO.-'lrllii nyTL ~o Toro, R8K, )ILi B8Ae
eMC.fl, 6y;1yr DOJryqeBJJ napaMeTpLI, HOTOpLle s 
DpHnt.ume OKUkYTCJI ]l,OCTaT011HblMQ MJI o6ec
ne11enu11 nOJJomeTMLHoro auepreTn'fec1<oro 6a
:raaca. Ilo3ToMy nepnoii aaJJ.a'leii ,nuureTeJI noBLl:
menne nJIOTHOCTH DJIB3MY H o6ecne'leuue ee yc
Toii'IBBOCTff npn 00111,mnx DJI0THOCTJIX. B aacToR
ntee epeMH uaM YABJIOCL JJ.OOHTLCR ycToii11HBocT11 

• C•. ffaepnwi c11uTea. MArAT3, Beua (1962). TTpn
:io~eH11e, 'I. 1, cTp. 99-t23. 

npn n~o;HOCTRX, rpy6o roeopn, nop,r.zu<a ton 
UOHOtl/c.,,, C noMOlJ.4LIO MCTO,!ta CTaGlf.llJ138Il;BH ru6-
JIH;tHL.IMU IIOJUIMH, H33WB8l'Moro Ta1rn<e DPHHllH· 

110,c cw111nu1ywa lh. Tpy;i.110 c1,aaaT1>, KaKHe 

l'l'3)'.1LTBT1" ;1.a;t_yr JlPYrlrn MCTo;i.u, no, no-BKJlll· 
.MOM)", B JIIOOOM cJiy'lac 3TOT Ml'TO;\ MO'IKeT uecoll· 
netmo 11pueecT11 M nam,neiimnM vcnexaM. Ee.mi 
11a1e Y.:l.aCTCR nony•rnTJ.. ee.11wumL1 ) nopa,a1-a 11e
CK0.,1.1mx ;t.eCR'tLIX (a aTHM MeTO;l.OM HCCOMlll'lUIO 

MOif\Ho llOJ1Y'lltTL TftKHC 3na11emu1), TO Tor.na, J;O· 

IIC"IHO, MO»<Ho 6y;xeT HCll0.llb30DaTb OXJl3)1(,l3e

)1Lle ;tO tlll3MHX 'f('MHepaTyp HJJH BOJMO)l(lfO .namP 

caepx11poao;1,11uu1e 0GMOTM11, •noG1,1 pcmurb JJpo6-
.,ewy. 

A. VJOUGEPr (CUIA): H npocTO XOTeJI ct'a
:JclTL nl)O(l>eccopy Ap~llMosuqy. 1,a" •1eJ1oaeK, Ko
top1,1fi BepnT B HHTYHU.1110, 'ITO 3a;\a'ta tCHrnra
HllR c1CaJ1t Jter1te, •u~M 3a~a'la tc»mramtH Moi;eii•, 
a 110:>ToMy, Mo>keT ut.1-ri., 6hlJ10 6w noJJeJHO csa
'lana J)l'tu)ITb (>0J1ee llpOCTLIC II UOJJt'O :meMeinap-
m.ic aa;ia~n. Muc J<8)f{CTcn. •1To ccm1 Mo)ltHO 
IIMCfb IIOJIO>KHTCJJbHLlii BLIX0,1 :111epn111 npH uemt· 

•111110 ;-J, paeuoii 0,0!, a MLI ymc 6n11;rnu K aToMY, 
To ULIJJO Ubl JJOnt'fJILIM eocnonLaonaTbCR a111lil 
:tOCTH»<CHUeM l<aK MO)t(RO 6LICTpee. 

X. POJlEPIU{ (ClllA): HacaRcL :rncuepnMen· 
TOB na )'cTanoslCe tOrpa-h, n xo-re.11 61,1 OTMe

THTI>, "ITO nJ1a3Ma 6L1J1a CTaouJ1n:mponana 11p11 
UJlOTHOCTH 109 UOHOB/CM3 C JlOMOU\hK> :>JieK1'p11qe

C1'0TO nOTl'Jlltlla.,a, np111>J18~J.1BaeMOf() }( C'TeH~aM 
i.aMepw. Paapa6onu JJH JJ.eTan1,11wii Metop; ew6n
:maa(\1t11? 

II. JI. fOJIOBIIII (CCCP): HaM JJ.eiicteHTeJibHO 
Y:l3JIOCL ;i.o6nTLCH cra611J111aa~HH C noMOJJ.\blO 
aJJeKTpll'fCCl(IIX noJJeii, Ho TOJlbKO .11,Jl.fl IIJIOTHO· 

cTei1 109 UOH06/CAC3• MLI. e~e He 1rneeM BOJMOiK
HOCTH npoBeCTH TB'l<HC aKcnepHMeRTl,[ c 6onee 
IlJlOTllO\l 11J1&3Moii. t.ho6hl C]I.CJlSTh aTo, naM H3;\0 
YJIY"lWMTh BaKyy1,un,u~ ycJIOBHH H IlOBhlCH'tb Hll
)l(eNTllpyeMhlil TON. Mw nnaHHpyeM nposecntaTlf 
:>1tcnepHMennt B 3TOM ro;i,y. 

C. ,A. BIIHTEP (<l>pam1;1rn): He Mor obi npo
tf,eccop foJIOBHll neCKOJILKO 6oJiee IlOJJ,p06HO pac
CRaaaTb O BLJCOROtJaCTOTHOM MCTO/J.8 cTa6HJIH33llHJI 
m1aaML1? B 'lacTnocTu MHe xoTeJioCL 61,1 aHan: 
a) nnoTROCTL CTa6mmaupye:Moii nJiaaMLI; b) na
paMetpLI Bl,lCOl<O'laCTOTHOTO IlOJIJI H c} Tpyp;Ho
CTH, B03RHK810~He npH pa6oTe BbICOJ(O'laCtOTBOfO 
renepaTopa, aarpymeaeoro na nnaaMy (yxo.l{ pe
aoaancnoi'i 'laCTOTl,I) • 

ll. H. fOJIOBBH (CCCP): fl 6J1»ai-0He·aBa1@t 
C TeXBHJWii, HCllOJlLayeMoii B cxeMax C reHepaTO· 
po11, uarpymeam,u,1 na mia:rny. ~ho BetbMa cne
I(H4,H'IHLlu: sonpoc. Ilpnuo;un aToro MeTo~a aa
KJJIO'laeTc.R B TOM, 'ITO npRMOJIHHeHHLie npoBOA
HHKH, auanoru11m.re Tel11, ROTOpLle HCDOJIJ,30B8'1 
llo<l>tf>e, paaMell(a10rc11 cuapy>KH o6JiaCTH, aaun-
11aeMoii m1aaMoii. lJepea 3TH npoeoµ;HHKH nponyc-
11:a10T BLICOKO'l8CTOTHYii TOIC, ROTOpbiii coa,l{aeT B 
cpeJJ.HCM uapacTatoll\ee no pap;nycy AaB»eHue aa 
nnaaMy. lJaCTOTa BLlt5HpaeTCJI Tal(Off, 'IT06bl ne
pHOJJ. BLICOl<O'laCTOTBOro OOJIH 6LIJI cym;eCTBeBPO 
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MeBLme, '10M BpeMH npoJieTa HOHOB OT rpaHBIJ;hl 
m1aaM1,1 JJ;O CTeHoR. B MOMeHT, ROr,11;a Hanpn:meu
HOCTL DOJIR JJ;OCTHraeT eyJieeoro aHa'leH1111 Rpaii
HHi CJIOU He ycneBaeT c~eCTB8HHO CJJ;BU~YTLCJI 
TaK ~To nJiaaMa JJ;enCTBHTeJILHO ycTOH'IHBo yJJ;ep: 
a.&BaeTCR BLICOKO'laCTOTHLIM IlOJieM. 

T. KOHCOJUI ((f)pauu;m1): JI xoTeJI obi yno-
1urnyTL O HeKOTOpLix peayJILTaTax, noJiy'leHHblX 
BO (J>yaeu;uu Ha ycTaHOBKe «IlJieflJJ;U, MOJJ;8JIL l{O
TOJ)OH MO>KHO YBHJJ;0TL Ha aTOMHOH BLICTaBKe. 
3ro YCTaHoBKa peaoeaHcHoro T1ma, B JCOTopoii 
CTa~uoeapuoe BLICO.KO'laCTOTHOe DOJie ua1ma~bI
BaeTC.R Ha cna,1J;a10iu;ee IlOCTOHHHOe MarHUTHOe no
;re. ECJiu 3TO DOCTORHHOe MarHHTHOe IlOJie HM08T 
npo6oquy10 Homl>Hrypau;mo, To MomeT npoHcxo
;tun. Jin6o ycKopeeue, JIHoo orpameHHe nnaaMeH
uoro D}"IKa. 3eeprH11 3JI8KTPOHOB HMeeT c~eCT
Beuey10 nonepe'IHYIO COCTaBJI11IOI.QYIO, TOr,ll;a KaK 
Y HOBOB OOJILlUe aKCUaJILHaJI COCTaBJI1flOI.QaH. Jf c
RWIL3yR ycTaHOBKY B Ka'leCTBe HenpepLIBHoro yc
'-OPHTCJIJI 'laCTHU, MLI UOJIY'IHJIH DOTOKH nop11,ll;
Ka 1015

- 1018 'tacruq,/cM2 • cet., npu11eM MaRcn-
11a.:1Luoe 3Ha'leune aKCHaJILHOU COCTaBJIHIO~eii 
:teepruu HOHOB paBHJIJIOCb 30 1.36, a 3JleKTpOHOB 
50 K3tJ. HcnoJILay11 me aTy CHCTeMy KaK Jiosyrn
qr C npo6KaMH, YJJ:aJIOCb IlOJIY'IHTb TOJILKO OROJIO 
1000 OTpameuuii. Ta1<0e MaJioe 'IHCJio oTpameHuii 
cea3aao c norep11Mn Ha nepeaap11,!J;KY na-aa mm
i:oro BaKyyMa. 

.l{m. 6. A~AMC (Coe;:u1HeHHoe KopoJJeBCTBO): 
Mee XoTeJl~L 6hl a~pecosaTr. cuoii Bonpoc i. TeM, 
KT0 BC).\CT HCCJle,!l;OBaHH.11 no yi.epmaHHIO nnaaMLI 
• CBCTeMax e MarHnTHoii IIMOii. Mo.mHO JIH 6hITL 
)"BepeHBWM, 'ITO CHJILHO Boapocrnee upeM11 yJJ;ep
'KaHJIJI, Ha6JJIO,!l;aBweec11 B 3THX 3KCnepHM8HTax, 
~eiCTBHTCJILHO o6ycJIOBJI8HO MarHHTOfH,!l;pO,!!;HHa
lOl'lec.Kou: YCTOU'IHBOCTLIO, np:ncyiu;eii .MarHHTHOii 
Jllle, a Be JJ;pyrHMH CTaOHJIH3Hpyroiu;nMH aqicf>eK
TU[H, T3KHMH, K&K npOBO,!l;HMOCTL aa C'leT XOJIO;J;
HOii DJI33M:LI. Bo BCex :mcnepHMeurax ,!l;OCTaTO'lHQ 
OOJILman 'l&CTb nepBoHa'laJILHO oopaaoeauweii:cn 
D.'la3MY aareM nonaJJ;aeT ua cTeHKH cocy,!l;a H, 
ae,;onaTCJILHO, C03,!l;&eT npoBOA111.QYIO cpe,ny, coe
;uauno~yIO Yi-\epmnuaeMyIO nnaaMy C BHeWHHMH . 
npoeo;,;eHKaMn. MLI anaeM, 'ITO TaKa11 11po»oJJ;n-
11ocTL MemJJ;y y.l(epmnBaeMoii: nnaaMoii u MeTaJI
U'fecKnMR CT0HKaMH 6yJJ;eT npHBOJJ;HTL K CTa-
68JIBaa~R nepecTaHOBO'IHOH HeyCTOH'IHBOCTH e 
DpocToii JIOBY~Ke C MarHHTHLIMH npooKaMH. He 
XomeT JIH HMCT.L MeCTO TO me caMoe B :mcnepH
J(eeTax C CHCTeMaMH THila MarHHTHOH 11MLI, Ta
Kllx, KaK ycTaHOBKa Ho4xf>e n DECA-11? 

M. TPOIIIEPH ((f)pauqm1): H couepmeHno co
r.11aceu C .ZJ;OKTOPOM A,!J;aMCOM, 'ITO XOJIO,!l;HaR UJia3-
•a upe,ACTaeJIHeT co6oii cepLe3HYIO npo6JieMy. B 
t.ly'lae ycTaHOBKH DECA-11, o.n,HaKo, MLI Ha.n,eeM
CJI. 'ITO . pO.JIL XOJIO]l,HOU IlJia3MbI He HaCTOJihKO ua
'KBa. ;l\JIJIHH8fl Tpy6a OT]l,8JIHeT DJia3M8HHYIO nyrn
"Y OT 3KCnepnMeHTaJlhHOH KaMepLI JI XOJIO,!l;H3JI 
n.1aaxa He ;J;OCTHraeT RaMepLI UO'ITH AO caMoro 
t.O&Q;a npoQecca. Te:u He Meuee HeKoTopoe KOJJH
•eerso XOJIO,;:l;ROH UJia3MLI MomeT npucyTCTBOB3Tb 

B peayJibTare oxnam.n,eHHR rop11'leii: nJiaaMbl ua 
CTCHI<ax. B IlOCJie,l(yIO~HX 3KCnepnMeRTax 6eayc
JIOBHO 6y.n,eT O'leHL BamHo npe,!!;apUHRTL 6onee 
cephe3HbI0 Mephl no YCTpaHeHHIO XOJIO]l,HOU n.naa
MLI. Ceii'lac JJ;JIJI aroii l\eJIH yme ue.n.yTc11 nccne,;:i;o
BaHnR ua p.RJJ;e ycTaHOBOK B (l)oHTeHe-o-Poa II, 

HCCOMff8HHO, TaK.me H B .n,pyrux Jia6opaTopHHX. 
.fl .11,yMalO, O]l,HaKO, 'ITO xapaKTep 3aBHCHMOCTII 

yBeJIH'leHirn BpeMeHH IBH3HH OT BeJIH'IHHbl 1rna
.lpynoJ11,HOfO IlOJJH RBJI1f0TC11 .11,ei1CTBHT0JILHhlM 

· no]l;TBepm.11,eHHeM ycroii11neoCTH. Ecnn 6LI epeMR 
il<H3HH He M8HRJIOCL npu HaJJJPIHH KBa.n,pynOJlbHO
ro noJ111, TO HH'lero 6w HeJib3JI oLIJIO cKaaar1,. Cy
iu;ecrnyer .n,pyraJI cropoHa Bonpoca, o.n,HaKo, Kor
;ta TaKoe H3M8H0Hne YCJIOBHH HMeeT MeCTo: HHKTO 
He Mo.mer npe,l(CTaBHTL, KaK MOrJIO 6bl :nea
.'.lPYIIO.iILHOe IlOJie BJIH11Th Ha CT30HJIH33~HIO, o6y
CJIOBJieHHYIO XOJJO,!J;HOU nnaaMoii:. 

JI. A. APL(HMOBJ,PI (CCCP): MHe xoTeJJoCL 
6LI TaKme CKa3aTL H8CKOJll,KO C,10B O Bonpoce 
;J.OKTopa AAaMca. MLI enoJIHe yeepeHhl, 'ITO xonoA
HaJJ IlJI33Ma ne OR83LIB38T HHKaKoro BJJHHHH11 Ha 
npo~ecchl, nporeKaromne B ycTaHoBKe IIP-5. 31\c
nepHMeHTbI noKaaanH, 'ITO 3(~cf>eKT cTa6nnn3a1v111 
nenocpe.ncTB0HHO CBJl3aH co. CTaOHJIH3HpYIOU\Httl 
IlOJieM B CJJy'lae, Kor.l].a HM8JIC11 '1p03BbiqaiiHO Bbl
co.1mii BaKyyM. XoJJO;\Ha11 nJiaaMa cyiu;ecTByeT 
TOJILNO B reqeHne oqen1, 1wponwro npoMcmyn.a 
BpeMeHn BOJIH3H OCII CHMMeTpHH CHCTeMLJ', a aareH 
1tc11eaaer. 

X. PO,UEPHK (CllIA): H CKJJOHCH cornacnTL
CH c npocfieccopoM Apn:nMOBH'leM. Ha ycTanonKe 
«Amrcait HM08TC11 O'leHb BLICOKHii Ha'laJihHhlii B3-
KYYM (oKoJio 2 • 10·1 MM pr. er.). B nee 11umeKTH
pyrorc.11 ueiiTpaJihHbl0 <i:aCTHQLI, KOTOphle aaTeM 
aaxaaT1,rnaroTCJ1. H coMneBaIOcL, 11To6w npn arnx 
:n<cnepnMeHTax MOfJIO. npncyTCTBOBaTL MHoro xo
.'IOAHOH nJiaaMLI. Peaxoe naMeneHne BpeMeHH .m113-
1rn nocJie roro, KaK 61,rna ycranouneHa cncTeMa 
lfocf,cfie H3 12 CTepmHeii, MOmeT paccMaTpHBaTLCJI 
R8K II0.11,TBepm.nemte Toro q,aKTa, 'ITO CT80HJIU3a
~HR o6ecne'IHBaeTCJI noJieM, napacTalOU\HM OT 
nna3MLI napymy (MHHHMYM B). 0.l].HaKo rpynna 
na Hi.10-ltopKcKoro yenBepcaTera c.nenaJia reope
Tn'lecKne pac'leTLI, KOTOphle DOKa3blBalOT, 'ITO 
UJiaaMa MomeT .OLITL CTa6HJIH3HpoBalla XOJIO,!tHOK 
IIJla3MOii, eCJIH nocne.11,01111 OCTOpo»mo HHiK8KTH
pyercJI na o6nacrH, rJJ.e HeT rop.11'leii nnaaMLI. 

Bonee roro, ux pac'leThl no.ll.TBepm.na10T, 'ITO 
aTOT Jlf0TO,ll; MOiKeT 6hlTL OO'b0]1,HH8H C MeT0.11,0M 
«MDHBMYM Bit. 

Cap YunL11M IlEHHH (npe,':\Ce)].aTeJIL): Or Me
HJI KaK npe_I\ceJJ;aTeJI11 aroii ceKQHH ceii'laC omn,!\a
IOT, 'ITO SI Il0)].B8JJ:Y HTOfH U BhICKamy CBOe MH0HHe. 
0,!l;HaKo .11 yBepeu, 'ITO Bee BbI co'lyBCTByeTe MHe, 
TaK K&K 3TO 0'18HL Tpy,nua11 aa.n,a'la. qTO 0'10BH,:J.
HO, raK 3TO TO, 'ITO HMeeT M0CTO OTJIH'IBOe Mem
JJ.YHa po.l].HOe COTPYJJ:HH'leCTBO. 0THOCHT8JILHO Mac
illT300B ycum1ii, .11 nMeIO B nn,;:i;y ,l(eHemebie pac
XO,!l;hl, TO OOU\a.R HX cyMMa B MHpOBOM M3CIIIT30e 
Ha HCCJI8;1;0B8HH11 no .11.11,epHOMY CHHT83Y COCTaBJIH
eT Ha cerOAU11, BepOHTHO, npn6JIH3HT0JibHO 
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(00 iua. a11ep1u,aKCKHl ;1.0.1.,apoa (H:tll rpyGo ro
BOp• CTO.'lt.a.O >Kl' 8 COBl"ttt.U X P)"0.1RX). 

C 11oxenn iReHl'B('tWii 1<011ct,epe111u111 1958 r. 
:uw .10CTnr.111 ana•rnn.,u,oro nporp('('ca, t.oTOfH..iii. 

8 'larTHotTJt. 3ali.1IO'ta .. TCR 11 8 TOW, 'ITO MLI yGt•
_,n.,uc ... ,.TO uay11111,1t' npo6.,l'WLI ot.a3a.,nci. ro
pa:uo 00.,("f' Tp)';ltll.lMH, 'll'M 3T0 ,l}"Ma.111 Blla'fa
.,t. U TN>PHII ;IOCT11nt)'TI.I Go.1('(' 8.tif.ULll' fll'3}'.1t.

Tan,. XOTR lll',-OTOpi..&l' 113 lll')"CTOit•fllBOCTCii, 
Hpt';\CKaUHUU:t Tt'OJ)('THt.a)IU, b03MOikllO, ,rn 
"0.11> )"MC C).U\t'"<"nem,u. Ml'HR ()('o(>\'11110 :1an11Tt•

pt-eou.1u ncc.1e.1oaa1UtA ("OBt'TCliHlt }"'lt>HU:c BO:l

(j)"JK.taTI• lfl't{OTOJ)l,1(" H3 3Tlll Ut')"CTOil'tllBO<:Teit. i\ 

3aTfM PC"no.11.30aan. ux ;t.1R uar(l('aa 11.,a3M1.J. lltt
'fC'ro Ht' OCTlt"Tt'R. t-at. 11ct.aT1, C(ll'.1t'Tll0 :t.111 IID
.1.tLlt'IIN.II Hf')"CTOii'IHIIOCtl"ii. Paa.111'f111Je ao11pon.1, 

);OTOJJLll' :Uttl. aa.1aaa.,11ct.. IIOt.BJl,l83IOT. 'fTO cy
lHttTl)"tt Nttt' Jfl'OIIJW;\t".1<'11110CTL OTUOCHTt':ILUO 
TO'UIOII 1tUtt'pt1pC"Tau1111 llt't.otopux IIJMt'pe1111il ll 
ttafi..1JO.lt-UMH, HU llt"COMlll'UHO :Uta'tHTl'.1hlH>C y,1)''f-

1Ut'MIU.' ,.tTO;\OB ;\narnOCTltt.11 :la 3TO BJ)t')lff. ~'•w-
111.1{' ropa3;t0 6o..it.m(' Tt'ltl'Jlb )"I\CJ'\\'HLl B TOM, 'ITO 
IIM(>IIUO omt llUll'pRIOT. 'fl'M aTu Cibl.'to IIRTL ."leT 

11au.1. H O("liOTO(lLll.' nl 11081,,IX MCT0.108 ;J.narnor

THl\11 BHO<'RT rupaa.10 Mf.'111.tul' no:JM}"IJ{('IIIIII D 

u.,aaM)', 'CeM :no IIM('.10 Ml'CTO npn CT!IJll.lX MC'TO
.:tn. JI .l.)'MalO, 'ffO .1a3l.'pllt.l{' IIHTeptf>e()MU~Tp1,1, 

uanp11Mt>p. 1n1t'IOT Go.,Lfll()(' npe11wyt1ll'CTDn. llrm
Me Toro •• ,a:st-pLI, BOJMo>KHo, e ycnexoM 6y.tyT 11c
no.1l.a(1aam,1 11 a ;ipyrux l\l.'.11tx. 

1101-a l'llll.' Hl'RCHO, K}';ta nae BCl' a,-o 11))118l'.:\C1'. 

11rorpunca HCC.1l'l.OBannii Cl'ii'laC HaCTO:tbl-0 H~
IIOCTOlutHa II B('C eu,e 11acTo.11.e.o C'lll'Q,lllt,U•llla, •tTO 

11(1(':tcTaB.'lffM' co6oii 111t11pae.1e1111t>, t.oTopoe tpy,l
no ce113aT1> c ;ipynoru 11anpao.1em1um. C,o npe
Ml'HeM Bee cnoaa ynpocTHTC'R, a BOIIJ)OCI.I, ne OT
IIOCHU\lfl'CII K :)TOii npr/i.wMe, IIC'ff.'3HYT, HO CC'ii•tac 
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(i0.:u,mu1 "latTL HMl'10U\erocH MaTe>p1raJJa II uce 
:l'fH npa1m1:.1c uaaBaHIIR, HOTOJ)hll' HMR.ll,l,lii )130-

(ipeTaCT :\:1A CBOHX ycTaHOBOK, Tpl•llYIO'T }{0.'10C· 

ra.,i.noro nanpRmenttR naMRTll. Ho, 1-aK H ci-a3aJ1, 

H ysepcn, 11To see :>To cTaneT co 111w\fette~ npome, 
llpmrne y .. acT11c n paf>0Te :>Toii C("RI{nn, 11 ,o·

MalO, 'fTO .1y•11ue ecero c1<aaaT1,, •110 aTa 06J1arn, 
uaytm 11e To.ii.Ko 1111TepccnaH u oa,1rna11 caMa no 
ceGe. no OIIU .:tt'iiCTBIITC.1LIIO !,IO,KCT co epeMeneM 
11p11B("fTU Ii ,'lOCTIUKCIIHIO npaKTll'ICCKOii {\eJIH, 0 

1mTopoii, TaK 'laCTO 3;\CCL yno~IJIJIH.1lf. HCHO, '!TO 

Hl'nOlOpt.ait npoMe>t<yTOK npeMCHll, uecitO~hKO JleT, 

;\0.1~el\ Gb1Tt. 3atpa-.en, npem;:i.l', •,cM Mbl cyMe
c.'M na;i.emuo Ol\NlltTb llRllllt B03MOi½WOCTll. Ceii
'f3C DCC MU J,(O)KNf cJ<aJaTb, 1fTO y•1P11Lle ]);0.lllHHbl 

IIJ>0;\0:1if<3TL CBOIO pa6oTy If ,!J.OOJIB.ITl,CJI Heo6xo
;111woii 110,uepmt.H npaBHTeJJLCTB, 1160 i.oHe'lHall 
Jlt'.1L O'ft'HI• BU)tma. UOJICC pa3BIITLI(" CTpam,1 AO.l
iKIIY Hl'CTlt r.'18BHYIO uarpyaJ<y, IIOTOMY lfTO :na 
Jl800T8 ;l..111TC:ILH811 If ,noporaH 110 ;J,<'lleif(Hb2M aa

TpaTalt u •111c;iy )''ICHI.JX. Mence pa:nnnble CTpa
HLa HMl.'101' Go.,ee Ht'OT:10)½\HhlO 3a;U\'\H, KOTOpble 

(10RT nep<';\ HX Y'l<'Hl,.0111 It J{OTOJlLIC rome Tpe

Gyt0T aatpaTlJ cpe:i,cTB. 
H :t)"Ma10, 'ITO ua Bcero ct.aaaunoro na aare;{a· 

111111 J.toryT OlalTL C,l('.13111,1 IIMCIIIIO T,l}(He 0011\IIC 

II fil'CllllHCTpaCTIU,IC BLIBO~LI. l\oMMC'lliHp0B3Tb me 

Te:0111'1ecJ<11e npot'.i.,eMLl, 11 ~yMalO, npcm;i.eBpe· 
)f(.'11110. Jkl'M JfaM neouxO~UM0 JICKOTOpoe Bpl.'!•1ll, 

•1tofi1J JIJY'IIITL paa,1Jt'llllolc ito:iwa;i.1,1 H o6cy)l.l\Tb 
ux 11ef>o:n,1mn.m rpy1111a.,.,m n ;ria6opatopllHX. 
lha1<, B 3aK.:UO'len11e Mo»-no ci-a3aTl,, 'ITO ~I.I Ha
xo;u1McR na o'lcor. aaxeaT1.1ea10u(eii cra,nnn, I\O

TopaR npuueceT naJI1.11eiim11c eam11L1e 11oeI.1e n~e: 
II pe3y.,r.TaTLJ, 11 SI yBepcn, 'ITO BCC Mhl MO)lie. 

o;t<11;taTL npo:toJJ.mcmrn 1ecnoro n no.wauoro co· 
Tpy;J.Hll'ICCTBa. 

Fusion nuclear controlada 

Prcsldcntc: Sir W;lliam Penney (Reino Unldo) 

DISCUSl6N EN GRUPO 

M. TROCHERIS (Francia): Yo desearia dar a Vds. 
ciertos detalles sabre el experimento DECA 11 efectua
do en Fontenay-aux-Roses. El principio, basado en el 
confinamiento por espejos magneticos y estabilizaci6n 
por campos multipolares, parece ofrecer una de las 
]ineas actuales de investigaci6n mas promisorias, Y 
en ello tienen puestas sus esperanz.as varios labora-
torios. 

En el dispositivo DECA II se obtiene una con• 
figuraci6n estable por superposici6n de uo campo 
cuadripolar a otro de espejo magnctico generado 

' d" • tro mediante dos bobinas coaxiates, con un iame 
intemo de unos 20 cm, separadas aproxima.dan:ente 
50 cm. El campo cuadripolar se produce mediante 
corrientes que circulan en sentidos alternados, _en 
cuatro barras paralelas al eje. El campo magnetic~ 
pucde alcanzar un valor max.imo de 15 kG en e 
centre, y 30 kG en los espejos. 
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El plasma de deuterio no se produce in situ en la 
cama_ra experimental, sino que se inyecta desde el 
extenor en forma de impulso rapido mediante un 
can~n de plasma. Despues de su captura entre los 
espeJos magneticos, la energia media de un ion del 
plasma asciende a unos cientos de eV. A continua
ci6n, la temperatura del plasma se eleva aim mas 
Y al mismo tiempo el plasma se aleja de la pared 
a causa de un aumento lento del campo magnetico, 
o compresi6n adiabatica. 

Se han efectuado muchas medidas del plasma asi 
formado, de las cuales las mas importantes son las 
de densidad electronica con ondas milimetricas y la 
detecci6n de ~itomos neutros rapidos formado~ por 
intercambio de carga entre los iones rapidos del 
plasma, y los atomos lentos del gas residual neutro. 
La disminuci6n temporal de la serial observada, pro
cedente de estos iitomos neutros, proporciona una 
indicaci6n sobre la vida del plasma. 

Una ventaja muy importante del metodo de inyec
ci6n usado en el DECA U, es la posibitidad de pro
duc:cion de plasmas, con densidades variables en un 
unplio intervalo (1010-iou particulas/cm3). 

Se pueden resumir muy brevemente las experiencias 
efectuadas en el DECA II diciendo que hemos estu• 
diado la variacion de la vida del plasma en funcion 
de dos parametros: la intensidad del campo cuadri
polar y la densidad. Te6ricamente, si se aumenta la 
intensidad del campo cuadripolar, sin alterar el campo 
principal fonnado por los espejos, deberia obtenerse 
una. configuracion estable por encima de cierto valor 
minimo del campo cuadripolar. La vida del plasma 
dcberia aumentar bruscamente cuando se pasara de 
ese valor minimo. Efectivamente se observa que para 
las densidades mas bajas ( del orden de I 010 particu
las/cm3), la vida aumenta, por ejemplo de 20 a 200 µs. 
Este ultimo valor esta determinado por perdidas de 
plasma debidas a causas distintas de la inestabilidad, 
tales como el intercambio de carga con el gas residual. 

Nuestros resultados iniciales a densidades mas ele• 
vadas fueron muy decepcionantes: para una densidad 
de 1011 particulas/cm3, la vida no excedi6 de 70 µs 
y para 1013 6 1014 particulas/cm3, no experimenta 
aumento aJguno al crecer el campo cuadripolar. 

Se obtuvieron resultados completamente distintos 
al colocar un diafragma a la entrada de la ca.mara 
para limitar el diametro del plasma inyectado. En 
est.as condiciones la vida aumenta de fonna aproxi
madamente analoga en funci6n del campo cuadripolar, 
independientemente de la densidad. 

El analisis de los resuttados Ueva a la opinion de 
que pue~en explicarse completamente las perdidas de 
plasma por las dos causas ya mencionadas: inestabi
lidad e intercambio de carga con el gas neutro. Sin. 
embargo, respecto a Ja primera serje de experiencias 
(sin diafragma) se debe considerar que la _densidad 
del gas neutro no era solamente la del gas residual, 

y que aumenta con la densidad del plasma. Este 
f en6meno puede explicarse perfectamente si se consi
dera el efecto de las paredes. En las experiencias sin 
diafragma, la camara se Ueno excesivamente y una 
parte del plasma no fue capturada en el espejo magne
tico, cuya profundidad era limitada. Este plasma no 
confinado, incide rapidamente sobre las paredes, expul
sando gas de ellas e introduciendo gas neutro en la 
camara, en proporci6n a la cantidad de plasma inci• 
dente en las paredes. 

Es innecesario decir que se han efectuado· un gran 
numero de experiencias particularmente con el pro
posito de aclarar, y eventualmente eliminar, estos 
desafortunados efectos de pared. Los resuttados obte
nidos hasta el momento, aunque preliminares, son 
muy alentadores y dan indicaci6n experimental clara 
en favor de la estabilida~ de las configuraciones de 
pozo magnetico. 

K. FUSHIMI (J~p6n): El profesor Watson-Munro 
ha tenido la amabilidad de abarcar en el docu
mento P/881 los trabajos japoneses mas importantes 
sobre fusion y fisica del plasma. Por lo tanto, me voy 
a Iimitar a discutir algunos resultados importantes 
sin intentar evaluar el significado relativo de las 
diferentes actividades. 

En cierta form.a, el trabajo japones sobre fisica 
del plasma proviene de una larga tradici6n en investi
gaci6n sobre descargas electricas e~ gases. Conse
cuencia de esta tradicion, fue la propuesta de una 
sonda doble, sugerida por el prof esor Kojima, y mas 
especialmente la del profesor Takayama sobre una 
sonda de resonancia. El funcionamiento de esta 
(dtima ha despertado un gran interes, especialmente en 
la Universidad de Stanford y en el Instituto Max 
Planck, y ha sido objeto de un estudio cuidadoso. 
Aunque, a causa de la alteraci6n introducida por 
la impedencia de la vaina; se ha tenido que abandonar 
la interpretaci6n original de que el pico observado 
de resonancia indica la f recuencia exacta de oscila
ci6n del plasma, las caracteristicas esenciales del 
metodo mantienen su validez, con lo que eventual• 
mente puede convertirse en un dispositivo de diag-
n6stico. 

Los ·resultados de nuestra investigaci6n apuntan 
a la conclusi6n de que el plasma se puede comportar 
de manera distinta, aunque aparenternente se encuen
tre en el mismo estado, con igual densidad y tempe
ratura. Este hecho ha sugerido a los investigadores la 
ir6nica observacion de que cada dispositivo de diag
n6stico implica su propio plasma, y ciertarnente 
perturba nuestros esfuerzos de obtener una imagen 
coherente de los resultados de los distintos pro
yectos de investigaci6n. Por ejemplo, el exito del 
profesor Takayama en la obtenci6n de un notable 
pico de resonancia se debio esencialmente al hecho 
de que se utiliz6 un tubo de descarga grande de 
forrna esferica, con el sistema de electrodos dispuestos 
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lateralmmtc. con lo quc solamcntc los bordcs del 
plasma se apro~iman al ccntro dcl tubo. De csta 
maMra se cvitaron los dcctos de la pared sobrc cl 
plasma y sc impidicron otras pcnurbacioncs clcc
lricas dd sist('ma d" clcctrodos. Una pane de nucstro 
trabajo it\icial en el lnstituto de Fisica dcl Plasma 
n la production de plasma de parametros conocidos 
y definidos,, objctivo quc hasta cl momcnto no ha 
sido compktamcntc rtalizado. 

Una "'gunda partc dcl csfucrzo japones sobrc la 
f usi6n ,u~o su origcn en cl gran cstimulo quc apor
taron la primcra y scgunda confcrcncias de Ginebra. 
El Dr. Bhabha dcc:Jaro en la primcra de cllas. quc 
la cncrgia de fusion podria scr utilizablc dcntro de 
unos 20 aftos. y en la S('gunda Confcrcncia sc facitit6 
simultAncamcntc la importante informaci6n acumu
lada, proccdcnte de cxpericntias sccrctas en los paiscs 
de in,·cstig.aci6n atomica mjs avanzada. Expcrtos 
cicntificos proccdcntcs de campos an!logos de invcs
tigaci6n, como radiaci6n cosmica y nsica de acclc
radores. f ucron atraidos por cste nucvo y promisorio 
tcma. El objc:tivo fuc. evidentcmentc. m:h dificil de 
lo que SC habia supucsto y tras varias experiencias 
csos hombrt1 de ciencia constalaron quc, frecuentc• 
mente, los plasmas no podian ser controlados. 

Por ejmlplo, yo dcscaria mcnc:ionar una experiencia 
alc«ionadora quc hemos tcnido en la construcc:ion 
dcl hdiotr6n ~ un dispositivo para confinar y calcntar 
cl plasma en un campo magnctico cspecialmente 
ondulado. Para producir el calentamiento 6hmico 
se utilizaron un cieno mimcro de hilos conductorcs 
arrollados segun las lineas generatrices dcl tubo 
toriodal de dcs.:arga. Tras un trabajo considerable 
de nperimcntaci6n. sc dcscubri6 que estos conduc• 
tores producian un campo transversal que dirigia 
el plasma hacia las paredes. El grupo de investigaci6n 
citado sc cncuentra construycndo un segundo dis
positivo en cl quc se confla evitar los puntos debilcs 
dcl proyccto anterior. Scgtin me han dicho, en alguna 
de 1as grandcs maquinas amcricanas, ha habido 
tambicn un olvido semcjantc de las ecuaciones de 
Maxwe11. 

He discutido dos aspectos del trabajo japones. que 
pucden tener correspondencia con el de otros paises. 
Siguiendo cstas observaciones, dcsearia mencionar un 
problema que al menos. dcbcria damos que pensar. 
En 1961, entrc la segunda y terccra conferencias de 
Ginebra, el Organismo Internacional de Energia Ato
mica convoco una confercncia intcrnacional en Salz
burgo sobre fisica del plasma, e investigaci6n en 
fusion termonuctear controtada. En el mismo ano 
tuvo 1ugar en Munich otra confercncia paralela. sobre 
fen6menos de ionizaci6n en gases. Al ano siguiente, 
cl Organismo intent6 organizar otra conf erencia sob re 
fusi6n termonuclear contro1ada, que result6 ser otra 
conf erencia de f en6mcnos de ionizaci6n en gases. 
El problema, pucs, consiste en lograr que estas dos 

cscuclas de cien1ificos colaboren mas estrechamente. 
Para conduit, debo mencionar un segundo pro

blema. Ya he descrito un caso en el que se progreso 
lentamcntc en un proyecto experimental, debido a 
un error trivial y elemental. Deben ex.istir multiples 
crrores de csta clasc en paises avanzados en investi
gad6n at6mica, aunque no scan faciles de localizar 
en la literatura: se sabe de ellos, en cfecto, gracias , 
al intercambio del personal investigador. El probkma, 
por tanto, es la forma de promover un intercambio 
completo de informaci6n de este tipo. 

J. B. ADAMS (Reino Unido): Tai vez pueda contri
buir eficazmcnte a la discusi6n haciendo observa
cioncs sobre varios problemas espccificos que hemos 
icnido en Culham. Nuestro problema de conjunto 
esta muy bien descrito en su totalidad por el pro-
fesor Schluter en el documento P/882. · 

En 1958, el trabajo en el Reino Unido se referia 
principalmente al cxperimento de constricci6n. Nue~
tro programa actual sigue trcs direcciones de trabaJo 
sobre confinamiento: experimentos de espejos ma~
ncticos adiabaticos, en forma simple y de pozo magne
tko; cxpcrimentos en los que se utilizan botell~s 
magneticas como los thetatroncs - esto es, expen-• . s 
mcntos con plasma de fJ elevado (los dos pnmero 
son •sistcmas abicrtos por ambos extremos) Y final
mcntc invcstigaci6n con trampas magneticas cerrada~, 
en las que hemos conccntrado la atenci6n en et.pert· 
mentos de constricci6n y constricci6n inversa. . 

En lo conccrniente a cspejos magneticos adiaba~ 
ticos, indudablemente el progreso mas importa~t~ en 
el ultimo ano ha sido la idea de los pozos rnagneticos. 
Nuestra contribuci6n, despues de los ex.perimentos 
originales de Ioffc en et lnstituto Kurchatov, ~an 
versado sobre trabajo te6rico. Hemos cons~guido 
calcular la estabilidad de estos pozos, que constituycn 
cl sistema de confinamiertto, y mas recientemente, 
hemos calculado el llarnado limite {J. esto es, la can• 

• d · n el antes tidad de plasma que se puede mtro uc1r e d 
de que ct campo magnetico se distorsione e~ tal gra 0 

que reaparezca 1a inestabilidad de intercambio. Hem~s 
comprobado el experimento de Joffe en nuestro propio 

. d . •t y esperamos laboratono con resulta os muy s1m1 ares, 
' • · I te los con· extender estos expenmentos, parucu armen . . 

. , , fJ A . las ind1cac1ones ccrmentes al hmtte . JUZgar por 
11 del Dr. Trocheris, sobre la experiencia con DECA . ' 

. I o de los mas parece ser que const1tuye re.a mente un 
importantes problemas. 

1 
• 

· · como o~ Con relaci6n a las botellas magnet1cas, . , .
1 'b ·i. mas utl thetatrones, pienso que nuestra contri ucJUn . . . 

· · , d equihbno ha sido la determinaci6n de la pos1c1on e 
en tales dispositivos, lo cual parece un problema 
trivial pero el hecho es que se ha presentado en 

• · d l sma· no muchos sistema'S de confinamiento e P a , 
. . . · b·t·d des cuando tiene gran obJeto la d1scus16n de 1nesta 1 t a 

no existe equilibrio. Esto creo que se ha becho ahora 
opini6n general. 
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El verdadero problema con _thetatrones y con el 
lobulo ahusado, que es un t1po de experimento muy 
similar en que se utiliza esencialmente una botella 
magnetica con pozo, es la velocidad de f uga. Esta 
bien determinado que en estos dispositivos se produce 
un plasma denso y caliente. Sin embargo, a menos 
qu~ se !ogre eliminar las fugas, es dificil imaginar 
c6mo podrian usarse desde el punto de vista de un 
reactor practico. Tai vez en Culham hemos logrado 
una contribuci6n esencial a la soluci6n del problema, 
tratando de evaluar la cuantia de la f uga y hemos 
encontrado que es del orden del doble del radio 
giromagnetico i6nico, por consiguiente, para su apli
caci6n en un reactor, debera ser mucho menor, del 
orden del radio giromagnetico del electron. Esto, 
segun creo, es el tipo de problema que puede adquirir 
una gran importancia en un futuro pr6ximo. 

En nuestro trabajo con trampas magneticas cerradas 
hemos concentrado la atenci6n en experimentos de 
constricci6n inversa. La memoria de! profesor SchlU
ter se refiere a nuestro trabajo sobre inestabilidad 
resistiva. El problema de la estabilizaci6n de cizalla
miento exige aun aclarar muchas inc6gnitas. El des
arrollo reciente mas interesante, a mi entender, es la 
posibilidad de realizar en ellos algo analogo a un 
pozo magnetico. Aunque te6ricamente es imposible 
conseguir un Sistema cerrado con campos decrecientes 
en todas las direcciones a partir de! centro de! plasma, 
es posible imaginar valores medios apropiados del 
campo magnetico tornado alrededor del sistema, por 
ejemplo, una integral de d// B que puedan dar un tipo 
de pozo magnetico. Tales sistemas han sido investi
gados en los Estados Unidos y ofrecen una alternativa 
al sistema de estabilizaci6n de cizallamiento. 

Para terminar, debo recalcar que desde 1958 se 
han realizado progresos importantes en el diagn6stico . 
del plasma. Si conocemos mejor ahora los plasmas 
calientes y hablamos · de ellos con gran confianza, 
es debido a que podemos medirlos mejor. · Esto 
representa probablemente uno de los campos de 
progreso mas importantes desde la ultima confe
rencia. 

finalmente, ha de tenerse presente en todo este 
trabajo que, en el estudio de plasmas, estamos tra
tando con un estado de la materia que, aunque puede 
scmos nuevo, es muy comun en el universo. En Cul
ham hemos emprendido programas de espectroscopia 
estelar, por medio de cohetes estabilizados. Un pro
blema interesante lo constituye la medida de plasmas 
c6smicos mediante los instrumentos de laboratorio 
desarrollados para la investigaci6n de plasmas en el 
laboratorio. Creo que deberia insistir sobre el hecho 
de que · el estado de plasma puede tener muchas 
aplicaciones, ademas de las conocidas de fusion 
termonuclear, y que constituye por si mismo, inde
pendientemente de su prop6sito, una esfera de auten-
tica investigacion. • 

I. N. GoLOv1N (URSS): Se ha insistido mucho 
sobre el desarrollo fructifero de un metodo especifico 
para evitar la inestabilidad en estrias. No es dificil 
comprender el gran interes que tanto los hombres 
de ciencia te6ricos como los experirnentadores demues
tran por este tema, pues la inestabilidad citada es, de 
hecho, la mas seria de todas las conocidas y, si ·apa
rece, queda fuera de discusi6n el confinamiento de 
plasma denso y caliente en una trampa magnetica. 
Los resultados alcanzados sobre inestabilidad del 
plasma en distintos laboratorios mundiales parecen 
estar a primera vista en mutua contradicci6n. Este 
hecho ha dado lugar a arduas discusiones: cuyo resul
tado es que el concepto de inestabilidad <lei plasma 
se ha aclarado en Ios ultimos aiios, aunque se requie- . 
ren aun mas aclaraciones, tanto en teoria como en 
experimentaci6n. Nosotros nos hemos ocupado de la 
supresi6n efectiva de la inestabilidad en estrias, 
mediante un campo magnetico radial creciente, lo 
que supone una mejora considerable. Por otra parte 
desearia ocuparme brevemente de otros metodos de 
tratamiento de este problema, · sobre los cuales,_ el 
futuro dira cu.ii de ellos resulta mas practico para 
evitar dicha inestabilidad. 

En la Conferencia de Salzburgo, celebrada en el 
otoiio de I 961, se indic6 que las dimensiones finitas 
de las 6rbitas i6nicas (radio de Larmor) dan lugar 
a un efecto de estabilizaci6n. El analisis te6rico rea-

d=Scm 

d=16cm 

Figura 1. El flujo de iones ripidos en una sonda cubierta con 
hoja delgada a distintas distancias de la pare~ de la cam_a~a en 
regimen inestabiliudo (Uc = 0) y en regtmen enab,hzado 

(Uc= + 12 kV) 
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Fi&ura 2. £1 ftujo de ltomos neutros procedentes del lnter
ambio d■ area y •I flujo d• lones rlpldos en lu paredes d• la 
dmara del OGM en los reclmenes lneiubilludos (Uc ... 0) 
J aubiliudo (Uc - 12 kV). Para c - 0 •• lnterrumpe la 

lnyecclon d• lones ripldos 

lizado a continuaci6n en la Uni6n Sovietica y las 
cxpcriencias en OGRA, han indicado que el campo 
clectrico radial de la carga de) plasma tiene, segun 
la fonna de variaci6n a lo largo dcl radio, bien un 
cf ecto inestabilizante sobre un plasma previamente 
cstable o un cf ecto estabilizante sobre un plasma no 
estabilizado. 

En otras palabras, un campo clectrico radial que 
aumente mas nipidamente que la primera potencia 
del radio tiene un efecto estabilizador, mientras que 
si el campo aumenta mas lentamente o decrece, 
produce sobre el plasma un efecto inestabilizante. 
Los experimentos se ban realizado hasta el momento 
sobre un plasma de baja densidad. hasta 108 iones/cm3, 

pero el hecho atrayente de este mecanismo estabili
zador es que, segun la teoria, su efectividad es inde
pendiente de la densidad del plasma. 

Hemos conseguido eliminar la inestabilidad variando 
la distribucion radial de la carga del plasma. En la 
figura I se pucde apreciar la efectividad del metodo. 

Aqui podemos observar la variaci6n de la serial 
de la sonda al sumergirla a distintas profundidades 

~n el p_l~sma. A la izquierda se encuentra el plasma 
1neslab1hzado y a la derecha, el estabilizado. Se puedc 
ver quc ya a una profundidad de solo 16 cm de la 
superficic. el plasma cs completamente estable aunque 
su di!mctro es aprox.imadamente l m. 

En la figura 2 podemos observar ta dependencia 
dcl cfccto eslabilizador sobre el flujo de atomoi 
ncutros que cscapan del plasma. El diagrama supe
rior mucstra un oscilograma det flujo de atomos 
ncu1ros sin campo estabitizador: en el inferior se 
pucde ver una linea recta horizontal completamente 
uniforme. y despucs del corte un descenso lento; en el 
regimen estabilizado. Han de efectuarse todavia expe• 
rimentos para avcriguar en que medida este meca
nismo garantizara la estabilidad en los sistemas que 
rcquieren los rcactores de f usi6n practicos. En esos 
sistemas, la vida dcl plasma ha de ser del orden de 
un segundi:,, pcro en nucstros ex.perimcntos, en que tal 
duracion es 0,01 s, no hemos podido detectar ninguna 
scnal de incstabilidad en el regimen estabilizado. 

Otro metodo importante para evitar la inestabilidad 
en cstrias sc encuentra en discusi6n desde la Segunda 

Figura 3. Fotografias de una columna de ~lasma sin el earn~~ 
estabilizador de alta frecuencia (parte Inferior). El oscilogra 
muestra la corriente de desurga (l>aja frecuencia} y la corne~te 
en las barns de estabilizacion (alta frecuencia). Una de as 
barras de estabilizaci6n arroja una sombra longitudinal en 

codas las fotografias 
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Conferencia de Ginebra, y sobre el, llamaron nuestra 
atencion por primera vez, Post y Rosenbluth, en los 
Estados Unidos. Nosotros lo consideramos altamente 
interesante, y esta basado en el hecho de que en las 
maquinas de espejos se elimina esta inestabilidad si 
se mantiene la conductividad a lo largo del campo 
magnetico, desde el espejo a los extremos de la camara. 
El grupo de Zavoisky del Instituto Kurchatov de · 
Energia Atomica, ha emprendido el analisis de este 
mecanismo. La teoria desarrollada por Rudakov, 
indica que hay buenas perspectivas de llegar a sistemas 
de importancia practica, concretamente la condici6n 
de conductividad hasta los hordes de la camara es 
totalmente suficiente si exteriormente a los espejos 
hay un plasma frio con densidad 1 000 veces menor 
que la del plasma confinado caliente. Un plasma frio 
de este tipo se forma inevitablernente, debido al gas 
residual que rodea el plasma caliente. Se ha demos
trado experimentalmente que el plasma caliente es 
tstable si el frio que le rodea tiene una densidad 
40-80 veces menor. Esperamos que pueda mantenerse 
la estabilidad que predice la teoria, reduciendo aun 
mas la densidad del plasma frio. Este punto sera com
probado en experiencias con vacio mas elevado. 

S. M. Osovets y su grupo, tambien en el Instituto 
Klll'Chatov de Energia At6mica, han obtenido resul
tados interesantes sobre la supresi6n de Ia inestabi
lidad del plasma. Utilizan para estabilizar el plasma, 
11D campo electromagnetico de alta frecuencia, cuya 
presi6n sobre el plasma aumenta radialmente. 

La figura 3 muestra la efectividad de funcionamiento 
deI sistema. En la parte superior se observan columnas 
curvadas de plasma no estable, mientras que en Ia 
inferior se observa una columna uniforme de plasma 
cstabilizado por el campo de alta frecuencia. Es aun 
prem.aturo afinnar si el sistema sera utilizable para 
producci6n de energia en reactores industriales pero 
al mcnos es satisfactoria la excelente concordancia 
cntre la teoria y la experimentaci6n. 

En los ultimos aiios, nuestra actitud · respecto al 
problema de la inestabilidad ha sufrido un cambio 
significativo. Hasta hace poco, los experimentadores 
se encontraban tan impresionados por las inestabili
dades previstas por los teoricos, que evitaban produ
cirlas, y todos sus esfuerzos se dirigian hacia su eli
minaci 6n. El grupo de Zavoisky y el Laboratorio del 
lnstituto Novosibirsk de Fisica Nuclear han adop
tado una postura diametralmente opuesta. Su idea 
cs· producir deliberadamente inestabilidades intensas 
para calentar plasmas densos. Es innecesario decir 
que no todas las formas de inestabilidad son ade
cuadas para este proposito, pues solamente son utili
zables aquellas que no dan lugar a grandes fugas 
de plasma de Ia trampa. El tamano de la zona inesta
bilizada debe ser pequeiio respecto a las dimensiones 
de la trampa de plasma, y el tiempo requerido para 
termalizar las oscilaciones inestables debe ser lo sufi-

cientemente corto para que el plasma no entre en 
interacci6n intensa con las paredes. Parece ser que 
existen tipos de inestabilidad que cumpien con estas 
condiciones, por ejemplo, las inestabilidades en« doble 
flujo >►• El calentamiento turbulento originado se debe 
al hecho de que se excitan flujos intensos de particulas 
en el plasma, y sus ondas distribuidas ca6ticamente 
interaccionan entre si en forma no lineal y estas ondas, 
que determinan la distribuci6n de velocidades de par
ticulas en el haz, dan lugar al calentamiento del 
plasma en conjunto. Como se indic6 en el docu
mento P/297, se ha probado experimentalmente la 
efectividad de calentamiento del plasma por este 
metodo. Las cifras citadas muestran que el plasma 
se calienta a cientos de millones de grados, y que los 
iones tienen wta temperatura muy elevada: en Ios 
experirnentos de Zavoisky, el plasma tiene una vida 
de 0,02 s, valor que no representa un limite de posi
bilidades. La perspectiva de desarrollos ulteriores 
sobre el calentamiento turbulento son realmente 
buenas. 

En conclusion, desearia decir que muchas formas 
de inestabilidad de plasma previstas por la teoria, 
que hasta hace poco eran una nube negra en el hori
zonte de la investigaci6n termonuclear, van siendo 
paulatinamente controladas. Se est.in investigando 
metodos efectivos para la supresi6n de las grandes 
inestabilidades que dificultan el confinamiento del 
plasma: las inestabilidades en pequefia escala van 
sirviendo ya como medio util de calentamiento del 
plasma. 

C. N. WATSON-MUNRO {Australia): Como se ha 
indicado en el documento P/881, nuestro principal 
esfuerzo en este campo, en Australia, se dirige hacia 
Ia investigaci6n basica de las medidas de las pro
piedades del plasma y metodos de diagn6stico. 
Ademas, hemos emprendido un pequefio programa 
basado en el calentamiento ion-ciclotr6n. Esperamos 
poder alcanzar, en los plasmas, temperaturas de 
unos pocos cientos de eV a densidades bajas, de 
wtos 1012 a I013 iones/cm3. Nuestra maquina esta 
preparada para un ciclo de compresi6n magnetica, 
por lo que podriamos utilizar las barras de Joffe, que 
han sido tan utiles en otras experiencias del mismo 
tipo. 

Documento P/279 

DISCUSl6N 

A. SIMON (Estados Unidos de America): Usted ha 
mencionado que en el aparato PR-5, la disminucion 
de la densidad del plasma, en Ia region de mayor 
densidad no es exponencial. iExiste alguna explica• 
ci6n de este hecho? 

L. A. ARTSIMOVICH (URSS): La naturaleza de la 
extinci6n del plasma a estas densidades elevadas ha 
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sido complctamcnte aclarada gracias a expcrimentos 
rcciC'ntcs. Se ha pucsto de manifitsto. quc en el 
nucvo metodo utilizado pot loffe. tienc lugar un 
aumento bru.sco de la prcsion dcl gas en las ctapas 
iniciales del proccso. Por tanto. la disminuci6n de la 
densidad es debida al proccso normal de intercambio 
de carp. Es10 no tiene nada que ver con el problema 
de la estabilidad. 

R. S. PuSE (Reino Unido): iPodria Vd. explicar 
c6mo sc Uena la trampa PR-S con plasma de aha 
densidad? 

L A. ARTSIMO\'ICH (URSS): El nuevo metodo de 
acumulacion de plasma en el PR-5 hacc uso de la 
in"tabilidad electrostatica de una constricci6n de 
pla,ma frio. &te. que s.c propaga por sl mismo a 
lo largo del ejc del sistcma magnerico, sc vuclve 
inestablc. por lo quc sc generan campos electricos 
que acderan los ioncs. Este milodo nos pcrmitc 
acumular un plasma mb denso quc en ocasiones 
prcccckntes. Las dcnsidadcs obtcnidas, son dcl ordcn 
de 1()11 iones/cma: dudo que se pucdan alcanzar 
dcnsidades mayorcs. y por esca razon se cstan estu
diando otras tccnicas para aumentar la densidad 
1()11 ioncs/~. 

R. S. PusE (Reino Unido): iTiene Vd. prucbas 
dircctas de la tcmpcratura electronica en el dispo
sitivo TOKOMAC? 

L A. ARUIMOVICH (URSS): la tempcratura elcc
tr6nica en el dispositivo TOKOMAC alcanza por 
ahora. unos dos milloncs de grados. Un indice de 
csta tempcratura es la conductividad dcl plasma, 
aunque da valores mis bien dcmasiado bajos para 
la tcmpcratura electronica. En scgundo lugar se 
pucdc medir el llamado cfccto diamagnetico, a partir 
dct cuat sc puedc detcrminar la prcsi6n media dcl 
plasma. Los datos espcctroscopicos estan en bucna 
concordancia con los resultados obtenidos por ambos 
mctodos. 

Sr. JORDAN (Republica Federal de Alemania): El 
rnctodo de catcntamiento turbutcnto dcscrito por 
cl Sr. Artsimovich presenta cierta semejanza con la 
tccnica de prec.a1entamicnto inductivo utilizada comtin
mcnte en Jos experimentos de cqnstriccion theta. 
iScria posiblc quc Vd. me diera deta\les adicionalcs 
sobre este nuevo mctodo? 

L. A. ARTSIMOVICH (URSS): Existe una diferencia 
basica entre calentamiento turbulento y la tecnica 
usada en la constricd6n theta, y consiste en que la 
vclocidad de crecimiento dcl campo magnetico es 
mucho mayor en el calentamiento turbulento. En las 
experiencias de Zavoisky, en el Instituto de Energia 
At6mica, y las de Nesterikhin en el Instituto Novo
sibirsk de Fisica Nuclear, se ban utilizado disposi
tivos espcciales que permiten un aumento del campo 
magnetico de 10 kG en menos de 0,1 µs. El hecho 

escncial es que la frecuencia del imputso electro
magnetico debc ser maxima. Como resultado, una 
onda rapida atraviesa cl centro dando lugar a una 
caida brusca del campo magnetico, con la que esta 
asociada la formaci6n de un flujo azimutal de clcc
trones rapidos. Este flujo es inestable, y la energia 
cs prontamente dispersada y convertida en calor. Con 
ello. Vd. puede apreciar que el metodo descrito es 
cicrtamcntc distinto, puesto que se basa en un ftujo 
azimutal de electrones en un plasma sin colisiones, 
de baja dcnsidad. 

Documento P/195 (presentado por H. Roderick) 

DISCUSl6N 

I. N. GOLOVIN (URSS): Al final de la parte II 
de csta mcmoria llemos: « Se han logrado simulta
ncamcntc el qucmado y cl calentamiento i6nico, 
mcdiante la interacci6n de un haz elcctronico con 
cl plasma >>. iPodria Vd. darme detalles adicionales 
sobrc cl significado de esta frase? 

H. RODERICK (Estados Unidos de America): Sola• 
mcntc puedo contestar que el trabajo sabre interac
cion de un haz clectr6nico con un plasma esta desa
rrollandose muy satisfactoriamente, aunque muchos 
problemas misteriosos permanecen sin respuest~· 
I. Alcxeff y R. V. Neidigh han escrito una memona 
sobre las mcdidas realizadas hasta el momento, Y ~e 
complace ofreccr una copia al Sr. Golovin. El trab~JO 
describe una serie detallada de medidas, pero su sig
nificado en lo referentc al quemado, no esta comple
tamentc claro. 

E. PISKAREV (OIEA): iSe han obtenido resultados 
experimentales sobre la acumulaci6n de electrones 
en« Astron »? Si es asi, a) iSe form6 una c~pa ~~ 
b) icual fuc su duraci6n'? y c) ise alter6 la d1reccio 
del cam po magnetico? 

H. RODERICK (Estados Unidos de America): (( As
tron » ha estado operando aproximadamente ~nas 
12 horas durante el mes de agosto. En las medtdas 
preliminarcs sobre la inyecci6n de electroncs, se ha 
visto que la vida de estos, es mas bien corta. Parece 
ser que los electrones permanecen confinados 50 ~s 
mientras que la vida prevista era de Ss. La razon 
de este confinamiento tan corto parece deberse a que 
los electrones producen ruido de microondas, que 
actua como un klystron, interaccionando con •~s 

1 I d• · · -.:.-1 rend1-electrones y expulsando os de 1spos1tivo. ,:;, 
1 miento de captura es del 10% del haz inicial. En e 

momento actuai la corriente de circulaci6n durante 
el impulso de electrones es de unos I 000 A. Se espera, 
desde Juego que aumentara la vida a lo largo de la 

' , d ra amor• experiencia, cuando encontrcmos meto os pa 
tiguar las microondas producidas por Ios electr~n_es. 

L. A. ARTSIMOVICH (URSS): En el disp?s1~1~
0 

DCX-2 la extinci6n del plasma tiene Iugar al prmcipto 



nPOTOKOn 3ACE,D.AHl-1A E ACTA DE LA SESl6N E 75 

C?" mucha rapidez y sigue despues una ley exponen
cial. ;_A que concentraci6n se verifica el cambio de 
cxtinci6n nipida a lenta? 

H: RODERICK (Estados Unidos de America): Las 
med1das del tiempo de extinci6n en el DCX-2 plan
tean algunos interrogantes. La extinci6n rapida ticne 
Jugar desde 2 x 1010 iones/cm3 hasta la mitad de este 
'\'3.lor, a partir del cual comienza la extinci6n de 
perlodo lento. Sin embargo, creo que se necesitan mas 
cxperimentos para discernir si efcctivamente hay dos 
periodos de extinci6n, o solamente uno con un punto 
de curvatura. 

Documento P/882 · 

DISCUS16N 

A. N. SEVCHENKO (RSS de Bielorrusia): En su 
investigaci6n sobrc el espcctro del plasma (parrafo 15 
de la memoria) testudi6 Yd. la isotropia de la radia
cion o c6mo depende de la temperatura? 

~ SCHLUTER (Reptiblica Federal de Alemania): 
No hay relaci6n directa entre Ia anisotropia del 
plasma y su tcmperatura, pero si indirecta en la 
fonna siguiente: en un futuro reactor de fusion, 
babnin de tolerarse perdidas de particulas por coli
siones elasticas en una medida superior a la penni
SlDle en las maquinas de espejos, por cjemplo, y 
es:tas perdidas adicionales, que implicaran una gran 
dcsviaci6n de la isotropia, seran compensadas, al 
menos en parte, por una elcvaci6n de temperatura. 

Documento P /881 

Esta rnemoria no se discuti6 por separado. 

DISCUSl6N GENER.AL 

A. M. WEINBERG (Estados Unidos de America): 
Ea casi toda la discusi6n se ha supuesto que las 
condiciones necesarias para la fusion termonuclcar 
10D: temperatura de unos IO keV, densidad de 
101'-IOU iones/cm3, y un valor de f3 (raz6n de Ia 
presion del plasma a la presion magnetica) de 0,1. 
,Ha considerado alguno de Vds. la posibilidad suge
rida por el Dr. Post en la Conferencia de Salzburgo* 
de que puede ser factible producir mas energia de la 
COQSulJlida en sistemas, con fl mucho menor (por 
tjemplo, fl=0,01), utilizando bobinas superconduc
&oras e inyecci6n altamente efectiva? 

L A.. ARTSIMOVICH (URSS): En mi opinion, se 
resolver-a con el tiempo el problema de la contrucci6n 
de un sistema de balance positivo de energia para 
nlores de fJ del orden de unas decimas. Con todo, 

• Ni.eiear Fusion, OIEA, Suplemento, Parte 1, pp. 99-123, 
Viena (1962). 

no creo que estemos preparados para discutir en 
detalle los aspectos tecnicos de un reactor tenno
nuclear. Queda aun un largo camino ante nosotros 
antes de que podamos obtener los parametros que, 
en principio, son esenciales para un balance de 
energia positivo. La primera tarea es aumentar la 
densidad de nuestros plasmas y asegurar la estabilidad 
en ~stas condiciones. Hasta el momento hemos con
seguido estabilidad a densidades del orden de 
1011 iones/cm3 por el metodo de estabilizaci6n de 
campos hibridos, tambien llamado el principio de 
{3 minimo. Es dificil decir cual seni el rendimiento 
de otros metodos, pero parece seguro en todo caso 
que realizaremos progrcsos en este metodo. Si se 
consigucn alcanzar valores de /J de unas decimas, 
(y csto ciertamente no esta fuera de nuestro alcance 
con este metodo), pueden usarse conductores refri
gerados o incluso superconductores con objeto de 
resolver el problema. 

A. M. WEINBERG (Estados Unidos de America): 
Yo meramente deseo decir al profesor Artsimovich, 
opinando instintivamente, que la tarea de quemar 
rocas es mas facil que quemar los oceanos, por lo 
que pucde ser util elegir en primer lugar el tema mas 
simple y elemental. Crea que si podemos obtener 
una ganancia de energia para /J=0,01 (y no estamos 
muy lejos de ello) seria 16gico cxplotar este avance, 
cuanto antes mejor. 

H. RODERICK (Estados Unidos de America): Con 
relaci6n a los cxperimentos efectuados con el OGRA-1 
observo que el plasma ha sido estabilizado a una 
densidad de 109 iones/cm3 por medio de potenciales 
clectrostaticos en las paredes latcralcs del dispositivo. 
iPodrian Vds. darmc detalles sobre el efecto de 
estabilizaci6n? 

I. N. GOLOVIN (URSS): Remos tratado de obtencr 
la estabilizacion con campos clectricos, pero solo 
para dcnsidades de 108 iones/cm3

; no hemos sido 
capaces de efectuar estas experiencias con plasmas 
mas densos. Para efectuar esto debemos perfeccionar 
nuestro dispositivo de evacuaci6n, y aumentar la 
inyecci6n de corriente. Proyeciamos rcalizar estas 
expcriencias este ario. 

S. D. WINTER (Francia): iPodria el profesor Golovin 
darnos algunos detalles sobre el metodo de estabiliza
cion por campos de alta frecuencia? En particular 
desearia conocer a) la densidad del plasma estabili- · 
zado, b) las caracteristicas del cam po de alta fre
cuencia, c) las dificultades surgidas por el acopla
miento del generador de alta frecuencia al plasma 
(deriva de la frecuencia de resonancia). 

I. N. GoLOVIN (URSS): No me es familiar la tec
nica utilizada en el acoplamiento del generador al 
plasma: esto es un tema un tanto especializado. 
El principio del nietodo consiste en la utilizaci6n 



76 RECORD OF SESSION E COMPTE RENDU DE LA S~ANCE E 

de conductorcs lincalcs, similares a los utiliz.ados por 
Joffe, en la partc cxtema del volumen ocupado por 
cl plasma. La corricntc de alta frccucncia atraviesa 
cstos conductorcs, con lo que cjcrcc en promcdio, 
una prcsion radial cm:icntc sobrc cl plasma. La f rc• 
cuencia clcgida cs tal quc cl pcriodo del campo de 
alta frccucncia cs sustancialmcntc mcnor quc cl 
ticmpo de vuclo de tos ioncs. dcsdc ct timite dcl 
plasma, a las paredcs. En e1 momcnto en quc cl umpo 
pasa por cero. las rcgioncs no ticncn ticmpo aprcdablc 
para dcrivar, con lo quc cl plasma contcnido por d 
campo de alta frccuencia cs, de hccho, cstable. 

T. Cossou (Francia): Dcsearia mcncionar cicrtos 
rcsultados cxpcrimcntalcs obtenidos en Francia con 
un dispositivo llamado PLEIADE, dcl cual pucde 
verse un modclo en la Exposici6n At6mica. PLEYADE 
cs un dispositivo de rcsonancia en cl quc sc supcrponc 
un campo estaeionario de aha frecucncia a un campo 
magnctico cslttico dcaccicntc. Colocado en los cxtrc• 
mos de \ln cam po magnetico en r orma de botclla. 
pucde actuar como acclerador o como reftector de 
haz de plasma. La encrgia de los clcctrones es escn• 
cialmente transversal y 1a de los iones aJtial. Utilizando 
estc dispositivo como acctcrador continuo de partku• 
las. hemos obtenido flujos de IOU-1011 partkulas/cm1 s, 
en cl cual Jos iones tienen una energia paralcla maxima 
de 30 keV y los clectroncs, 50 kcV. En su cmplco 
como cspcjo, hemos observado solamente unas 100 re• 
flcxioncs. n6mero mas bien bajo dcbido a las pcrdidas 
por intcrcambio de carga. debidas al vacio pobre. 

J. B. ADAMS (Reino Unido): Ocscaria hacer una 
prcgunla a Jos que han estudiado el confinamiento 
de plasma en pozos magneticos. iPodcmos estar scgu~ 
ros de quc c1 tiempo de confinamiento, notablemente 
mayor, obscrvado en estos experimcntos es debido 
en su totalidad a ta estabilidad magnetohidrodinamica 
intrinseca de un pozo magn~tico y no a otro efecto 
de estabifizaci6n, como el de anudamiento de Uneas? 
En todos tos expcrimentos. una gran parte del ptasma 
fonnado inidalmente es posteriormente dirigido hacia 
las. paredcs del recipiente, y por tanto forma un 
medio conductor que conecta el plasma confinado 
por medio de conductorcs extemos. Sabemos que 
cstas lincas conductoras desde el plasma confmado 
a las paredes de metal eliminan las inestabilidades 
de intercambio en un espejo magnetico simple. i,Pucde 
ocurrir to mismo en experimentos de pozo magnetico, 
como el de Joffe y los efectuados en el DECA II? 

M. T11.0CHERJS (Francia): Estoy complctamente de 
acuerdo con el Dr. Adams. en que cl plasma frio 
plantea problemas serios. En el caso particular del 
DECA II esperamos sin embargo, que no sean de 
gran importancia. Una columna larga separa el caii6n 
de plasma de la camara experimental y el plasma frio 
no llega a esta hasta que el experimento esta casi 
concluido. Por otra parte. una cierta cantidad de 

plasma frio pucdc cstar presente como consecuencia 
del enfriamicnto dcl plasma ca\iente en las paredes. 
En futuros expcrimentos sen\ ciertamente muy irnpor
tante intcntar en lo posible la eliminadon del plasma 
frio. Sc cstan cstudiando ya un cierto numero de dis
positivos para estc fin en Fontenay-aux-Roses, e indu• 
dablcmcntc tambicn en otros laboratorios. 

Crco, sin embargo, que un incremento de )a vida en 
funci6n de) campo cuadripolar cs ind ice seguro de esta· 
bilida.d. Si no existicra csta variaci6n, no podria probar
se nada. El casoes distinto cuando existe esta variacion; 
no sc puede imaginar c6mo el campo cuadripolar 
podria influcnciar en la estabilizacion por plasma frio. 

L A. ARn1MOVICH (URSS): Querria decir unas 
pa1abras sobrc la pregunta del Or. Adams. Estamos 
seguros de quc el plasma frio no dara lugar a este 
efccto en cl aparato PR-5. Se han efectuado experi
mcntos que indican que este efecto esta asociado 
dircc:tamcnte con el campo estabilizador, en los casos 
en que hay un vacio extremadamente alto. El plasma 
frio se mantiene s6lo un tiempo muy corto junto al 
ejc de simctria, y luego desaparece. 

H. RODERICK (Estados Unidos de America}: Me 
siento inclinado a estar de acuerdo con el profesor 
Artsimovich. En el experimento ALICE se emplea 
un vacio inicial muy elevado (unos 2 x 109 torr) en el 
que se inyectan y capturan particulas neutras. Dudo 
de que se pueda tolerar la presencia de mucho p\as~a 
f rio en un experimento de este tipo y la drasuca 
variaci6n que tiene lugar cuando se introduce el 
sistema de las 12 barras de loffe tenderia a confirmar 
cl hecho de que csto realmente es una esta~iliza~ic:in 
de {J minimo. No obstante, un grupo de la Umv_erstdad 
de Nueva York ha realizado un calculo te6nco que 
tiende a demostrar que un plasma puede estabili~rse 
por otro frio inyectado muy cuidadosamente ex.tenor· 
mente al plasma caliente; sin embargo, sus calcu\os 
sugieren que esta tecnica puede vincularse con el 

· mctodo de /3 minimo. 

Sir WILLIAM Pl:NNEY (Presidente): Como presiden~e 
de la sesi6n he de hacer ahora un resumen de nus 

' . ~-b 
impresiones, pero estoy seguro que Vds- comet If • 

conmigo en la dificultad de esta empresa. Lo qu~ ·st 

es obvio es que hemos logrado una colabo_racion 
intemacional esplendida. Refiriendome a la nnp~.r
tancia del esfuerzo en funci6n del coste, ta invcrsio~ 
mundiat total sobre investigaci6n de fusion cs cqm
vatente hoy dia a unos 100 miltones de dblares 
(aproximadamente la misma cantidad en rubtos}. 

Desde la Conferencia de 1958 hemos realizado un 
gran progreso quc ha consistido en gran parte en 

· 'fi · as duros apreciar que los probtemas c1ent1 cos cran m 
de lo que imaginabamos. La teoria ha realizado una 
contribuci6n muy efectiva, aunque algunas de las 
inestabilidades previstas por los teoricos pueden scr 
de poca importancia. Me interes6 mucho la linea 



nPOTOKOn 3ACE,ll,AHHR E ACT A DE LA SESl6N E n 

sovietica: la creacion de ciertas inestabilidades para 
calentar el plasma. No hay nada como buscar una 
cosa para que desaparezca. Los diferentes problemas 
tecnicos sobre los que se han f onnulado preguntas, 
indican que existen unas incertidumbres sobre la 
interpretaci6n exacta de algunas medidas y obser
vaciones, pero indudablemente ban supuesto mejoras 
importantes en las tecnicas de diagn6stico. Los cien
tificos estan ahora mas seguros de lo que miden que 
hace cinco aiios, y algunas tecnicas modernas produ
cen menos interferencias en el plasma que otras anti
guas. Creo, por ejemplo, que el metodo interfero
metrico de laser tiene un gran merito y que pueden 
existir de hecho, otras aplicaciones de los lasers. 

El camino hacia donde nos dirigimos es aun 
incierto. El programa es, por ahora, tan diverso 
Y aun asi tan especializado, que constituye una rama 
de Ia fisica que encontrara dificultades de comunica• 
cion con otras ramas. Con el tiempo, estos problemas 
se simplificaran de nuevo y se eliminaran los puntos 
de poca importancia, pero actualmente la sola can• 
tidad de materias (y todos estos nombres ex6ticos 
que cada persona inventa para designar su propio 
aparato) requiere un gran esfuerzo de memoria. Pero 
insisto; espero que todo se simplificara.. 

Despues de escuchar esta sesion, creo que he de 
decir que este campo de ciencia no solo es importante 
e interesante por si mismo, sino que puede conducir 
con el tiempo al objetivo practico que se ha men
cionado frecuentemente. Evidentemente, debe pasar 
cierto tiempo -algunos aiios- antes de que podamos 
determinar, con seguridad, sus posibilidades. Todo lo 
que podemos decir ahora es que los cientificos deben 
proseguir su trabajo y recurrir a la ayuda necesaria 
de su gobiemo, ante la importancia del fin propuesto. 
Los paises mas desarrollados deberan soportar la 
carga principal, puesto que el trabajo es largo y 
costoso, tanto en cientificos como en inversiones. 
Los paises menos desarrollados tienen metas mas 
inmediatas para sus cientificos e inversiones . 

. Creo que se pueden sacar conclusiones mas amplias 
y claras de Io que ya se ha dicho pero me parece 
que todo comentario sobre los avances tecnicos es 
prematuro. Necesitamos tiempo para estudiar los dis
tintos trabajos y discutirlos en grupos pequenos en 
Ios laboratorios. En conclusi6n, hemos alcanz.ado 
una etapa muy estimulante que nos conducira a 
nuevas e importantes ideas y resultados y estoy seguro 
de que podemos mirar adelante hacia una colabora• 
ci6n continua, estrecha y fructifera. 
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P/45 France 

, 
Etudes preliminaires sur les convertisseurs magnetohydro-
dynamiques fonctionnant hors d'equilibre thermodynamique 

par P. Ricateau • 

Le terme de conversion magnetohydrodynamique 
recouvre les procedes visant a extraire de l'energie 
c~ectrique d'un fluide en mouvement par interaction 
directe entre un champ magnetique et les porteurs 
de charge contenus dans ce fluide. Ce principe tout 
a fait general s'applique aussi bieri a un liquide qu'a 
un gaz ionise dense ou rarefie bien que Ies phenomenes 
clementaires a l'echelle moleculaire soient dans chaque 
cas nettement diff erents. 

Eo dehors de l'interet scientifique du phenomene ii 
est evident que la conversion MHD est un moyen 
de transformer la chaleur des sources thermiques 
nucleaires ou non nucleaires en electricite. II a ete 
inscrit, en meme temps que d'autres procedes nou
veaUXy dans Jes programmes de recherche du Commis
sariat a l'energie atomique et de l'Electricite de France. 

• Commissariat a l'energie atomique. 

a 

Chombre de 
combustion 

"' 

{

c;;v•rtlueurMHD {P2=Po 
. T1 ~T~2 __ 

Atmosph•re 

La mise en cruvre du procede peut se faire de 
deux manieres: 

La conversion magnetohydrodynamique en cycle 
ouvert (fig. Ia) cherche a utiliser directement les gaz 
issus de la combustion des combustibles courants: 
fuel OU Charbon. La conversion en cycle ferme (fig. lb) 
opere par echange thermique avec deux sources, la 
source chaude pouvant etre ou non nu.cleaire. Bien 
que l'objet essentiel de cette communication soit ce 
dernier type de conversion, la conversion en cycle 
ouvert presente avec elle suffisamment de phenomenes 
d'interet commun pour qu'on dise brievement les 
directions suivies par le CEA et l'EDF en cette 
matiere. 

Le CEA s'est associe pour cette etude avec l'Institut 
fran~ais du petrole. II a etudie avec Jui sur un bane 
d'essai a kerosene d'une puissance thermique de 
l'ordre de 200 kW les proprietes electriques des gaz de 

b 

figure 1. a) Cycle ouvert MHD ideal. Schema _de_ principe; 
b) Cycle ferme MHD ideal. Schema de prmc1pe 
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combustion con\·cnablemcnt cnsemcnces en potassium. 
Dcvant lcs difficultes rcncontrces pour obtcnir un 

pz de conductivitc suffisantc on en est vcnu a explorer 
Jes possibilites des ccoulcmcnts non uniformcs. 

Un procedc consistant a utiliscr unc veinc ftuide 
constitute d'unc succession de zones chaudcs 
(T, 11:13 000°K) ct moins chaudcs (Tt:::,2 000°K) per• 
mtt d"obtcnir une conductivitc apparcntc tres supc• 
riture a la conducti-1.-ite du gn uniformc equivalent. 
En cft'ct la croissancc trcs rapide de la conductivitc a 
en fone1ion de ta temperature cntrainc: 

t~~T• !..-:~l~ > " ( !'t + Tt) 
. 2 2 

Dc-s euais visant a mcure au point des proccdes de 
modulation ct a ctudier la stabilitc de la vcinc ainsi 
obtcnue. sc poursuivcnt sur des koulcmcnts de cenc 
nature. Un dcuxieme bane d'une puissancc thenniquc 
de S MW pcrmcttra, le cas cchcant, de dcvcloppcr 
en euais dans des conditions plus satisfaisantes. 

Toutcs ccs experiences pcrmeuent en outrc d'ctu• 
dicr la tcnue des materiaux isolants ct conducteurs 
(electrodes) a la temperature de fonctionnement (jus
qu•a 2 700 °C). 

t•EoF a proccde a ses premiers cssais sur un bane 
a kerosene d'une puissance thermique de l MW. 
Elle a spkialcmcnt etudic la tenuc des materiaux. 
les methodcs d•introduction et de recuperation de la 
scmcncc alcaline. Elle proccde maintenant a la mise 
en route d·une installation plus importante de 10 MW 
de pwssance thcrmique mieull adaptee pour l'etude 
des structures. Les parois isolantes, constituccs par 
des materiaux ceramiqucs (silico-atumineux) projetes 
en couchc mince sur des plaques d'acier refroidies a 
• ♦air atteignent en surface 1 300°C. Les pcrtes thermi
qun qw en resultent seront evidemment importantes, 
mais on pcut montrer que pour de tres grosses instal
lations (puissances thermiques > 100 MW) cette tech
nique de parois refroidies n'entraine pas de pertes 
trop importantes par rapport a la puissance de la 
vcine (rapport surface de paroi/volume petit). 

Ce bane d'essai permettra egalement d'ellperi
mentcr la technique des echangeurs a hautc ternpe• 
rature. 

Le convertisseur a cycle ferme utilise des gaz rares, 
argon OU helium, ensemences d'un element alcalin, 
potassium OU cesium a tres faible concentration. 
C.es gaz atteignent plus facilement un haul degre 
d'i.onisation a tres basse pi-ession, mais des conside
rations d'echange thermique font retenir des pressions 
voisines de la pression atmospherique. Le principe du 
convertisseur a cycle fcrme est illustre par la figure t b. 

Les perspectives de ces generateurs a gaz rares 
seront largement fonction des temperatures du gaz 
a l'entree de la tuyere de conversion et de la conduc
tivite du gaz. On peut resumer la situation de la 
fac;on suivante: 

P. RICATEAU 

a) la temperature d'entree est necessairement limi
tcc par 1es possibililes technologiques de la source 
chaude. 

b) la densitc de puissance est proportionnelle a la 
conductivitc du gaz. 

It s'agit done d'obtenir d'abord une conductivitc 
aussi elcvce que possible dans un domaine de tempe• 
rature concevablc pour la source par exemple I 500 
a 2 300°K. Ccci semblc pouvoir etre obtenu dans un 
gaz ensemence en alcalin grace au phenomene de 
chaufl'age clectronique sous l 'effet du champ elec
trique proprc du convertisseur (effet Kerrebrock). 
C'est cssenticllement cette question qui a etc etudiee 
par lcs dcux laboratoires. 

IONISATION 
PAR ECHAUFFEMENT ~LECTRONIQUE 

a) L 'ionisation nature lie d •un gaz ensemence non 
soumis a un champ electrique est Hee a la micro
reversibilite des mecanismes d'ionisation et de recom• 
binaison des atomes de semence. Elle est deterrninee 
par la pression partielle de semence et par la tempt· 
rature du gaz. On a f ait observer que dans le domaine 
propre a la conversion MHO le mecanisme dominant 
etait l'equilibre d•ionisation par collision electronique. 

A +c ~A•+ c + e (I) 

Etant donne le rapport des vitesses entre electrons 
ct atomes (ou ions) de meme temperature, les para• 
metres d'impact ne dependent pratiquement que de 
l'cnergie electronique. On peut done presumer que 
l'equilibre peut etre calcule a l'aide de la tempera• 
ture electronique meme si cetle-ci s'ecarte de la tern· 
pcraturc du reste du gaz. 

b) Dans les gaz moleculaires des valeurs elevees 
de £/p (rapport du champ electrique a la pression) 
sont necessaires pour echauffer les electrons A un_e 
temperature superieure car les electrons cedent fac1~ 

lemcnt de l'energic aux niveaux d'excitation molecu· 
laires relativement bas. Dans Jes gaz mono-atorniques 
au contraire on catcute que meme a pression atm~
spherique les electrons peuvent acquerir une cnergie 
supplementaire comparable a l'energie thermique du 
gaz neutre sous l'action de champs electriques peu 
eleves, de l'ordre de quelques centaines de volts par 
metre. 

On se trouve sensiblement dans cette situation dans 
le convertisseur MHD a gaz rare oil la theorie simple 
donne la fonnule suivante: 

T~-Tf!. = ~ {l-K)2µ2B2M2 (2) 
T/f 9 

avec les significations suivantes: 
T ,, T ~: temperature du gaz, des electrons; 
K: facteur de charge (rapport de la tension aux 

bornes a la fem interne - de l'ordre de 0,5 a 0,8); 
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µ: rnobilite electronique; 
B: induction magnetique; 
M: nombre de Mach. 

B n 'apparait ici que dans le produit µB. On montre 
que cette quantite est aussi le rapport de Ia pulsation 

cyclotron electronique w. = eB a la frequence v de 
m 

collision electron-neutre. L'equation (2) montre que, 
pour obtenir un ecart significatif de temperature entre 
T. et Tr le produit de ftB par le nombre de Mach 
doit etre notablement superieur a I. 

La theorie du chauffage electronique, esquissee ici, 
pent etre verifiee · par deux types d 'experiences: 

I) En l'absence de champ magnetique, en verifiant 
un a un chacun des facteurs qui pourraient intervenir 
dans le mecanisme du chauffage: distribution elec
tronique non maxwellienne, presence d'impuretes 
moleculaires, intervention de processus de recombi
naison differents de celui de ('equation (I). 

2) En presence de champ magnetique, car µB > I 
implique une modification importante de l'ecriture 
de Ia Ioi d'Ohm (effet Hall). En effet, dans ce cas, 
to.> a, et !'electron decrit un arc de cercle relative
ment grand entre deux collisions. En !'absence totale 
de collisions ('electron se deplacerait en moyenne 

.,..,.. 
dans une direction perpendiculaire a la fois a E et -i. B. En presence de collisions nombreuses (v )> w.) 

.,..,.. 
ii se deplace dans la direction de £; dans le cas inter
mediaire ou nous nous plar;ons, la direction qu'il 

--->-
prend fait un angle 0 avec le champ E et on montre 
que tg fJ=µB. II en resulte que la Joi d'Ohm doit 

. -s'ecrire alors: J= JI <1 JI £; le tenseur ~ <1 II ayant Ia - -fonne (systeme d'axes ou Oz !J B): 
al ·-a2 0 

II a 11 = a2 a1 o (3) 
0 0 <10 

OU la theorie elementaire donne Ii <11 et C12 les formes: 
I 

<11 = O'o t + µ2 s2 
(4) 

µB 
(4') 

Nous allons decrire brievement ici les etudes faites 
en France sur cette ionisation par echauffement 
clectronique et sur son application a la conversion 
magnetobydrodynamique. 

ETUDE DE l'ECHAUFFEMENT ELECTRONIQUE 
SOUS L'EFFET D'UN CHAMP ELECTRIQUE 

a) L'Electricite de France a mis en reuvre au 
Centre de Fontenay un chalumeau a plasma [1] 
alimente en courant industriel par un transfonnateur 

Figure 2. Schema de· principe de !'installation d'etude 
de la cond uctivite des gaz 

1 : Transformateur; 2: Inductance reglable; 3 : Plasmatron; 
4: Arrivee du gaz; 5: Chambre de vaporisation; 6: Reservoir 
de semence; 7: Piston; 8: Chambre de melange; 9: Cellule 

de mesure 
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Figure 3. Conductivite electrique d'argon ensemence 
au potassium en fonction du taux d'ensemencement · 
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figure 4. Variation de la conductivite apparente aa en fonction 
de !'induction magnetique 

triphase de 500 kV A (fig. 2). Alime~te en argon, 
ii debite environ 7 g par seconde a une temperature 
de quelques milliers de degres. On ensemence ce gaz 
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a la sonic de rapparcil par un melange sodium• 
poiassium a SS~~ de potassium inj«1c a rc1a1 de 
vapcur. Une c:hambrc a turbulence en a..-at de l'injec
tcur regularise a la fois la concentration de scmencc 
ct tcs fluctuations de temperature dues au fonction
ncmcnt triphase du plasmatron. 

Pour etudicr la conduc1ivi1e du gaz on a adaptc 
1 ccttc source de gaz chauds unc «Huie de mcsure: 
dcu., electrodes injc'Ctcnt dans le canal de mcsurc un 
courant ahcmatif parallelc a 1·«oulcment ct deux 
sondcs de potcnticl permcttcnt de determiner le champ 
clet1rique. Lorsqu'on desire apprecier l'importancc 
de l'cff'ct Hall s.ou.s t·dfct d'un champ magnctiquc 
une troisieme sonde pcut mcsurcr la composantc 
trans ... enatc du champ tlcctriquc. 

la temperature pcut ltrc mcsur~ optiqucment en 
sortie de ccUute par comparaison de l'in1cnsite d•une 
des raics du doublet du sodium a unc source de 
rcfermcc. 

la conductivit~ 0 0 doit presenter un maximum 
lorsqu·on fait croitrc le tawc. de semen~ par suite 
de dcux cffcts contrairts: augmentation de Ja dcnsite 
tlcctronique ct baissc de mobilite due a ta forte 
section efficace de collision entrc electron ct atome 
de potassium. On constatc expcrimcntalcment eel 
effel sur la figure 3 oil lcs points cxpcrimcntaux sont 
mcsurcs l unc temperature de 1 950± t00°K. 

us mcsures cff'cciuces en presence de champ 
magnctiqut ont ~rmis de montrer que la quantitc 

a1 + of . d' l.., 1 h.r. . . a. = 1 qui apr._~ a t ~one simple (cqua• 
(1 

lions 4 ct 4 ') serait cgaJc a 110, varie en fait avec l'in• 
tcnsite du champ magnctique (fig. 4). Ceci est con
forme a unc ctude theoriquc un peu plus claborct [2]. 

Enfin, on a chercht dans cettc ccllule a rnettre en 
evidence t"echauffement cl~troniquc prevu par la 
thcorie cnoncee dans le premier paragraphe. On a 
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flJure 6. Enceinte de mesure 

done rclevc le champ clectrique £ pour differentes 
valeurs du courant injecte J. La figure 5 donne les 
variations de o=J/E en fonction de J. On note une 
brusque augmentation a partir d'une certaine \'aleur 
du courant. 

b) L'expcrience de mesure de conductivite en~re
prise a Saclay [3] a specialement pour but d'etudier, 
en I 'absence de champ magnetique, les circonstancts 
physiques de l'echauffement electronique de l'argon 
enscmence au cesium. L'enceinte de mesure (fig. 6) 
est un tube d'alumine pure maintenu dans un man• 
chon de graphite chauffe par HF et soigneusement 
isole thermiquement. L •argon est ensemence par bar
bottage dans un bain de cesium thermostate. ~ .ta 
temperature donn~ par la pression partielle desiree. 
On maintient dans le tube de mesure un ecoutement 
laminairc de tres faib\e debit pour balayer Jes impu• 
rctes desorbees tout en permettant a l'equilibre ther
mique de s'etablir. Deux electrodes plates en tung-

fne stene amenent le courant, deux fils de tungs e 
mesurent le champ etectrique. 

· lsion Un pulseur applique aux electrodes une unpu , 
rectangulaire de courant de duree variable superposee 
a un courant constant de tres faible valeur (le cou
rant I et les tensions entre sonde U, sont releves ! 
l'oscilloscope (fig. 7). Par ce procede on mesure 
paramctres: 

La conductivite a l'equilibre entre les impulsions 

a (t > t3) . ul 
La conductivite hors d'equilibre entre les lffiP • 

sions a (au temps rJ .. 
Le temps d'etablissement du regime hors d'equibbre 

T =t,-t1 
Le temps de relaxation apres impulsion 'f' =t3-t2-
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La tem~rature, 1 790°K dans les presents essais, 
est mesuree par pyrometrie de la paroi d'alumine au 
centre de l'appareil. 

Les principaux resultats sont les suivants: 

.a) La conductivite a l'equilibre varie avec le taux 
d ensemencement. 

b) On a trace la courbe Pcs ½ en fonction de la 
(J 

pression partielle de cesium Pc.. La theorie montre 
que cette courbe doit etre en fait une droite dont Ia 
pente ct l'ordonnce a l'origine dependent de Q et Q 
val~~s apparentes moyennes des sections effi;aces d: 
~l!1s1on de l'electron avec lcs atomes d'argon et de 
cesium. Les points releves s'alignent effectivement et 
on a pu en deduire les valeurs de Q et Q pour 
I 7900K: A C. 

QA =0,33. 1Q-20m2 

QC. =420. ]0-20m2 

_c). De la mesure du temps de relaxation -r' on 
deduit la valeur du coefficient de recombinaison a 
1790°K et 0,184% d'ensemencement correspondant 
i une densite electronique de 4. 1Q18m-3 

a=l,5. IO-l&m-3s-• 

Ce~te valeur est en bon accord avec l'expression 
theonque donnee par McNabb [4] du coefficient de 
~mbinaison pour le processus decrit par t'cqua
tlon (1). 

d) E~~ on a porte sur un graphique (fig. 8) Ies 
caractenshques J(E) deduites des mesures (au temps tJ 
~ur differentes valeurs de a=Pc./P. L'echauffement 
electronique apparait tres nettement sur ces courbes. 
<?n constate d'autre part que la conductivite s'ame
liore lorsqu'on baisse a jusqu'a 3. I0-4. Pour la 
concentration la plus basse (7. 10-5) on remarque 
dcux changements de concavite, le premier (vers 

•~1 r ,::Z ~ ,,•3 Temps 

Fiiure 7. Methode de me.sure. Entre les temps t, et ~, 
on appllque une impulsion de courant d'amplitude constante 

A partir de i. on fait passer dans le gaz un courant constant 
/ 0 <(I 

a 
s. 1. 1 o-3 

1. a. 1 o-3 

1, 9. 1 o·4 

3. 1 o-4 

7. 10-5 

T : 1790°K gaz 

S E (V/cm) 10 

Figure 8. Densite de courant en fonction du champ electrique, 
hors d'equilibre (valeurs mesurees} 

300 V /m) correspond ant a I 'ionisation complete du 
cesium, le deuxiemc (vers 700 V/m) a un debut d'ioni
sation de l'argon lui-rneme. 

Ces resultats, en bon accord avec la theorie, sont 
jusqu'ici assez encourageants; ils permcttent d'esperer 
unc conductivite acceptable a une temperature rai
sonnable. Mais on peut craindre que la presence 
d'impurctes moleculaires au sein du gaz n'entrave 
l'echauffernent electronique et c'est sur ce point tres 
important que doivent porter les ·prochaines expe
riences. 

L'application du principe de non-equilibre aux 
convertisseurs suppose en fait d'aprcs Ia formule (2) 
un effet Hall important (µB > 1). La structure du 
convertisseur doit ctre adaptee a ces conditions 
particulieres. On retablit une distribution convenable 
du courant en annulant la composante transversale 
du champ electrique (on annule ainsi la composante 
du courant qui ne travaille pas). On obtient ce resultat 
par une subdivision convenable des electrodes et par 
des connexions equipotentielles entre les electrodes 
elementaires se faisant face. II est evident que le 
parametre important est le 'rapport ..1. entre le pas des 
electrodes et la dimension transversale du canal. 

Dans une etude theorique, faite au Centre de 
Fontenay, on a cherche a determiner l'importance 
i;ie ce parametre de subdivision sur les performances 
du convertisseur a argon ensemence de potassium 
compte tenu de la theorie simple de l'echauffer:p_ent 
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clectronique. Le resultat de cette etude apparait dans 
lcs figures 9 et 10. L'abscisse est ici le produit de la 
vitesse du gaz par le facteur (1-K). K etant le para
metre de charge. Les figures correspondent rcspective
ment a une induction de 2 teslas et a une valeur 
infinie (qui correspond pratiqucment a des cas de 
bobinages supraconducteurs). On peut remarquer que 
pour des valeurs clcvces du pas rclatif ii ne sert a rien 
d'appliqucr des inductions d'intensite elevee. 

11 est clair que Jes etudes de conductivite d 'une pan. 
les etudes de f onctionnement theorique et de structure 
du convenisseur a electrons chauffcs sont des etudes 
partielles qui laissent uncertain nombre d'incertitudes. 
ll est indispensable de controler le mecanisme reel de 
la conversion dans une experience d'cnsemb1e repre
sentant aussi fidelement quc possible les conditions 
physiques de fonctionnement du convertisseur projete. 
Une experience de cc genre est en cours de montage 
au Centre de Saclay [5]. 

On a choisi comme gaz l'helium cnsernence au 
cesium. On a cherche a obtcnir a la fois un grand 
debit de gaz de fa~on a minimiser l'inftuencc pertu
batrice des parois ct une tres grandc purete pour 
eviter un blocage de l'echauffement clcctronique par 
les impuretes moleculaires. Vappareil est con~u 
comme une soufflerie a rafale (fig. t 1 ct 12) le gaz 
etant transfcre d'un recipient haute pression a un 
recipient vide. L'ecoulement peut etre considere 
comme permanent pendant 0,1 s. Ce procede a etc 
choisi parce qu'il permet l'etude directe de la conver
sion en regime etabli sans avoir a s'embarrasser des 
nombreux problemes technologiques du cycJe ferme 
reel. 

Le gaz est ensemence a une concentration precise 
dans le recipient amont de 4 J113 puis libere par l'ou-

0,1 0,25 

,.,.,,. 
p = 103 po•col1 

Tc: 12SO•K 

:::K»---#---#-4--,J--~1--l------r S = 0,1" 
(potol 1it1111) 

S.• 

250 

Figure 10 

vcrturc d'unc vanne d'echappement a action rapide 
(0,01 s). ll est porte au passage a l 700°K par u~ 
echangcur en tungstene a chauffage electrique, pu,_s 
surchauffe a 2 200°K par cffet Joule dans le gaz _Ju,
mcme avant d'cntrcr dans la tuyere de conversion. 
La puissance thcrmique traversant la tuyere de conv~er
sion atteint I MW pour un debit de 100 g/s. G_racc 
aux precautions prises - etuvage a 400°C des e?,erntes 
mctalliques, ligne de purification du gaz, hg~e de 
purification du cesium - on compte maintemr un 
taux d'impurete inferieur a 10 ppm. 
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Figure 12. Schema general 
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ABSTRACT-RESUME-AHHOTAUf.1JI-RESUMEN 

A/45 France 

Preliminary study of MHD converters 
operating in thermodynamic non-equilibrium 

By P. Ricateau 

In addition to the open-cycle magnetohydrodynamic 
(MHD) converters, which convert the thermal energy 
of combustion gases, a closed-cycle converter which 
can work off any high-temperature source of heat, 
especially nuclear sources, is being carefully studied. 

Before proceeding to a practical study of the power 
station as a whole, the perfonnance of the converter 
itself must be fully defined. This largely 'depends on 
the conductivity of the gas used, but conductivity must 
not be achieved at the price of a temperature which is 
technically unacceptable from the point of view of the 
heat-exchanger. 

In the conversion fluid, a readily ionisable seeding 
vapour, such as that of caesium or potassium, is 

mixed with a carrier gas, helium or argon. Purely 
thermal ionisation is efficient only at temperatures 
above 2 500 °K, whereas the electric field created by 
induction in. the converter can, under certain condi
tions, raise the electron temperature and give rise to 
an ionisation rate well above the equilibrium value. 
The gas can then be ionised at a moderate temperature. 
Studies are at present being carried out to clarify the 
conditions required to induce extra-thermal ionisation 
in seeded rare gases. 

Measurements have been made with the help of 
a 3-phase, 500-kVA plasmatron fed with potassium
seeded argon. The gas leaving the apparatus is fed 
into a channel in which tensor components of conduc
tivity in the presence of a magnetic field can be 
measured. The values found under conditions of 
thermodynamic equilibrium confirm the simple theory. 
This is not the case when the electrons are heated. 

Measurements of the same kind were also made by 
another method in caesium-seeded helium contained 
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in an isothcrmat v~scl at 1 900 °K. In this case. too. 
the equilibrium values are in good agreement, but the 
extent of non-equilibrium ionisation s«ms to be Jowcr 
than expected. 

The eft'm of heating 1hc tlcctrons inside the con• 
vencr using an argon•potassium miiturc was consid
ered thcottrically. It was shown that the electrode-set 
must be accurately and closely spaced along the 
channel, and that in an argon-potassium millture 
clmron heating can be induced by magnetic fields or 
from 1 to 2 Ts. 

It is intended to build a large lest-bench working 
on the hot•shot principle. The gas generator will 
deliver ~hots of ca«ium-sccdcd helium at a tem
perature of 2 100 °K. The shot will last for one-tenth 
of a second. and the instantaneous thermal power will 
rtach I MW. 

npeABapHtem,Hoe M3y~eHHe MarHHTO· 
a3pOAHHaMH~ecKoro npeo6pa3oaa1e
J1fl, paC5oTa,o~ero B 3aMKHYTOM "'HKJ\e 

n. PHt<ato 

llap»1;iy t Hay1:1em1c,c MantnToa3po;umu111'fc
cKR:< npeo(ipaaoaaTe:teii c 0T1<pt.tn1M nmmoM, t-o
Topwe npeoopaayJOT Ten:tOBYIO :meprmo, BW;{('.1Jf-
10ut)"IOCK npH cropamm raam,, &elyTcn 11cc.1e:1.o
aamu1 npeo6pa30BaTC.1eii C 3aKpL1TbfM U.HK:IOM, R 
ROTopwx MO)tUIO JtC110:lb30BaTb :uo6oi't BI.ICOt.OTe>t

uepaTypnwit HCTO"fHH .. Ten.,a, 8 TOM 'lllC.'lC R;\e11-

uoro IICTO'IBHK8. 
Opew:;ie •u~M aannMaTt.eR 11paKTH'leCKS1M nay"1c

m1eN :..ieKTpocTanuun s U.MOM ueo6xo;i,n•o ucc.1e
;ioaan. xapaKTepnCTllKM caworo npeo6pa3oeannst. 
3tH CBOHCTBa B 3R8'1HTeJJLHOii creneRH 338RCRT OT 

UpoBO;IHMOCTH ncno.,bayeM0T0 raaa. 0.;J.H.lHO 31'3 
upoRO;tnMocTt. ;iomtcna nocruratbCR ue 3a c•1eT 
TeMnepaTfP"'• TexnuqecKH uenpneHneMou ~nn 
Ten:too6MeHHHl':3. 

Heo6xo;uuo1yJO CTenem, HoHnaanuu pa6oqero Te
.:1a )';taJIOCb UOJl)"UITh aa C'leT ;\OOaBIClt B reJtui; 
ltJtlt aproH Jterl{O HOHH31tpyeMLIX MaTep1taJioB, ra
KIII, KaK ueanii u.111 KaJ1ni1. \.Juno TepMH'tecKaR 
HOHH38U,HR CT3HOBH1'CR 3<IJ<J)eKtlfBHOii Bblme 
2500° K. M, uao6opoT, 3nei.rp11<1ecf(oc noJJe, uasc
;,.eunoe 1rn:1y1<u1teii B npeo6pa3oeaTe!le, MoH<eT npu 
onpe.:i.eneHRLIX yc.,oBJU:IX flOBLICHTb aJteKTpOH

H}'lO TeMnepaTYPY H -auasaTb ana•ntteJlbltO 6oJtee 
BWCOKYIO ROHR33U.KIO no cpasaemno C paBHOBeC
uoii JIOHH3anueit. ~ho no3BO;JJICT no;iy11aTb HOHll
:JHpoBaHHJ,dt raa llpK yMepeHHOii Teimepatypc. 
Qe:n.to nacT011meii pa60TL1 11BJ111eTc11 onpe;leJieHJte 
ycJIOB\111, no3BOJH110UJ,HX C03;\3BaTh Tat{yIO nepaB
HOBCCHYIO HOHH38UMIO nnepTHLIX: ra3oB C ;1.06aB1>0ii 

HOHJl3Hpy10m.11x Be)l\eCTB. 

P. R.ICA TEAU 

UaMcpe11H11 6t.rnn nponaee,1t•111,1 c noMoll\LlO 
Tpex<l,aattoro n:ia:ntaTpoua n 500 ,;ea ua aproue 
C ,l008BJ<oii Ka.,1111. 3TOT a1111apaT pa6oTaJI JI Kil· 

Mepe, noJBO:lHlOU\eH upm,aso;UITb ll3Mep(lB'IUI 
Tt'U3opm.ax t(OMUOHCIIT08 upoeo;i.ltMOCTII npH Ha• 
:Ut'IIUI MafHHTHoro JIOJJH. Ho.1y•1(>IHILIC B ye:11>-

BHRX ,-epMo;umaM"'ICCKOro p.umoBeCMR 3Ha'leRifR 
110,lTBcpm.n.a10T npoc1yao TM(uno. B c.'ly11ae 3J1eK• 
Tpo1moro narpcaa J\Nlo 06ctol1T mtblM o6pa30M. 

flpoit380;J.1t.1ltCL ananOnt'lHlJe lt3MepCHHff B re
.,1111 C ,1003BKOit Q.C3HR B U30TCpP.11t'leCJ(OM ROpnyce 

np11 1900° K. B 3T0M cJ1y•iae ana•1emu1 paBnouecHR 
COBIJ8;1,8JOT O'ICIIL TO'IIIO, o,1.11a1w 11epaBJf0BecHa11 
HOUH38)lHR 6LlJ18 llll>KC f.mm;i.at'~tl,IX :ma'le111di. 

Tt>t>JlCTHttttKH Gu;s u:iy•1cn 3,J1q1c1<T a.:tei.tpoH• 
11oro uarpeea e11ytp11 11pt•oopa301iareJ111 upn 11a, 

:tH'llnl nprona II t.DJIIHI, 3To ltcr .:lt';\O)lOKRe 1101<a
:ta;io ueottXOlHMOCTt. Tu,ateJU,noro paa.1,e.,em,11 
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Af45 fnncia 

Estudlos prelimlnares sabre los convertidores 
magnetohidrodinamfcos que funclonan fuera 
del estado de equilibrlo termodinamico 

por P. Rlcateau 

A la par de los convertidores magnetohidrodin~
micos de ciclo abierto que transforman la energ,a 
termica contenida en los gases de combusti6n, merece 
un detenido estudio et convertidor de ciclo cerrado, 
capaz de extraer su energia de cualquier fuente de 
calor a alta temperatura y, en particular, de las fuentes 
nucteares. 

Antes de proceder a un estudio practico de la insta· 
lacion en conjunto, es preciso delimitar exactamente 
las caracteristicas de funcionamiento del propio con· 
vertidor. Dichas caracteristicas dependen en gran 
medida de la conductividad del gas utilizado, Sin 
embargo, esta conductividad no debe alcanzarse ~ 
expensas de una temperatura tecnicamente inadm1-
sible en el intercambiador de calor. 

Para constituir el ftuido de conversion, es necesario 
acudir a una asociaci6n de gas portador (hel~o ~ 
arg6n) con un elemento « germen » facilmente 1oni

zable (cesio o potasio). La ionizacion puramente 
termica solo adquiere efi.cacia a partir de los 2 500 ~~• 
mientras que el campo electrico creado por inducc,on 
en el convertidor puede, en ciertas condiciones, acre· 
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centar la temperatura electronica y provocar una 
ionizacion muy superior al valor de equilibrio. Resulta 
entonccs factible ionizar el gas a teinperatura mode
rada. Actualmente se procura precisar cuales son las 
condiciones que permiten esta ionizacion, fuera del 
estado de equilibrio, en los gases raros sembrados. 

Se han efectuado mediciones mediantc un plasma
tr6n trifasico de 500 kV A, alimentado mediante 
argon sembrado con potasio. El aparato alimenta a su 
vez una celula que permite medir las componentes 
tensoriales de la conductividad en prcsencia del 
campo magnctico. Los valores hallad@s en estas con
diciones de equilibrio termodinamico confirman los 
resultados de la teoria simple. No ocurre lo mismo 
cuando interviene el efecto dcl calentamiento elcc
tronico. 

· Aplicando otro metodo, se efectuaron determina
ciones de la misma indole en el helio sembrado con 
cesio contenido en un recinto isotermico cuya tempe
ratura se elevo hasta los 1 900 °K. Tambien en este 

caso, los valores de equilibrio concuerdan muy satis
. factoriamente, pero la ionizaci6n fuera del estado de 

equilibrio es inferior, al pareccr, a los valorcs previ
sibles. 

En un estudio teorico, se examin6 el efecto del 
calentamiento electr6nico en cl interior del conver
tidor, para el caso dcl argon y el potasio. Los resul
tados indican que es importante que los elcctrodos 
esten finamcnte fraccionados a lo largo de! canal. 
Ademas, dcmuestran que es posible provocar el 
calentamiento electronico de la mezcla arg6n-potasio 
mediante campos magneticos con inducciones de I a 
2 teslas. 

Se ha proyectado instalar un gran banco exp·eri
mcntal cuyo funcionamiento se basaria en un principio 
analogo al de las maquinas soplantes de rafagas. El 
generador de gas producira r:ifagas de helio sembrado 
con cesio a una temperatura de 2 100 °K. El paso dcl 
gas durara 1/ 10 de segundo y la potencia termica instan
tanea ascendera a 1 MW. 
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Nuclear magnetoplasmadynamic energy conversion 

By B. C. Lindley • 

PRINCIPLES 

If a scream of electric:ally-conducting fluid flows 
through a transverse magne1ic field. an electric field is 
induCC'd in a direction mutually perpendicular to the 
flow and magnc1ic field. with a consequent possibility 
of ex.tracting electrical power. In principle the MPD 
generator is exactly analogous to a conventional 
alternator in which the directed kinetic energy of the 
mcraJJic conductors in the rotor is converted to clec• 
trical power. The requircmem for 1ransforming ther• 
mal 10 directed energy means that the working fluid. 
which becomes the prime mover, must be a gas. 

For the gaseous working fluid to conduct electricity, 
a high concentration of free electrons must be present 
to act as currem carriers. Gaseous coolants for high 
temperature (say. above 900 °K) reactors, such as 
helium or nitrogen, arc electrical insulators even at 
substantially higher temperatures, the concentration 
of free electrons being negligible. High temperature 
and low pressure enhance dissociation of gas atoms 
to ions and free electrons, but it is only at extremely 
high temperatures (above 10 000 °K) that most gases 
become appreciably ionized. 

Gas temperatures produced by solid-core fission 
reactors are unlikely to e,:.ceed about 2 SOO °K, if onty 
on materials considerations. Consequently. for MPD 
generation to be feasible, electrically charged particles 
must be introduced by auxiliary means. Probably the 
most important method is to inject ('seed' with) a 
small concentration of a substance which is readily 
ionized (such as the alkali metals: sodium, potassium, 
rubidium, caesium) resulting in a disproportionately 
high increase in electrical conductivity. At tem~e~a
turcs up to 3 000 °K, the electrical conduct1v1t~ 
increases very rapidly with the temperature (approx•· 
matcty as the tenth or eleventh power) and also 
inversely as the square root of the absolute pressure. 

MPD GENERA.TOR. 

The generator configuration at present considered 
to be the most suitable for electrical energy extraction 

• International Research & Development Co, Ltd., New
castle-upon-Tyne. 

from a plasma flow consists of a rectangular section 
due\ with a magnelic field transverse to the flow 
direction. The power output is taken off via electrodes 
mounted in the duct walls. Several arrangements or 
electrodes and electrical connections to the external 
load arc possible [I, 2]. 

· · ftwo In the simplest generator concept, consisting O • 

insulating walls and two electrodes, perf~rmance. 15 

limited by the Hall effect** which gives rise to aiual 
currents although there should be no electric field 

• t r (where parallel to the flow. The paramc er w. • d 
cu = eB/m is the electron cylotron frequency an 

• 11 - • f electrons 
t' is the time interval between co 1s1ons 0 

~ith heavy particles in the p\asma flow) is a measu~; 
of the preponderance of the Hall effect; thus,_ 1 

,,J T > 1. the Hall effect becomes significant. fiHilgdh 
• • - t'c e s values of {tJ,T, correspond to high magne 1 

and/or low gas pressures. d 
In one type of generator, axial current flo'_" (at~e 

hence the Hall effect) is suppressed by segmenting 
1 

electrodes (Fig. 1). An ax.ia\ electric field is presen h 
and pairs of electrode segments are con~~c~ed 1~(~!e 
separate electrical loads. The sub-d1vis1on . 
electrical load into a large number (100 or more ~n as 

nts a senou 
Practical generator) of sub-loads represe . 

• · · l ration at any disadvantage although, m pnnctp e, ope 
value of w,-r. is feasible. a- seg• 

Table I shows performance parameters for 
1 

·ty 
. h t nt ve oc1 mented-electrode generator wit cons a . . able 

. d' · h. h 1s desir plasma fl.ow an operating con 1t1on w ic . fi ld 
for a num~r of practical rcaso~s- The elect::d ;he 
set up in. the plasma is proportional to uB . 1 

l . flow 1s acce • 
Power density of m/1B2• As the P asrna 

h , t mperature 
crated to give a high value of u, t e gas e . al con-
f alls, with a consequent_ decrease i? ~lcctni and 50 
ductivity. It is thus possible to ~aximtze o-u Mach 
obtain the highest power density. A flow ·cal 

90 

t:' h 1· under typi number of about 0.6 is found 1or e rnm . 1 . , 1 proportiona 
COnditions The power density 1s a so . 

· . · t veto go 
to 02 so that there is a considerable mcen t 

. t {towing in a 
• • The Hall effect occu~ when el~tnc curren~ components 

conductor are subjected to a ma~eti~ field. T ndicular 
of the electric field and current density m the ,;land<: ~~d by all 
to the magnetic field are then not .parallel ut h isp operties of 
angle characteristic of the magnetic Hux and t e pr 
the conductor. 
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(o) 

(cl 

• 
figure 1. MPD generator systems: (a): segmented-electrode 
renenator; (b): recuperative nucleu-MPD-steam cycle; (c): tem-

perature-entropy and enthalpy-entropy diagram 

J.2 MPD generator inlet nozzle 
2.3 MPD generator 
34 Diffuser 
4-S Recu_perator (hot side) 
S.6 Steam-raising unit 
6-7 Compressor 
7.g Recuperator (cold side) 
8·1 UHT reactor 

to . superconducting field coil systems which may 
allow B values of IO Wb/m1 or higher. The technical 
feasibility and capital cost of building large super
conducting field coil systems have not yet been 
demonstrated. 

EXPERIMENT AL I NVEST!GAT!ONS 

General 

Research on closed cycle MPD generators 1s m 
progress, in the United States at Westinghouse Research 
and Development Center [31, the NASA Lewis 
Research Center, the Allison Division of General 
Motors Corporation and the Martin Marietta Cor
poration, and in the United Kingdom at International 
Research and Development· [4-71 and at the Atomic 
Energy Research Establishment, Harwell. 

In small-scale experimental generators the materials 
problem is particularly acute: if duct cooling is 
employed, the heat loss from the flow is so great that 
the temperature (and hence the electrical conductivity) 
falls extremely rapidly and very little electrical power 
can be extracted. As the size of duct increases the 
surface-to-volume ratio decreases and the heat losses 
become relatively less. The size factor is thus the main 
difficulty in undertaking experimental development. 
For reasons of cost, the early experimental units are 
limited in size: the duct walls must operate at nearly 
the gas temperature to reduce heat losses with the 
attendant materials deterioration which limits the 
duration of the experiment and makes the results 
suspect. Another factor is that the radio of electrical 
output to heat input is very small and the flow con
ditions are so little altered by electrical energy extrac
tion that the experiment does not prove whether 
plasmadynamic stability is assured if a large fraction 
of the power is extracted. Consequently, although 
small-scale experiments are of value, units of appre- · 
ciable size must be demonstrated before MPD power 
is considered a realistic proposition. 

Plasma properties 

At the particle energies which apply (usually less 
than I e V), data on thermal ionization a~d the corres
ponding charged particle concentrations, collision 
cross sections for electrons, ions, atoms and mole
cules, and ionization, recombination and attachment 
coefficients are either non-existent or conflicting. 

Table 1. Performance parameters for a segmented
electrode MPD generator 

(See nomenclature on page 95 for symbols) 

Parameter Unit Equation 

=0 
=0 

Alm' 
Alm' 

A/m• 

E = -~~ uB(l-n) V/m 
E'x = " 1 +(wm) (weTe) 

E'y = Ey = O V/m 
E:r =-uBn V/m 
Ez = uB(l-n) V/m 
£Loe= uB V/m 
dpa ( , - = auBt(f-n) newton m 
dx 

p 1 au"B1n(l-n) W/m1 

J+(w1T1)~J 
7J = n 

(1) 
(2) 

(3) 

(4) 

(5) 

(6) 
(7) 
(8) 
(9) 

(10~ 

(II) 

(12) 

" dp = J,Bneglecting inertial and friction forces; "'I •1) (ro. ••)<I 
dx 

is also assumed. 
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A series or cx.pcrimcnts was designed at IRD for 
measurements of these paramclcrs in static p\asmas, 
both under thermal equilibrium and non~quilibrium 
conditions. and to establish diagnostic techniques 
which could also be applied to the closcd-cydc loop, 
discussed below. There arc four principal ptasmas 
physiC$ experiments: microwave studies of thermally
excited plasmas~ an atomic beam experiment: micro
wave: studies of photo-ionization and recombination~ 
and electrical conductivity studies (in which evidence 
or non-equilibrium ionization has been found). 

At AERE. Ralph {8J is working on 'lottage..currcnt 
characteristics of static seeded argon plasmas and has 
obtained evidence of non~quilibrium ionization. 

Gentr·ator systems 

The IRD dosed cycle helium-caesium loop (Fig. 2) 
..,,.as the fim of its kind to be initiated; the nuclear 
reactor is simulated by a graphite high temperature 
electrical resistance heater. When fully operationa1, 
the power generation upcrimcnt will yield data on 

A,ur-e 2. IRO dosed cycle helium-caesium HPO generator loop 

MPD power processes for a wide range of experi• 
mental variables. In particular, dosed-cycle steady 
state operation allows the investigation of different 
working fluids (for ex.ample, the various inert gas
alka?i metal vapour combinations) under controlled 
purity conditions, and should establish conclusiv~ 
evidence whether non-equilibrium ionization can be 
promoted by elevation of the electron temperature 
and other techniques. Additional major variables in 
the experiment are: pressure, pressure ratio, tempe
rature, Mach number, fractional seed concentration, 
controlled concentrations of other gases, generator 
duct configuration and magnetic field (up to S Wb/m2

)

ln the present arrangement the generator duct is 
approximately 4 x 1.5 x. 20 cm and has 18 pairs of 
electrodes; the plasma flow velocity is about 4 000 m/s. 
The open circuit \'oltage is expected to be 200 V and, 

B. C. LINDLEY 

with non-equilibrium ionization, the power output 
could be as high as 3 kW. 

Several hundred operating hours at temperatures uµ 
to 2 500 °K have been accomplished with unseeded 
helium; seeded operation was due early in l964. 
Design and constructional techniques have been estab
lished for complex refractory metal (tungsten, tan
talum, molybdenum and tantalum - s•/0 tungsten 1 

alloy) duct and heat exchange system, while a novel 
sapphire window arrangement facilitates the applica• 
tion of optical and microwave diagnostics to the 
plasma region. Other achievements are: the develoi>
ment of a helium circuit, having both static and 
rotating components, with an extremely low leak rat~ 
( < lll-6 1'1/s); the development of a high-efficiency 011 

filtration system; considerable advances in the te~h
niqucs for purifying and analysing helium in flow~ng 
systems; and the development of an electrical re~st· 
ancc heater for gas temperatures up to 2 500 K, 
which has demonstrated excellent heat transfer per• 
formance and reliability. A caesium injection ~nd 

handling system, for pumping and accurate metermg 
of pure caesium seed, has been designed and con• 
structcd, utilizing an electromagnetic pump and flow· 
meter. 

An experiment based on 200 g/s flow of an argon
potassium plasma has recently been initiated ~t 
AERE, Harwell. At the time of the Conference the rig 
had operated with argon flow at a thermal input po~er 
of 250 kW and temperature up to l 200 °C. Operating 
with potassium seeding to produce electrical p~wer 
output from the MHD generator was expected 10 a 
few months' time. 

THE NUCLEAR MPD PLANT 

Power cycle · 

Thennodynamical!y, if MPD power were not in 
prospect there is no incentive to produce reacthor 

• . h ld match t e coolant temperatures higher t an wou uf 
most efficient steam . c~c~e; l OO? °K '.""ould be 

7 
s fo; 

ficient. The Carnot l1m1tmg efficiency is then O. f 
. . . o f . h MPD stage be ore heat reJect1on at 300 K. I , wit an be 

the steam cycle, higher temperatures could 
1 employed, the limit would be higher_ (for ex~mpf:; 

0.9 at 3 000 °K), allowing a substantial margin 
increased thermal efficiency. d 

. 1· e cycle an Figure 1 b c shows a simple recupera 1v 
' . r enthalpy· the corresponding temperature-entropy O 

1 . . r t of the eye e entropy diagram. The important iea ure . heat 
is the recuperative heat exchanger transferring 
from the MPD generator exhaust flow to the gas 
flowing to the nuclear reactor; this is nece~;6 
because the temperature of the gas leaving the be 
generator will generally be much higher than ~an . 

• · · t Effic1enc1es used efficiently in the steam raising um • 
. d t· cycles are com· of recuperative an non-recupera 1ve , 
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pared in Table 2, using assumed but realistic para
meters. 

Table 2. Comparison of recuperative 
and non-recuperative MPD cycles 

Recuperative Non-recuperative 

T. 3 000 °K 2 200 °K 3 000 °K 2 200 °K 
'J. 0.61 0.47 0.52 0.42 

Nuclear reactor 

A nuclear fission reactor designed for gas tempe
ratures above 1 000 °K would have an all-ceramic 
core. In its simplest form, the reactor core consists of 
a nuclear fuel and a moderator material, the two 
com":°nents disposed homogeneously or nearly so, 
and tn the form of a cylinder through which the 
~lant gas (working fluid) flows and in which heat 
tS transferred. 

It is probable that only two materials warrant con
sid_eration as the moderator: graphite and beryllium 
OJUde. The ultimate limits of temperature for these 
two materials will be the melting points of 3 950 °K 
(actually sublimes) for graphite and 2 850 °K for 
bc_ryllium oxide. Conceivably, operating temperatures 
m!ght be as high as 2 900 and 2 100 °K respectively, 
with corresponding gas temperatures of 2 500 and 
1 700 °K. 

The nuclear fuel would probably be uranium or 
plutonium as carbide or oxide, with melting points 
of about 2 800 °K, although there is a tendency to 
volatilize at temperatures well below the melting 
point. If the retaining structure for the fuel elements 
were impermeable and sufficiently strong, the fuel 
might be allowed to melt in the highest temperature 
sections of the reactor core. The fuel-moderator sec
tions must be thin to ensure small temperature differ
ences within the fuel element at high heat ratings and 
to reduce thermal stresses. Rods, spheres and plates 
are possible fuel element geometries. 

The working fluid in a closed-cycle nuclear MPD
steam plant has to satisfy a number of requirements 
associated with different parts of the circuit. The 
most important of these are the chemical compati
bility with the materials used in the circuit, the heat 
transfer properties which govern the size of heat 
exchange surfaces (in the reactor, recuperator and 
steam-raising unit), the thermodynamic properties 
which link the enthalpy and flow conditions in the 
MPO generator duct, and the properties which control 
the electrical conductivity and energy transfer pro
cesses in the MPD generator. Less significant are the 
neutron absorption properties of the fluid, which 
could affect the criticality and control of the reactor, 
and the availability and cost. 

For the temperatures of interest and with a ceramic
cored reactor, the choice of gases is narrowed imme
diately to those which are chemically inert~ the 
monatomic gases, helium, neon, argon, krypton and 
xenon. Thus, in selecting the working fluid, con
sideration need only be given to alkali-metal-seeded 
inert gases. A fast reactor might employ a pure alkali 
metal as coolant, dictating relatively low operating 
temperature but facilitating a rankine cycle, which is 
attractive in projected space power applications [9]. 

The thermal power density from a nuclear reactor 
core depends on the friction pressure loss (and hence 
pumping power) which can be tolerated in forcing the 
coolant through heat-transfer passages. In the type 
of reactor being considered, it may be demonstrated 
that the core power density will be in the region of 
I MW(th)/m3 per atmosphere absolute operating 
pressure. Consequently, to achieve a high power 
density and acceptable capital cost, the nuclear reactor 
must operate at high coolant pressure. In the MPD 
generator, low-pressure operating brings an increase 
in the electrical conductivity of the plasma. The fina1 
optimization will depend significantly on the relative 
capital cost of these two major circuit components, 
the pressure being chosen to favour the unit with 
highest specific cost (the reactor on present indica
tions). 

MPD GENERATOR PERFORMANCE 

Plasma electrical conductivity 

The scalar electrical conductivity of a plasma is 

a= Neeµe + N1eµ1 (13) 

according to simple theory [IO, 1 I]. In most cases the 
contribution from the ions may be neglected because 
of their large mass and consequent low mobility 
compared with that of the electrons. Thus Eq. (13] 
becomes 

Neei Ne 
a= Neeµe = -- = 2.814 X I0-8 

- mho/m (14) 
m>'r vf' 

The free electron concentration is given by 

Ne= P, e = 7.338 x 1021 • PT, e (m--3) (15) 
kT 

in which e may be calculated from the Saha equa~ 
tion [12], which for alkali metal seeding becomes: 

{ 

62 } 5 5040V1 
log

10 1
_

62 
• Ps = 2 log10 T- -T- - 6.49 (16) 

For a gas mixture containing j atomic species: 

vf' = "J:,jve1 (17) 

Thus, taking helium-caesium as an example: 

vf'~ve-ae+ve-c,+ve-c,~ (18) 

According to Hurwitz et al. (13], the electric field 
induced by the magnetic field in an MPD generator 
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chann(l •ill cause an clc\'atcd electron temperature. 
For a stgmcnted.clectrode generator_ the relative 
temperature is: 

T~ r(.1-")I A!1(w('T(')I 
T=l+ ~(l+w1T1>' (l9) 

whtTC. in general: 
(20) 

6 is a factor accounting for possible inelastic colli• 
sions. deviations from the Maxwellian distribution 
function. and non-constant colUsion frequency. For 
a monatomic gas 6 ~ 1 and an elevated electron tem
perature is fairly readily achieved. (This represents an 
inherent advantage of the nuclear dosed cycle over 
open cyck combustion systems in which 6 may be J()I 
or 101, owing to inelastic collisions.) The tlcctron 
concentration is obtained from the Saha equation at 
the electron temperature {14). Elevated electron tern• 
pcraturc can be produced by processes such as photo
ionization (15). electron beams (16. 17) or other 
electromagnetic or particle irradiation, or the induced 
electric fitld in the MPD generator. Any electron 
non<quilibrium condition will be recombination
controlled; electron-ion recombination in M PD gene• 
rators has bttn studied by McNab and Robinson {18). 

Gener1tor specific power 

The power density of an MPD generator is propor
tional to urr.81. The results of such an optimization 
for the various inert gas-alkali metal combinations 
are given in Table 3 for thermal equilibrium ioniza
tion; on this basis helium-caesium is the best choice. 

Table 3. Relative specific power for Inert gas-a.lka.U 
metal vapour combinations 

Alkali metai. 
lnena,, .... 

Hdium t-leon A..,.n Kryplon Xeno11 

Sodium 0.003 0.1)0] 0.001 0.0003 0.0001 
Potassium 0.0'J 0.04 0.04 0.01 0.005 
Rubidium 0.24 0.11 0.10 0.03 0.01 
Caesium l 0.4S 0.43 0.11 o.os 

The first link in the process by which energy is 
transferred from the plasma flow to an external elec
trical circuit through interaction with a transverse 
magnetic field (and hence the JrB body force) is the 
deceleration of the electrons; the relatively massive 
positive ions are then decelerated via the electron-ion 
Coulomb forces. Since only about I0-3 or less of the 
energy of the flow is carried by these charged par
ticles, the neutral particles must transfer their energy 
by elastic collisions with the ions (and to a very much 
lesser extent with the electrons): each ion must collide 
with at least 103 neutral gas particles in transit through 

8. C. LINDLEY 

the MPD generator region, and the ion mobility must 
by extremely low. Weak coupling is represented by a 
high value of (weTe)(w1r1) and the phenomenon known 
as ion slip' occurs; the effects on performance are 
clear from Eqs. (3). (4). (S), (11) and (19). 

In the MPD generator duct, if inertial and friction 
forces arc neglected and if the fractional pressure 
change through the duct is small, the thermodynamic 
process may be represented by 

T1={P1l'l(r-lJ/y (21) 

Ts P1 

At low values of the MPD generator isentropic effi
ciency. YJ, the compressor pressure ratio (and com
pressor size) becomes very large and the over-alt effi
ciency falls very substantially. The power density, P 
(Eq. (11)), assumes a muimum value for 7J = 11 = 0.5; 
high efficiency (17 > 0.8) generators are thus con
siderably larger than generators operated at maximum 
power density. 

,o-1L ___ .J..,._---~----;
10
;i1---7o:1o2 

1n•l 10·1 t 
PRESSURE, ••• 

figure 3 Specific electrical output power of large-scale closed 
cytle MPD generators u a funct-ion of reactor operating pres.sur~ 
p and MPD genera-tor magnetic field 8. Helium • 1 % caesi~";• 
reactor gas outlet temperature, 1 500 •K; flow Mach number, : : 

Full Jines denote values for magnetically-induced ?o~-eq~1li
brium ionization; dashed lines are for thermal ionization. 
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DISCUSSION 

Almost all electricity is at present produced by 
steam turbo-alternator plant, the performance of which 
is being improved through higher steam conditions 
and cycle refinements. Increasing capital cost, and a 
continuous rise in fuel and operating costs, are offset 
by building larger units which are more economic in 
these respects. The ultimate development of steam 
plant might be exemplified by 2 000 MW(th) paired 
units operating on an air-steam binary cycle, with 
over-all thennal efficiencies approaching 45 per cent. 

The introduction of nuclear power has been accom
panied by reduced thermal efficiency on account of the 
poorer steam conditions obtained with present reactor 
systems. Development of high temperature systems, 
based on such experimental reactors as the Windscale 
AGR, the OECD Dragon Project, the General 
Atomics HTGR and advanced forms of fast reactor, 
should eventually allow reactor plant to demonstrate 
as high a thermal efficiency as fossil fuel plant. 

Assuming the ultimate performance of conventional 
plant (both fossil fuel and nuclear), any further 
improvement must be achieved through a radical 
change in technique, directing interest towards higher 
temperatures and energy conversion without highly
stressed rotating parts. For a nuclear MPD generator 
the over-all efficiency is in theory as high as 60 per cent. 

Granted the technical feasibility of a suitable UHT 
(ultra-high temperature) nuclear reactor, probably the 
most interesting aspect in performance optimization is 
the selection of Band p. Both these variables have a 
major influence on non-equilibrium ionization (w.T, 
and w,T, are proportional to B/p) and specific power in 
the generator; p must be high for high specific thermal 
power in the reactor. The specific power is given in 
Fig. 3 for helium-caesium and typical operating con
ditions; in no case is (w.T,)(w,TJ > 0.1. 

CONCLUSIONS 

Research on closed-cycle MPD generator systems, 
employing alkali metal-seeded inert gases as the 
working fluid, is at an early stage. The nuclear heat 
source is the most difficult problem, but a direct gas 
cooled reactor may be technically feasible. If conclusive 
evidence for non-equilibrium ionization, due to eleva
tion of the electron temperature, was established the 
reactor could operate at temperatures as low as 
I 800 °K. 

0 

The nuclear MPD generator system is 
potentially of great importance in planning for long
term power needs. 
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NOMENCLATURE 

magnetic flux 
electric field in fluid reference frame 
electric field in stationary reference frame 
electric current density 
Mach number 
particle concentration 
electrical power per unit volume 
absolute temperature 
ionization potential 

atomic seeding fraction 
-electronic charge 
Boltzmann's constant 
number of atomic species 
electronic mass 
loading ratio of MPD generator 
absolute pressure 
collision cross section 
time 
plasma flow velocity 
particle velocity 

recombination coefficient 
ratio of specific heats 
fractional ionization of seed element 
MPD generator isentropic efficiency 
over-all thermal efficiency 
collision frequency 
electronic conductivity 
time interval between collision of particles 
cyclotron frequency 

Subscripts 

L : load 
e electrons 
g : gas (ions and neutr,als) 
i : ions 
oc: open circuit 
o : initial value 
opt: optimum 
rel : relative 
s : seed 
sc : short circuit 
x component in x-direction -
y : ·component in y-direction 
z : component in z-direction 
1-8: state points 
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A/133 koyaume-Unl 

Conversion de l'energie nuclbire 
magnetoplasmadynamlque 

par 8. C. Lindley 

Les recherches sur les systemes de generateurs 
magnetoplasmadynamiques en circuit ferme, utilisant 
des gaz inettes ensemenccs de metal alcalin, en sont 
a leur debut. La source de chateur nuclcairc pose le 
probleme le plus difficile, mais un reacteur direct a 
refrigerant gazcux pcut etrc techniquement realisable. 
Pour \'ionisation thermique, les conductivites elec
triqucs des gaz inertcs cnsemences au cesium soot 
comparables a cell es des gaz de combustion ensemences 
au potassium a des temperatures d'environ 500 °C 
plus elevces, si bien que le circuit ferme presente un 
avantagc immediat sur le cyde ouvert a chauffage au 
charb<>n ou au mazout. U existe aussi la possibilite, 
dans les plasmas de gaz inertes, d'arriver a de hautes 
conductivites electriques par ionisation non equilibree 
a des temperatures de gaz relativement moderees 
(1 200-l 800 °C). Si le fonctionnement a rles tempe
ratures aussi basses se revele possible, le projet de 
cycle ferme nucleaire devient beaucoup plus attrayant. 

On essaie d'evaluer le concept magnetoplasma
dynamique en circuit ferme du point de vue de ses 
possibilites techniques et economiques, et les incidences 

a tong terme qui en decoulent pour la production 
d•energie elcctrique. Un vaste programme de r~~her-

. ·t t a hehum-ches, ayant pour base une installation p1 o e. 
cesium en circuit ferme et une scrie d'expenences sr 
la physique des plasmas. a etc entrepris dans es 
laboratoircs de l'lnternational Research and ~evelop
ment. On decrit Jes techniques de construcuon pour 
des circuits fonctionnant a des temperature.s de ~ 
allant jusqu'a 2 250 °C et tes progres realises d~n 

. d la production l'evaluation des processus physiques e . . 
. U e est1mat1on d'energie magnetoplasmadynam1que. n 

des parametres critiques de fonctionnement, tel~ que 
• e spec1fique le rendcment total du cycle ct la pu1ssanc 

du generateur, est donnee dans le memoire. 

A/133 Coep.i-11teHt1oe KopollescTeo 

MarHHTonnaaMOAHHaMH~ecKHH cnoco6 

npeo6pasosaHHR RAepHOH 3HeprHH 
6. K. nHHAJIH 

llcCJte"OB8HHII CHCTeH ,,rnrHllTOJIJ133MO,IVIBaMll-
,,., OM nc-

•1ecKoro reaepaTopa c aaMKHYTLIM IJ.H1'JJ 1 
• 

flOJlh3YJO~HX go6aBHY ~eJIO'IHOrO J11eTaJUia 
1
'

nuepTHOMY r,l3Y }(aR pa6otJeMy TeJJY, aaxo~.11T~ 
B uaqanhBOH cTa,)},HH pa3BHTHH. HaH6oJiee PY 

- 'lHllK yen-uoi'1 rrpo6JieMoi1 J=JBJiileTCH .11,1\CpHLlH HCTO 
Jla, o;:r.HaKO npHMOTO'JJIJ,le peaHTOpbl C raJOBblM 
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ouam;teHHCM TeXHH•teCJ(H OCYll\CCTBHMbl. J{irn 
CJIY'(3Jl repMH'leCKOii HOHll3aU,HH 3JJCKTponpoeo;i,

HOCTbt o6yCJIOBJJCHH3R ,no6amwii l.lC3IUI _K nnepT

HOKY raay, cpaBHHMa C anexTponpOBOAHOCThlO, 

o6yCJIOBJJCHHOii Ao6ae1<oii KaJJHR K BblXJJOllHl,Ul 

raaaH. npH TeMneparype BblIIIe 500° C. ::.ho y1rn-
31aae1 Ha TO, 'ITO 33MKHYTblii IJ,Hl<Jl HMCCT HCilO

cpe;\CTBeHHOe npeHMYI.QCCTno nepe.n: OTKpblThJ:\t 

l(HKJIOM, B H0TopoM B xa 11ecTBe TOJimrna UCIIOJJl,

ayetcn yroJib u.:rn HeqiTb. Cyll\ecrnyeT TaKmt• 

B03MO)KHOCTb ;J.OCTH)l(CHHH BhlCOI-Wii aneHTporrpo

BO~HOCTll B UHeptHOM raae aa C'IOT nepanHoeec

uoii eounaamm npu cpeJI.HllX TeMneparypax raaa 
(1200-1800° C). Ecnu paGora npu ta.1mx cpae
H11ren1,ao HH3KHX TtlMnepatypax eoaMo»rna. to 
:JaKKH}'TLIH !\Him C RACplll,IM HCTO'IHHKOM rerrna 

CT3BOBHTCR ropa3]1;0 6onee npe.n:no'lTHTCJJhHblM. 

J{eJ1aetcR DOULITKa OIJ,CHHTb M3rHHTOIIJra3MOAH

HaKR'ICCimii rettepatop C aaMKHYTblM IJ,l,fKJIOM K3l~ 
C TO'IKH ape11iu1 TCXHH'lCCKOH OCYll\CCTBIIMOCTlf, 

TaK If C TO'IKII apenHR 31\0HOMHKH H CBH3aHnoii C 

:)ml,[ B03MO>KHOCTII )lJIJ(TCJH,IIOU reHepa~HH :meK
Tpo:}HepruH. H na6opaTOpm1x clmpMLI dlHTep
ueiimHJI pncep11 :m;i. ;i.eBCJIOIIMCHT* BC]l;eTCR 06-
mHpHaR nporpaMMa l-lCCJIC,'1.0BUHHit C HC£lOJlb30-

BaHHCM 60JlblllJIX Onl,ITHLlX ycTallOBOK C 38MKHY

Tl,I)( re.i1Hii-1..1.ea1uiswM nourypoM, BKJJtottaSI cepmo 
:tKCDepHMCHTOB no lpH3HJie llJia3Ml,l. Omcc1naeTCII 
•i6opy)loeaHHe KOHtypoe. pa6otato~Hx npH TeM

neparypax raaa go 2250° C, a taKme nporpecc, 
-=40CTHrHYTLiii B 01.ICHKe (lll-t3li'leCKHX npon,eCCOH 

M:amntomraaMo)luHaMH'lectwro cnoco6a npeo6pa
:iosaeun. .[(aercH ou;eHKa -"PHTH'leCKHX pa6o'lnX 
napaMetpoe, Taimx, 1<aK o6~nii R. u. ;(. 1.vnma 11 
IJ;fOTHOCTb reHepupyeMoii J:'IO~HOCTH. 

A/133 Reino Unido 

Conversion magnetoplasmadinamica de la 
energia nuclear 
por 8. C. Lindley 

Los estudios acerca de los sistemas de generaci6n · 
magnetoplasmadinamicos (MPD), en ciclo cerrado, 
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en los que se utiliza como fluido de trabajo un gas 
inerte sembrado con un metal alcalino. se encuentrao 
en una etapa preparatoria. El problema mas arduo 
reside en la eleccion de la fuente nuclear de calor, 
pero quizas sea tecnicamente factible utilizar un 
reactor directamente refrigerado por gas. En lo que 
respecta a la ionizaci6n · termica, las conductivjdades 
electricas de los gases inertes sembrados con cesio• 
pueden compararse con la correspondiente a los 
gases de combustion sembrados con potasio, a 
temperaturas superiores en unos- 500 °C,- de modo 
que el ciclo cerrado ofrece una ventaja inmediata con 
respecto al ciclo abierto que consume carbon o petr6leo 
como combustible. Los plasmas de gases inertes se 
prestan asimismo para alcanzar conductividades elec
tricas elevadas mediante una ionizaci6n de equilibrio 
inestable a temperaturas bastante moderadas (1200 ° 
a 1 800 °q del gas. De comprobarse la posibili
dad de trabajar a temperaturas tan bajas, el esquema 
nuclear, de ciclo cerrado, se tornaria mucho mas 
atractivo. 

El autor ha procurado evaluar el concepto . del 
sistema MPD, en ciclo cerrado, en funci6n de sus 
posibilidades tecnicas y econ6micas y de prever las 
consecuencias que a largo plazo puede tener para 
la generaci6n de energia electrica. En los laboratorios 
de la International Research and Development Co. 
Ltd. se ha emprendido la realizaci6n de un extenso 
programa de investigaciones, basado en una ~nstalaci6n 
helio-cesio de circuito cerrado en escala p1loto, y de 
.una serie de experimentos conexos de fisica ~el 
plasma. El autor describe las tecnicas de construcc160 
de circuitos que trabajan con gases a temperaturas 
de! orden de 2 250 °c y expone los adelantos logra~?s 
en el estudio de Jos procesos fisicos de la generac~~n 
por el sistema MPD. Concluye con ~na eval~a_c1on · 
de la influencia de los parametros func1onales cnt,_cos, 
tales como el rendimiento global del ciclo y la dens1d_ad 
de potencia en el generador. 
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Thermal problems of gas-cooled reactors for 
magnetohydrodynamic power generation 

By L S. Dxung • 

The use of the magnclohydrodynamic (MHD) 
principle for the large-scale generation of electrical 
powu has ncendy been proposed (I]. One of the 
difficulties is the exettdingly high gas temperature, of 
the ordu of l 000 °K, nC'CC5sary for sufficient clec• 
trical conductivity. A reduction in the required gas 
temperature seems possible by using the incqui• 
librium elevation of electron temperature over gas 
temperature (2). 

If an electric field is applied to a partially ionized 
gas. the electrons arc first aculcratcd to a high kinetic 
ffltfl)' until collisions redistribute the energy to other 
particks. If the attainment equilibrium is prevented, 
a steady state may exist and the temperature of the 
c1cc:trons will be higher than that of the gas particles. 
Since the degree of ionization depends mainly on 
the electron tc-mperaturc, the electron concentration 
and the clcctrical conductivity will be greatly 
increased. 

The diffcttncc between the electron temperature and 
lhe gas temperature depends on the rapidity of energy 
redistribution. Mono-atomic particles can absorb 
energy only by an increase in the translational speed 
or by electronic excitation. In case of poly-atomic 
particles. energy can also be absorbed by rotation and 
'libration. The fraction of electron energy transferred 
after one collision is on average much larger for poly• 
atomic partic1es and the attainment of equilibrium 
much more rapid. Hence poly-atomic gases are unsuit
able for ionization enhancement. 

In only mono-atomic gases can be used. internal 
combustion as the heat source is ruled out. External 
combustion involves the same difficulty as for the 
high-temperature air preheater in an open loop. 
Hence a nuclear reactor in a closed loop is the imme
diate choice. 

REACTOR REQUIREMENTS 

As a heat source for the MHD plant, a reactor must 
fulfil a number of conditions. Of primary importance 

• Brown Boveri & Co. Ud., Baden. 

is the power required to drive the gas stream through 
the reactor. This power is proportional to the frictional 
power P lost by the gas stream. The ratio Pf Q of the 
friction loss to the heat production rate should not be 
more than a few per cent. . 

Now it is always possible to design the reactor with 
a small radio PJQ, for instance by choosing· a very 
Oat core. This is neither convenient in the plant layout 
nor permissible due to reactor criticality requirements. 
Denoting the lengih of the active reactor core in the 
direction of the gas flow by L and the diameter of the 
cylindrical core by De.. the ratio Lf De. should not 
deviate much from unity. 

A third requirement refers to the shape of the ~eat 
transfer matrix. This may be composed of straight
through channels or other types of surfaces distributed 
irregularly, e.g., as in a "pebble bed". Then the scale 
of the matrix. represented by an arbitrarily chosen 
characteristic length must not vary over a wide range. 
The exact range depends on the type of matrix and 

on the definition of D. 

FRICTIONAL POWER AND HEAT RATE 

The frictional power P is the integral - f V dp 

along the fl.ow path, where V is the volume flo~ r~te 
and p the pressure. For a given matrix the friction 
power loss can be expressed as 

98 

p = (½)f G w2 (A/S) (1) 

where the coefficient/ depends only upon the Reynolds 
number Re = GD/µS. G is the mass flow rate, Sa 
suitably defined flow crosss ection, w = V/S the corres
ponding flow velocity, A the boundary surface of the 
flow andµ the viscosity. 

The heat rate Q is given by 

Q=cGf).T=a6A (2) 

wherec is the isobaric specific heat,ATthe temperature 
rise of the gas, () the mean temperature differen~ 
between the matrix wall and the gas bulk. This 
equation defines a, the heat transfer coefficient. 
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For a given matrix the Colburn number j is: 

. j = c.>:c) X (µ/)l-x = St X p,I-x 
depends ~nly on the Reynolds number. Here e is the 
gas density, ,l the thermal conductivity and x a 
constant. The first fraction within the parentheses is 
the Stanton number, the second the Prandtl number. 

The behaviour of a matrix is comp1ete1y determined 
once/ and j as empirical function of Re are known. 

We define two more non-dimensional numbers [3}: 

Z = (f / 2j) Re2; i = j X Re= Nu/Pr-" (3) 

where Nu = al) / A is the Nusselt number. Both z 
and i are again functions of Re alone. The functional 
relations of z and i to Re will be approximated in the 
following form: 

z = B. ;m , ;n = C.Re (4) 

where B, C, m, n are constants within limited ranges. 
In Eq. (2), the temperature rise ll.T and the mean 

temperature difference O were introduced. Let O be the 
difference between the maximum wall temperature of 
the reactor core matrix and the entrance gas tempera
ture. Defining the effectiveness £ and the number of 
transfer units <p by 

£ = !::.T / 0 , <p = !::.T / 0 , ( 5) 

it can be shown that there is a unique relation be
tween e and rp [3]. In case of a reactor with a sinu
soidal heat-flux distribution in the flow direction, the 
relation is [4J: 

n e 
'P = -2,vJ-E 

(6) 

Let Vb denote the flow volume; V, Sc, De the 
volume, cross section, diameter respectively of the 
reactor core. We now define the hydraulic diameter Dn, 
the porosity ~ and the quantities /J, ~r by: 

Dn = 4 Vi, / A ; /J = D / Dn ; 
. ~r = s I Sc ; ~ = vh / V . (7) 

Evidently, V = Sc x L ; Sc = (n / 4) X Dez 

Introducing the ide~i gas equation p = f! RT, 
R being the gas constant, it is possible to derive the 
ratio P/Q and L/Dr: by algebraic manipulation of 
Eq. (4). The result is, using any coherent set of 
~nits [5]: 

~ = (;f. D2
(m-l). (lrr+I. (if. -f; (8) 

where the matrix parameters 
are lumped together into: 

y =~~!)"' RA"'-
2 

_ _ (RC) 3
, 

B p,3-(m+l).x 

3 

(:r)~ X (~~~ X (;) 

and material constants 
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The factor K does not follow from Eq. (4). Its meaning 
will be explained Jater. 

Eqs. (8) and (9} contain all the information needed 
to fulfil the requirements discussed earlier. However, 
it is more convenient to eliminate Q/V: 

L [p] ln-2 nt-t6n-4 l- ln-2 
- = - 2m x D 2m X <p 2m X 
De Q 

I Jn-2 (p )3n-2 xy Jn-2 
X (~T)T+~. T rir. v Q 2m 

DESIGN PROCEDURE 

(11) 

Within the ranges where the coefficients of Eq. (4) 
are constant, Eqs. (8), (9) and (11) are linear in loga
rithmic scales. Using logarithmic co-ordinates of L/ De 
and D, the geometrical requirement restricts a design 
point to lie within a rectangle bounded by the limits 
of these quantities. The friction loss further restricts 
the point to lie below and to the right of the maximum 
P/Q line, Eq. () I). Hence by drawing this Hne, one 
sees at once whether a possible solution exists, e.g., 
within the shaded area of Fig. 1. From the lines of 
constant Q/V, Eq. (9), it is easy to choose a core of 
minimum volume, either within the permissible range 
of L/ De or for a .. square" configuration L/ D = l. 
These design points are indicated in Figs. 1 to 4. 
Equation (11) also indicates the possible means of 
reducing Pf Q for a given geometrical requirement. 

DENSITY VARIATION 

Often the change of density cannot be- neglected. 
For a moderate pressure drop ~p compared with gas 
pressure, the. density is inversely proportional to the 
gas temperature. Equation (1) must be modified to 
take into account the density and momentum changes 
[61, thus written in differential form: 

e "'•' [ (T) bdT] - dp = -0
- , - dy + - • 
2 T0 T0 

A 
where , = f ·- and s 

(12a) 

pP = -Vdp= o;•• [, (~r dy + (~t~~] (12b) 

The subscript "O" denotes values at entry, Y is the 
fraction of flow path traversed, a is a parameter 
lying between I and 2. For a sinusoidal heat flux 
along the flow path, T = T0 + (~T/2) X (1 - cos ny), 
the above equations can be integrated, yielding with 

Eq. (2): 
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QJV: Over-all heat rate density 

where T = T0 + AT/2 is the mean temperature 
averaged over the flow path and w is calculated by 

using the density corresponding to T. 
Denoting the factor within the brackets in Eq. (14) 

by K. it is obvious that this is the factor multiplying 

the righthand side of Eq. (8). in which Tis used for T. 
Transport properties are taken at f, and the effect of 
their variation is ignored. 

The compressor power W driving the gas through 
the reactor without losses depends on the temperature 
of compression which is nearly To- With that approxi~ 
mation, we may write W • = (G/(!0) ~p. or using Eq. (2): 

W/Q = (Lip/p) X (T0) ll.T X (R/c) (15) 

The actual compressor work is W divided by the 
efficiency. 

RESULTS OF CALCULATION 

A reactor suitable as a large MHD generator is 
considered with the following specification: 

Heat rate: Q = 1 000 MW(th) 
Gas temperature at entry = T0 = 340 °C = 613 °K 
Gas temperature at exit = Ti = l 500 °C 

· Gas temperature rise = LiT = 1 160 °K 
Gas mean temperature = T = 1 193 °K 
Maximum wall temperature Tm = 1 800 °C 
Maximum gas pressure: helium, 4 bars, or argon, 

15 bars. 
The gas and the corresponding pressure level are 

chosen from considerations of the MHD generator· 

Two types of ~ooling surface will be investigated: 

Straight-through cooling channel 

The shape of the cha~nels has little effect _on the 
flow characteristics. provided the hydraulic diameter 
is used for the characteristic length, D = D,,. The 
formulae for round ducts may therefore be used and 
the coefficients in Eq. ( 4) for the range 5 000 < Re 
< 200 000, are taken as [5]): 
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m = 2.5 
n = 1.25 

B = 12 500 
C = 0.00894 

X = 0.4 

For the calculation f = ~ 1 = 0.25 and the limit 
of D is I to S cm. 

.. Pebble-bed"' type of packed spheres 

A reactor of this type has been reported else
where [7]. Using the equations of frictional loss and 
of heat transfer for the range 250 < Re< 25000 in the 
following form [8]: ' 

I= 28.4 Re-0-17
, i = 0.584 Reo.7, x = 0.333 

with D = D8 (diameter of the spheres), E = 0.37, 

P = ~ • 1 
- e = 2 •55s 

2 ! e,= I 

the constants of Eq. (4) become: 

m = 3.04 B = 125 x = 0.333 
n = l.428 C = 0.464 

The permissible range of D is 5 to IO cm (7J. 
Since the ratio AT/ T0 is high, the· effect of the 

non-uniformity of the radial heat flux distribution is 
s~vere. Exact treatments {6, 9] show that the fric
tional loss Eqs. (13) and (14) are still sufficiently 
accurate while the maximum wall temperature may be 
considerably higher than the value calculated from 
Eqs. (5) and (6) using average temperature rise ilT. 
It is, therefore, assumed that the radial heat flux dis
tribution has been made artificially uniform by using 
reflectors, or by suitably varying the fuel concentra
tion. In the case of pebbJe-bed type, the core will be 

· divided into compartments charged with spheres of 
different fuel contents. 

The results are summarized in Table I and in 
Fig. I (a to d). The requirements can readily be met by 
a reactor with straight channels. In the case of 
"pebble-bed" reactors, the lower limit of L/Dc and 
the upper limit of p must be used. Further, <p must 
still be increased; this means that the maximum wall 
temperature is reduced below the permissible limit. 

DISCUSSION AND CONCLUSION 

From Eq. (11), it is seen that a medium with high 
ln-2 

value of the parameter xy T,;, is advantageous since 
P/Q is Jower for the same geometrical restrictions. 
Table 1 shows that in this respect helium is a better 
choice than argon [5]. ·This observation, however, 
assumes that the pressure has been prescribed. From 
the viewpoint of the MHD generator, argon is prefer
able because of its smaller collision cross section· for 
electrons. For the same generator efficiency, it is pos
sible to choose a higher pressure level for argon than 
for helium. The pressures shown in Table I have been 
chosen taking into account that the generator efficiency 
in each case is about the same for both media [10]. 
Under these conditions, Table l shows that argon is 
slightly to be preferred, and that in each case a reactor 
of sensible dimensions seems feasible. The final choice 
of the medium will also be affected by the considera
tion of the power density and, the current-voltage 
characteristics of the MHD generator. This may bring 
helium again into a better position. 

Table 1. Results of calculation 

(SI designates international MKSA system of 11nits) 

Matrix Channels Packed spheres 
Gas He Ar He Ar Units 

Ficure I l 3 4 4 
p 3 ll 4 4 IS lS Bar 

AP/P 0.07 0.07 0.07 0.1 0.07 0.07 
W/Q 0.015 0.015 0.015 0.02 0.015 0.015 
P/Q 0.033 0.033 0.035 0.05 0.035 0.035 
t 0.25 0,25 0.37 0.37 0.37 0.37 

L!De 1 1 ½ 21 ½ % /3 
Q/V 8.0 12.0 4.0 3.7 7.4 5.4 MW(th}/m1 

V 125 83.3 250 .270 135.3 185.3 m• 
l>c 5.42 4.73 8.6 8.0 7.0 7.07 m 
L 5.42 4.73 4.3 5.35 3.5 4.71 m 
l) 3.0 2.0 8.5 10 8.0 10 cm 
9> 2.15 2.75 10.6 10.6 5.16 5.16 
Tm 1800 1800 1 52.S l 525 1600 1 600 "C 

wfvRT 0.150 OJ56 0.0112 0.0129 0.0142 0.0142 
Re 17000 130000 5000 6730 59000 72000 ,, 2.71 0.129 9060 9060 149 149 SI 

X 148 , 276 0.238 0.238 0.753 0.753 SI 
X y :,,..2 210 134 7.28 7.28 4.92 . 4.92 SI 

2m 
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A/693 Suisse 

Problemes de caractere thermique 
que pose la construction de reacteurs refroidis 
par un gaz pour la production 
magnetohydrodynamlque d'energie electrique 

par L. S. Dzung 

Les recherches recentes faites en vue de construire 
des gcncrateurs magnetohydrodynamiques (MHD) 
pour la production en grand d'energie electrique 
se sont orientees vers l'utilisation de l'ionisation hors 
d'equilibre pour porter la temperature des electrons 
au..dessus de la temperature du gaz et augmenter en 
meme temps Ia conductivite du gaz qui s'ecoule. 
Comme Jes molecules des gaz polyatomiques prcsentent 
des degrcs de liberte interne en plus du degre de liberte 
translationnel, elles tendent a absorber l'energie en 
execs des electrons; c'est pourquoi seuls les gaz mono• 
atomiques en circuit ferme devraient etre utilises pour 
l'cchauffement des electrons. On a done avantage a 
utiliser pour le fonctionnement d'un generateur MHD 
un gaz monoatomique servant au refroidissement 
d'un reacteur a haute temperature. 

La construction d'un tel reacteur pose des problemes 
thermiques ardus, car ii faut realiser d'intenses 
echanges de chaleur avec des pertes de frottement 
moderees. 

Ces problemes sont discutes dans le memoire, ainsi 
que Jes methodes mises en ccuvre pour ks resoudre. 
II est montre qu'il existe une relation cntre le rapport 
des pertes de frottement a la quantile de chalcur 
produite et le rapport de la longueur au diametrc du 
creur du reacteur, d'une part, et entre le rapport de 
la puissance volumique et une dimension lineaire 
choisie comme longueur caracteristique du refrigerant, 
d'autre part. Une methode a etc misc au point pour 
tenir compte de la grande variation de la densite 
du gaz au cours de son passage a travers le creur du 
reacteur. La difficulte de satisfaire aux conditions 

· imposees par ces quantites augmente habituellement 
avec la grandeur du reacteur. L'auteur montre aussi 
que Jes exigences que posent le reacteur et le generateur 
MHD peuvent pousser a des choix tres differents du 
gaz qui convient le mieux. 

A/693 Waei1qapH11 

Ten/lOBble npo6neMbl, B03Hl•-tKalOt.1..1,He 
npH npoeKTHpoeaHHH peaKTOpOB C ra-
30BblM oxnam,o.eHHeM ,o.mt MarHHTO
rHAPOAHHaMH4eCKOrO npOH3BOACTBa 
3/l8KTp03HeprHH 

Jl. C. ,lJ,3yHr 

TiocJie~Hue JlCCJie;J,oBaHUR, npoBC;J,eHHLie C IJ,C

;11,10 CTponTe.'lbCTBa MarHHTOf1t;l,po;1,1rnaMJ1'1eClnlX 

(Mr A) reuepa TOpoB /lJUI nponaBo;.t,cTaa 6oJibIDCro 

1',0JIH'lecTBa aneKTpoaHeprnn, ObJJIII uanpaanem,1 
Ha JICJ10.JIL30Bamte IIOHH33IJ,HH BHC COCTOHHH.R pau
llOBeCIIH, •no61,1 ;J.OBeCTJ( TCMnepaTypy 3JICKTPO

IIOB ;i;o Tl'MnepaTyphI, upeBLIIIIalOlll,Cl{ Tel',mepaT)'

PY raaa, J[ Tl'~{ caMLUI yBeJIH'lfHTb npOBO;J,HMOCTh 

IILIXO;l,Hlll,ero raaa. TiocKO.Tll,Ry MO.)JCKYJILI MHOfO

Hl'OMHhIX raaoB npe,11,CTclBJI.RIOT CTenemi BHYTPCH-

11eii CBofio;\bl, KpoMe CTPIICHI{ cno6o;:i.hl nepeMt'

n-'e1nrn, 01111 CTpeMDTl'.H llOfJJOTHTI, H36LITO'IIIYIO 

:mepn110 :rneKTponoB; 11oaTOMY i'l,Jiff narpcnaunn 
:1.TJl't-TpOHOB HCOOXO;l,11.MO JICDOJil,30HaTI, T!JJihKO 

11,].HOaTOMHl,lC ra3hl B aaMnHYTOM nOHType. Crre;:i.u

BaTeJibHO, BhlfO;l,HO 11CTIOJJh30B3Tb ;:J;JIJI :rncrrnyaT~: 

nmt Mf,0: renepaTopa O,J.HoaTOMHLiii: ra3, 1WTOphl11 

c;1ym11T T('ITJIOIIOCJITeJJe:\I B BhICOHOTC?tmepaTypno:\l 

pC>a1nopl'. 
llpn CTpOIITCJibCTJI(' Tal\OfO peai-Topa B0311Hlrn

lOT CJIO>KHLie TCTIJIOBhie 11po6.1eMU, Tan «ai. 11eo6-
xo,1,1urn ocyui;ecTBIITh JIIITCIICHBHhli,i Tetrnoo6MCH C 

Y:\WpCHHhlMH JIOTC'pH.MJl Ha Tpenne. 

B uaCTOH~eM ;tmrna;i.e o6cy:mil,3IOTCH 3Tll npo6-

."J('MLf, a TaKme l',leTO,J.hI, paapa6oTaHHhle ,J.Jiff IIX 
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J){'IIJ('fHIR noL•• 

• .. aaaHo, 'ITO CYIL(eCTBYCT CBII3b Mt'-
>IQy OTHOJUeuneM llOTt'pb Ha TpeHne K KOJmqecT

BY 8~pa6att.rnaeMoro Tl'll.<Ja H OTH0lUl'HlleM AJJll
llhfN :a. ;usar.teTpy 8K't11Bnoir 3<>Hbl pcaxTopa c o·•-
Hou CTopouw • ,... 

• II Afl'i«,'{y OTHOIUE:'HUeM OO'bl'MHoii 
)IOlll.llOCTH ll • .. 
. · .111HenH1JM paaMepoM, BhlopaHHblM H 

1,a'tctTee X"p•,L'T, .. 
C :J •. ' .. ' " l!pHOII .lJIJlllhl 'f('TI.JJOHOCllTeJIR, -
00.i pyrou. BLJ.TI J)a;1paoorntt M€TO;.L, Y'lllTblBa!O~HH 

ilLIUoo 1l3lll'Hl'HIH? llJIOTJl()CTJt raaa B llJ)Ol(ecct• 
<'ro npoxo= , 1 · T . · , .. ]J.e nu, •wpea a1,T11nnyro aoay peaK1opa. 

PY:tHorrh Y.lt>Mt•1nopeu11n ycJiomiii na.naraeMblX 
:>TIUfff ' . 
·. uapalf<'TpallHf, olii:,l'mo yac.11P111aae1cn t-
) Bl'JJ1l•:1t.•R1tl'M pa:rnepa })l'HKTopa. AnTOp IIOI(a:lbl-M;T ~amKe, 'ITo Tpc6oaaunn ;\Jiff peaKTopa H 

.l{ 1 Ntrp~ropa ltoryT upn»ecrn Ji ncrh:\H pa3-• 'l1t•1 ,, ,, i ( • 

HOlll Rbloop} uan6o.1t'l' rw;(xo;(RUWfO ni:rn. 

A/693 Suiza 

Problemas de caracter termico que plancea la 
construcci6n de reactores refrigerados por 
gas para la producci6n magnetohidrodinamica 
de energia electrica · 

por L. S. Dzung 

Las recientes investigaciones en torno a la construc
cion de generadores magnetohidrodinamiros (MHD) 
para 1a producci6n de energia electrica en gran 
escala, se han orientado hacia el empleo de la ioni
zaci6n descompensada para elevar Ia temperatura 
de los- electrones por encima de la del gas y, al mismo 
tiempo, aumentar la conductividad del gas en cir
culaci6n. Debido a que las moleculas de los gases 

poliatomicos, por gozar de grados de libertad interna 
ademas del de libertad de movimiento, tienden a 
absorber el exceso de energia de los electrones, sola
mente deberian emplearse gases monoat6micos en 
circuito cerrado para el calentamientode los electrones. 
Seria ventajoso, pues, utilizar para el funcionamiento 
de un generador MHD un gas rnonoat6mico que 
actuase como refrigerante de un reactor de alta 
temperatura. 

Sin embargo, la construccion de tal reactor plantea 
problemas termicos dificiles de resolver- porque es 
preciso efectuar considerables intercambios de calor 
al mismo tiempo que permitir tan solo moderadas 
perdidas por fricci6n . 

La discusion de estos problemas y los medios para 
· resolverlos son el objeto de la presente memoria. 
Se demuestra que existe una relaci6n de dependencia 
entre la razon de las perdidas por friccion a la 
cantidad de calor producida y la razon de la lon
gitud al diametro de! nucleo del reactor, por una 
parte y, por otra, entre la relacion de potencia especi- · 
fica y una dimension lineal adoptada como longitud 
caracteristica del refrigerante. Tambien se ha con
seguido establecer un procedimiento para tener en 
cuenta las grandes variaciones de densidad def gas 
a su paso por el nucleo del reactor. Las dificultades 
para satisfacer las condiciones que imponen todas 
las magnitudes que entran en juego aumentan en 
general con el tamano del reactor. Por ultimo, el 
autor senala tambien que las exigencias que imponen 
el reactor y el generador MHD pueden llevar a 
decisiones muy dispares en cuanto a la eleccio:n del gas 
mas conveniente. 
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Conversion directe de la chaleur en electricite 
d~ns les piles 

par B. Devin, J. Bliaux et R. Lesueur* 

L'interet porte a la conversion directe s'est affirme 
ces dernieres annees a tel point qu 'une seance de cette 
Conference internationale sur l'utilisation de l'energie 
atomique lui est consacree. La mise a l'ordre dujour de 
questions de ce genre est souvent liee a )'apparition 
de besoins nouveaux plutot qu'a la decouverte de 
methodes nouvelles de transformation. C'est le cas ici, 
puisque deja, en 1930, I. Langmuir avait decrit fort 
exactement la conversion directe thermo-ionique et 
que Jes specialistes travaillent actuellement a partir 
des donnees theoriques et experimentales de ce grand 
inventeur. 

Les besoins nouveaux qui ont relance la conversion 
directe thermo-ionique sont nes surtout du progres 
de l'astronautique, exigeant pour l'avenir des gene
rateurs electriques de grande puissance, de tres faible 
masse et de tongue duree de vie. II est apparu rapide
ment que la conversion thermo-ionique permettait une 
temperature elevee de source froide (1000° K). Ceci 
est un avantage considerable sur les autres modes de 
conversion pour les applications spatiales en ce sens 
qu'il reduit la dimension des panneaux rayonnants 
necessaires. 

Pour les applications terrestres, cette propriete fait 
de la conversion thermo-ionique un mode de trans
formation parfaitement adapte au refroidissement par 
circulation de gaz (air, CO2) en raison du gradient 
thermique utilisable. 

Enfin, c'est un organe d'extraction d'energie elec
trique que l'on peut mettre en serie thermique dans 
toutes les grandes centrales thermiques, entre le foyer 
de combustion et les tubes generateurs de vapeur. 

II faut d'ailleurs remarquer, dans ce cas, que la mise 
en serie thermique se traduit par un rendement de 
100 %- En effet, la quantile de chaleur supplementaire 
que doit fournir le foyer est exactcment celle trans
formee en electricite dans le convertisseur thermo
ionique. Le flux de chaleur non converti se retrouve a 
l'anode du convertisseur thcrmo-ionique, integrale
ment disponible pour Ia generation de vapeur. On 
exploite seulement Ia difference de temperature entre la 

• Commissariat a l'energie atomique. 

reaction de combustion et le point chaud du cycle 
thermique a vapeur. 

Pour justifier ces applications diverses de la con
version thermo-ionique, n'ous en rappellerons Jes prin
cipes eJ situerons Jes performances actuelles vis-a-vis 
des resultats theoriques; puis, apres avoir precise ks 
imperatifs de son application a l'energie nucleaire, 
nous ferons le point des etudes menees en France dans 
ce domaine. 

THEOR1E ET PRATIQUE 

Performances optimales 

Le convertisseur thermo-ionique (dont la figure I 
represente un modele nucleaire) est essentiellement une 
machine thermique oil le gaz electronique decrit un 
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h · · modele nucleaire figure 1. Convertisseur t ermo-1on1que, 
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Figure 2. Courbes de rendement 

cycle_ ther:mique ferme entre une paroi chaude et une 
paroi fro1de. Son energie cinetique d'origine thermi
q~e _se_ transforme en energie potentielle, qui est ensuite 
disst~e dans un circuit electrique ex.terieur, reliant la 
paro1 froide (collecteur) a Ia paroi chaude (emetteur). 

II n•est pas question d'entrer ici da:ns le detail des 
calculs, qui ont ete publies souvent au cours des trois 
der~ieres annees [l]. Le point fondamental de la con
~ersion thermo~ionique est que l'intervalle entre 
I emetteur et le collecteur est occupe par un plasma 
compose des electrons en transit entre Ja plaque chaude 
et la plaque froide et des ions necessaires a Ia neutra
lisat_ion de Ia charge d'espace electronique, faute de 
quo1 aucun courant important ne serait transmis. 

La necessite d'emettre et de transmettre un courant 
notable conduit a porter Ia plaque chaude emettrice a 
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des temperatures superieures a l 800 °K; par contre, 
la plaque collectrice doit etre a une temperature plus 
basse, de maniere qu'elle n'emette pas un cour.ant de 
sens oppose au premier dont Jes effets s'annuleraieot 
dans le circuit de charge. La temperature max.imale de 
plaque froide collectrice est I 000 °K avec Jes collec
teurs connus, cc qui peut constituer, comme nous 
l'avons dit, une ex.cellente source chaude pour un 
autre et.age de conversion. 

II n'y a aucun interet d'efficacite a abaisser la tem
perature du collecteur au-dessous de cette valeur, tout 
au moins avec !es materiaux dont nous disposons. 

Dans ces conditions, le rendement theorique de con
version d 'une diode thermo-ionique, compte tenu des 
pertes par rayonnement de la plaque chaude et des 
pertes dans ta connexion electrique reliant la plaque 
chaude au circuit de charge, atteint les vaieurs limites 
donnees par Ia figure 2. 

Le calcul montre qu 'ii faut pour cela emettre une 
densite de courant electronique de 10 A par cm2 

de plaque chaude; la tension de sortie est de I V 
environ. 

Limitations. imposees par le plasma 

Nous avons mentionne que l'espace interelectrodes 
etait occupe par un plasma. Les ions sont produits 
par ionisation d'une vapeur de cesium au contact de 
Ia plaque chaude. Cette vapeur est en eguilibre avec du 
cesium m6ta1Iique contenu dans un reservoir dont la 
temperature est regularisee dans une gamme comprise 
entre 400 et 600 °K., 

D'autre part, on utilise le fait que le cesium s'adsorbe 
en couche mono-atomique a la surface de la plaque 
chaude pour augmenter l'emission electronique de 
celle~ci. La couche de cesium adsorbe reduit le potentiel 
d•extraction du metal et favorise la sortie des electrons. 
Le potentiel d'extraction peut etre regle tres exacte-

1500 2000 3000 

Figure 4. Courbes de pression du Cs pour diff6rents supports 
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ment en faisant varier la temperature du bain de 
cesium, c'est-a-dire la pression d'equilibre de Ia 
v~~ur de cesium dans le convertisseur. On ajuste 
ams1 le nombre d'atomes de cesium condenses a la 
surface de la plaque chaude. 

On peut done tracer (fig. 3 et 4), en fonction de la 
temperature de _ta plaque chaude emettrice, Jes courbes • 
rcpresentant: 

a) la pression de vapeur de cesium necessaire pour 
obtenir !'emission electronique correcte ~ 

b) La prcssion de vapeur de cesium necessaire 
pour emettre la quantile d'ions convenant a la 
neutralisation de la charge d'espace. 

La realisation simultanee de ces deux. conditions 
conduirait aux. performances limites donnees par le 
caJcul. 

On observe immediatement, chacune de ces condi
tions etant neccssaire mais non suffisante, que seule la 
partie non hachuree du plan est utilisable. En d'autres 
termes, la pression de cesium ne peut en aucun cas etre 
choisie inferieure a la plus grande des deux. valeurs. 

D'autre part, aux pressions de cesium superieures 
a 1 mm Hg, la densite de la vapeur de cesium est telle 
que les phenomenes de transport deviennent prepon
derants: retro-diffusion des electrons emis [2], blo
cage des ions au voisinage de l'emetteur, mauvaise 
neutralisation de la charge d'espace. Le courant de 
conversion se trouve reduit, a moins que ne s'auto
entretienne une ionisation en volume, liee au passage 
du courant (regime d 'arc) mais ceci au detriment 
de la tension de sortie. 

II n'y a done pratiquement pas de zone ou le fonc
tionnement theorique soit possible. Les convertisscurs 
actuels realisent la condition imperative d'emission 
electroniq~e (1) et fonctionnent avec un arc interne, 
sur le mecanisme duquel de nombreuses explications 
sont en concurrence. 

En pratique, en raison des phenomenes de transport 
dont l'effet croit avec la pression de cesium, done avec 
la temperature de l'emetteur, le rendement de conver
sion pratique se stabilise a 15% entre I 800 et 2 IOO °K. 
11 s'agit la de chiffres releves sur des diodes de concep
tion deja ancienne et ayant fait leurs preuves quant a 
la reproductibilite et a la securite de fonctionnement. 

Perspectives 
Augmentation du nombre de degres de liberte 

En considerant la figure 3, on peut s'etonner de 
n'avoir aucun autre parametre de reglage que la pres-

• Ln courbes ont cte tracees pour une plaque emettrice en 
tungstene et pour un potentiel d'extraction optimal de J'emet
teur, lie a sa temperature par la relation 

P, = 1,5 x 10·1 T. (l) 

qui est tres suffisamment approchee pour cet expose (cette rela
tion est d'ailleurs egalement applicable au collecteur). 

B. DEVIN et al. 

sion de cesium: celle-ci gouverne a la fois et d'une 
maniere contradictoire, l'emission des io~s et des 
electrons. 

On peut jouer alors sur la nature du materiau de 
l'emetteur, ou vient s'adsorber le cesium; cela revient 
a jouer sur le potentiel d'extraction (work function) · 
du support du cesium. La surface intervenant seule 
dans !es phenomenes d'adsorption, la connaissance 
du potentiel d'extraction est suffisante [3]. La figure 4 
reprend la figure 3 en donnant !es courbes d'emission 
electronique (1) pour divers supports caracterises par 
leur potentiel d 'extraction. La courbe (2) ne depend 
pas du support si )'equation de Saha-Langmuir est 
reellement applicable, dans ce cas. Le potentiel 
d'extraction des materiaux connus ne depasse pas 
5 eV; on pense pouvoir realiser 6 et 7 eV par des 
couches adsorbees electro-negatives telles que l'oxy
gene, le fluor, par exemple, et de nombreux travaux 
sont conduits dans ce sens [4]. Si I 'on realise la variation 
de travail de sortie enjouant sur la pression d'un com
pose volatil tel que le fluorure de cesium, on est oblige 
de maintenir ce corps en equilibre de pression avec un 
reservoir et l'on doit constituer l'enceinte du conver
tisseur en materiaux chimiquement inertes vis-a-vis du 
cesium et d'un halogene generalernent tres actif. 

Quoi qu'il en soit, des a present, une efficacite de 
conversion comprise entre 10 et 15 % rend la conversion 
thermo-ionique tres attractive pour Jes usages spatiaux 
et terrestres. 

EXIGENCES NUCLEAIRES, 
UTILISATION EN PILE 

Fonctionnement et technologie 

Les chiffres que nous avons cites au passage corres
pondent a des densites de puissance electrique de 10 a 
20 W/cm2• 

Le flux thermique preleve a la source chaude varie 
entre 60 et 150 W/cm2, selon la temperature de fonc
tionnement du convertisseur, ce qui est en bon accord 
avec !es flux thermiques des piles de puissance usuelles. 

L'integration de diodes thermo-ioniques a l'interieur 
d'un reacteur nucleaire (ou Ieur assemblage, de maniere 
a realiser la masse critique) pose moins de problemes 
que la realisation technologique de convertisseurs dont 
la longevite soit certaine. L'experience des annees , 
passees en conversion directe presente un aspect favo
rable de la question en ce qui concerne la duree de vie 
du convertisseur lui-meme [5] en laboratoire. 

Le probleme principal reste celui de la tenue en pile 
des convertisseurs thermo-ioniques. Les points essen
tiels peuvent etre resumes ainsi: 1) compatibilite du 
combustible nucleaire avec la gaine emettrice; 2) pro
duits de fission; 3) refroidissement d 'anode; 4) tenue 
de la jonction isolante entre emetteur et collecteur. 
Sur aucun de ces points n'apparaissent actuellement 
de problemes insolubles. 
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Combustible. gaine 

. La compatibilite a haute temperature entre combus
tible nucleaire et gaine a fait l'objet aux Etats-Unis 
de nombreux. essais [6] satisfaisants pour certains 
couples combustible-gaine · UO et Mo UO et 
W UC . 2 • 2 

• et W~ (ZrC-UC) et W. 11 est a noter que seule 
~a face du gamage en contact avec le combustible doit 
etre co1;"~atible avec celui-ci; ceci permet de choisir 
un mat:nau de gaine de tenue mecanique suffisante et 
compatible avec un sejour prolonge sous irradiation 
(~o, Nb); la face emettrice est alors recouverte par 
depot en phase vapeur, d 'une couche mince de W ou 
Re; la face interne est de meme recouverte d 'une 
c?u~he. antidiffusion (W) destinee a proteger la gaine 
vts-a-v1s du combustible. . 

Produits de fission, pertes de cesium 

,. ~ _production des produits de fission gazeux a 
l mteneur du combustible peut creer des pressions 
prohibitives a l'interieur de la gaine contenant le 
combustible, dans la mesure ou ceux-ci ne sont pas 
retenus a l'interieur du materiau fissile. On sait actuel
lement que UO2 libere tous les produits de fission 
au-dessus de 1 900°K. Le carbure d'uranium est 
susceptible d'en retenir une partie meme a 2 000°K, 
selon sa granulometrie et sa porosite. On est nonnale
ment conduit a prevoir une evacuation des produits 
de fission en cours de fonctionnement puisqu'on ne 
peut pas compter sur l'etancheite de Ja gaine elle
rneme a long terme et a haute temperature (surtout 
si l'on veut garantir la stabilite de ses dimensions 
geometriques). 

En tablant sur un rendement de 10 % pour 1a con
version thermo-ionique, le nombre de fissions de 
235U necessaires pour l kW electrique est: . 

N fission/kWh= I,31 x·l01 8 

ce qui libere une quantite de Xe et Kr gazeux de: 

Xe: 4 x 1017 atomes/kWh 
Kr: 1,3 x 1017 atomes/kWh 

Les gaz sont s~sceptibles, en plus des deformations 
de gaine, de diffuser dans l'espace interelectrodes et 
d'y creer une atmosphere s'opposant au passage 
du courant. On peut considerer comrne acceptable 
une pression des gaz residuels ne depassant pas la 
pression du plasma de cesium. Dans ccs conditions, 
tout systeme de pompagc evacuant a cettc pression le 
flux des Xe et Kr evacuera une quantitc equivalcnte 
d'atomes de cesium, puisque les masses des atomes Xe 
et Cs soot voisincs. 

On doit done tabler sur une perte maximale de 
5 x 1017 atomes de Cs/kWh, soit 1()-4 g/kWh. 

Cette pcrte est parfaitement tolerable dans des ins
tallations de petite puissance, telles que des reacteurs 
spatiaux de JOOkW (c) fonctionnant pendant un an. 

Sur ce type d'appareils, Xe, Kr et Cs sont simplement 
evacues dans l'espace exterieur par un orifice de 
conductance appropriee. 

La quantite de Cs consommee serait de 150 g pour 
100 kW/an. 1l faut toutefois considerer qu'une quan
tite environ moitie de cesium est produite par fission. 
Cette consommation n'est pas un handicap. 

Dans des installations de grande puissance (plusieurs 
megawatts) a terre, il y a interet a separer le cesium des 
gaz de fission non condensables, pour le reintroduire 
dans le circuit des convertisseurs. 

Les gaz de fission doivent egaJement etre stockes. 
Il semble possible, de n'avoir a manipuler que des 
produits gazeux stables (inactifs) en menageant dans 
le systeme de pompage un reservoir de transit ou les 
gaz sejoument le temps necessaire a leui decroissance. 
Ceci . est possible en raison du flux tres faible de 
circulation (fig. 6). 

La chambre de transit peut etre constituee par des 
charbons actifs sur lesqueJs Jes gaz s'adsorbent. Leur 
degazage apres le temps de desactivation ne libere que 
les Xe et Kr stables; les Ba, Sr, Rb, Cs, I, Br restent 
pieges dans le charbon l7]. 

Cette operation est possible, meme a la temperature 
ambiante, sur des charbons classiques, tels que ceux 
pour lesquels nous donnons les isothennes d'adsorp
tion releves a 20 et 40°C (fig. 5). 

10 ---~---~----,-----r------. 

NC35•111 ICCCAl 

10 10 

figure 5. lsothermes d"adsorption du xenon et du krypton 
sur du charbon active 1 G 
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R6octeur thermoionique 

E lectro-vonnes 

Compresse 
L 

Filtre 
\ 

Figure 6. Ensemble de pompage des gu de fission 

Stockage 

figure 7. Jonction anode/cathode isolee Figur-e 8. Jonctlon anode/cathode protegee 
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Refroidissement d'anode 

~s puissances specifiques mises en jeu sont telles 
qu ii faut evacuer a 1 000°K entre 50 et 100 W (th) 
par cm~ de surface externe de collecteur. On a le choix 
entre une extract· fl . ion par ux gazeux sous press1on 
(C02)avec une anode munie d'ailettes du type de celles 
emplo~ees dans les reacteurs de puissance et une 
extraction par ~a~. La seconde solution est p~eferable 
pou~ des apphcattons spatiales ou la compacite du 
sy5teme est essentielle, car NaK supprime Jes compres
se~rs et s'accommode d'une pompe electromagnetique 
alim tee d" . , en trectement par les convertisseurs. La pre-
mier~ augrnente l'encombrement des barreaux com
bustibles, mais t:lle est directement transposable dans 
le.~ reacteurs type EDF et ne pose aucun probleme 
d isolement electrique des anodes vis-a-vis du refrige
rant. 

Jonction isolante anode/cathode (Fig. 8) 

_ La technique la plus courante de mis~ en s6rie con
~1ste a relier Jes anodes successives par· des anncaux 
tsola_nts ~rases ; la technique actuelle peut fournir 
des Jonct1ons etanchcs de ce type travaillant en pile 
au-dessus de I 000° I( {SJ (fig. 7). 
. ll est toutefois possible de remplacer ces jonctions 
isolantes par un segment metallique mauvais conduc
teur qui ne derive qu'une fraction relativcment faible 
du courant engendre par chaque element; etant 
donnees les intensites nominales par diode ( l 50 A), 
la r~alisation d'une telle jonction ne pose pas de diffi
culte particuliere [9]. 

En fait, une telle jonction a en outre l'avantage 
de ne pas constituer un circuit ouvert en raison d'une 
defaillance sur l'un quelconque des convertisseurs 
constituant la Serie electrique. L'elevation de tempe• 
rature sur cette jonction est favorable a la realisation 
d'une autoprotection par fusible en cas de panne d'un 
element. La figure 8 illustre ce procede. La defaillance 
d'une diode entraine la fusion d'un alliage qui vient 
etablir une derivation a faible resistance permettant le 
passage du courant en dehors de la diode fautive. 

Couplage electrique et thermlque 

Diagramme d'adaptation a la charge 

Le fonctionnement des diodes dans un ensemble 
generateur de grande puissance est necessairement sujet 
a des changements de regime provenant des variations 
de charge electrique et de puissance thermique de la 
source. II est done necessaire de connaitre le fonction• 
nement du convertisseur dans une plage assez etendue 
autour des conditions de puissance d'entree nominale 
Po et de puissance de sortie W0 pour lesqueUes le ren
dement est maximal. 

11 est commode de representer le fonctionnement du 
convertisseur a l'aide d'un diagramme d'adaptation a 

la charge reliant la puissance a la tension de sortie: 
W = f (VJ trace en regime statique et en regime dyna
mique. Ce mode de representation a ete choisi de 
preference a d'autres parce qu'il permet instanta• 
nement Ia representation globale du fonctionnement 
de diodes en serie et en parallele: a) le regime statique 
caracterise le point de fonctionnement permanent ou 
la temperature de l'emetteurest stabilisee; b) le regime 
dynamique caracterise Jes evolutions rapides autour 
des points du regime statique (une evolution rapide ne 
pcnnet pas a la temperature de l'emetteur de varier 
de fa<;on sensible en raison de l'inertie thermique) . 

L'aUure de ce diagramme est donnee sur la figure 9. 
Les courbes representent la puissance de sortie W 
rdevee en fonction de la tension de sortie V, pour 
ditfercntes valeurs de la puissance d'entree P. 

L'ensemble est obtenu par un enregistreur XY et par . 
un wattmetrc a effet Hall (fig. I I). Les courhes sta
tiques sont tracees avec un temps de defilement de la 
tension de sortie (variation de la resistance de charge) 
suffisamment long pour que la temperature de l'emet
teur puisse etrc considerce comme stable. Les courbes 
dynamiques sont tracees a !'aide d'un balayage dyna
mique de la tension de sortie a une frequence de l'ordre 
de 50 Hz (le wattmetre a effct Hall donne des indica
tions correctes de puissance instantanee jusqu'a 500 
Hz). 

II est indispensable d 'y adjoindre Jes courbes repre
sentant la temperature de l'emetteur en fonction de 
la tension de sortie Te = f (VJ en regime statique; 
la temperature de l'emetteur reste identique a elle
meme par definition en regime dynamiquc. Les courbes 
a charge constante sont des paraboles dont !'inter
section avec Jes courbes a puissance d'entree constante 
P permet de definir la resistance optimum. 

Regimes transi~oires 

tors d'une demande brusque de puissance, il est 
necessaire de connaitre la reaction d 'un convertisseur 
a une variation inopinee de la charge. 

La figure 10 represente les deux caracteristiques 
statique et dynamique d'un convertisseur. En suppo
sant un fonctionncment initial optimal, le point repre
sentatif caracterisant la diode se situe en A. Si la 
charge vient a se modifier, ce point evoluera d'abord 
sur Ia caracteristique dynamique pour revenir pro
gressivement vers la caracteristique statique et finir au 
point D, pour lequel la temperature de cathode s'est 
modifiee et stabilisee. 

Suivant l'utilisation que l'on recherche (source a 
courant constant, a tension de sortie constante) on 
regularise le flux neutronique (c'est-a-dire la puissance 
incidente) afin de revenir au niveau de courant ou de 

. tension desire. 
La determination complete des fonctions de transfert 

entre le reseau de charge et la temperature du combus~ 
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Figure 9. Diagramme d'adaptatlon 

w Courbe dynamique Tt 
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Courbe dynamiq 

Tmin. 

Courbe statique 

0 V cut.off V 0 Vcut-off V 
Figure 10. Diagramme transitoire 

tible est indispensable pour le calcul du systeme de 
controle d'un reacteur a diodes: leur releve experi
mental est en cours. 

Couplage 
Un convertisseur ne pouvant representer a lui seul 

qu'une puissance relativement modeste (150 W par 
exemple), tout projet de grande puissance entraine 
ob1igatoirement un couplage de diodes soit en serie, 

soit en parallele et, dans tm ensemble tel qu'un reacteur, 
a des groupements serie /parallele importants. Ces 
groupements peuvent toujours se ramener au probleme 
de deux diodes en serie ou de deux diodes en parallele 
que nous allons examiner maintenant. 

Sur le diagramme d'adaptation (fig. 12), le courant 
de deux diodes en serie recevant une puissance d'entree 
distincte P1 et P2 est represente par une droite issue 
de l'origine qui determinera parses intersections avec 
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!es deux courbes W {V) les deux tensions V

1 
et V

2
; 

de meme. pour le montage en parallele, les courants 
/1 et I,. seront obtenus par !'intersection de la droite 
representative de la tension dernandee, II est alors 
possible d'en deduire le diagramme de la diode equi
valente a deux diodes en serie OU a deux diodes en 
parallele. De ces groupements simplifies on peut alors 
prevoir des ensembles serie/parallele pouvant s'integrer 
dans un reacteur nucleaire. 

ETAT DES ETUDES EN FRANCE 

De maniere independante, Ies etudes ont ete entre
prises en France par: a) le Commissariat a l'eriergie 
atomique (CEA); b) la Compagnie fran~aise Thomson 
Houston (CFI'H); c) la Compagnie generate de 
telegraphie sans fil (CSF). , 

Le CEA 

Le CEA est naturellement interesse par les applica
tions nucleaires de la conversion directe et par les 
etudes fondamentales .de physique qui y sont liees. 
Les etudes sont menees sur un financement interne 
CEA et portent sur les points suivants: a) essais de 
duree de vie en pile et hors pile; b) etude de l 'homo
geneite des surfaces emettrices: emission electronique, 
emission ionique (ces etudes sont menees avec un 
microscope a emission clectronique ct font l'objct 
d'un compte rendu annexe [IOJ); c) etude des conver
tisseurs a deux. degres de liberte en vue d'atteindre des 
rendements supericurs a 30%; d) etude des regimes 
transitoires dans Jes convertisseurs thermo-ioniques et 
des couplages serie/parallele, 

la CFTH 

La CFTH a entrepris des· recherches thermo-ioni~ 
ques a partir de 1960 sur ses propres credits de deVC• 
loppement et sur des contrats EURATOM et DGRST 
(Delegation generale a la recherche scientifique et 
technique). Les etudes ont ete orientees vers l'utili~ 
sation des sources a haute temperature: soleil, tlammes, 
fission. 

La realisation de convertisseurs experimentaux a 
conduit a des appareils cylindriques de performances 
analogues a celles publiecs dans la litterature interna
tionale (15%). 

w 

f.e.,.. tlall 

v.klV 

_, 
Figure 11. W.1ttmetre a effet Hall 

Cliorgo 

figure 12. Diagramme de c:ouplages serie/parallele 

V 

(Direction des recherches et moyens d'essais), de la 
DGRST et <le compagnies etrangi':res. 

Les etudes de la CSF portent egalement sur les 
convertisseurs appliques aux trois sources a haute 
temperature et sont orientees vers la realisation de 
convcrtisscurs a rendement eleve. Ces pe~oi:mances 
doivent etre atteintes par une homogene1sat1on des 
surfaces emettrices {depots de W et Re en phase 
vapcur) et une reduction de l'espacement entre emet-
teur et collecteur (l00 microns). . 

La CSF a egalement etudie l'emission electroni.4ue 
et ionique de systemes capillaires a vapeur de_ ce~~um 
qui sont reveles etre des sources d'ions part1cul1ere
ment intcressantes. 

CONCLUSIONS 

La CFTH etudie egakment des convertisseurs a 
basse temperature (1 500 °K) pour les applications au 
soleil et aux ftammcs ainsi que des emaux anti
corrosion pour la pr~tection des surfaces chaudes 
exposees a l'air (1 200 °C). 

Les efforts sont specialement orientes vers la repro
ductibilite des convertisseurs. 

la CSF 

La CS F travaine egalement sur des credits internes de 
developpement ai~si que sur des contra ts de Ia DRME 

Jl est encore trop tot pour realiser des gfoerateu~s 
nucleaires meme de faible puissance (100 k~) exclus1-
vement thermo-ioniques, en raison du petit nombre 
d'essais systematiques de duree qui ont ete effectues. 
Toutefois Jes perspectives dans ce sens so~! excellen~es. 

L'amelioration des performances par I mtroduc~1on 
de convertisseurs a deux degres de liberte est certame. 
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11 est raisonnable d 'escompter d 'ici un a deux. ans la 
realisation de convertisseurs ayant 30 % de rendement. 

Ce mode de con~ersion est fondamenta1ement simple, 
sans organes mobiles. Sa temperature de source froide 
permet un refroidissement facile. 

Les diodes peuvent etre construites autour du 
combustible nucleaire et possedent une duree de vie 
comparable a la sienne. 

Aucun materiau de haute purete n'est exige pour ta 
realisation ~es diodes, contrairement aux coupJes 
thermoclectnques ou photovohaiques. 

Le couplage thermique entre la source de chaleur et 
le point chaud du cycle de transformation est parfait et 
ne souleve pas de probleme de paroi chaude. 

Ces avantages sont indiscutables. 
la technologie a mettre en jeu est certainement 

delicate, mais elle est deja developpee dans l'industrie 
clectronique et done susceptible des memes methodes 
de production massive. 

11 paralt done souhaitable de poursuivre l'effort 
entrepris dans la conversion thermo-ionique afin de 
•♦amener a l'extreme limite de ses possibilites, dont 
seulement une faible partie a etc exploree. 
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ABSTRACT-RESUME-AHHOTAU.l-1.sl-RESUMEN 

A/44 France 

Direct conversion of heat into electricity 
in reactors 

By B. Devin et al. 

The direct conversion of heat into electricity by 
thermionic emission in an atomic reactor was studied 
with the threefold aim of applying it; as an energy 
source for a space vehicle; as the first stage in a 
conventional conversion system in power plants; and 
in association with thermoelectric conversion in ultra
low-power instaJlations. 

The laboratory experiments were mainly focused 
on the electron extraction from metals and compounds 
and their behaviour at high temperatures. 

Converters delivering up to 50 A at 0.4 V with an 
efficiency around 10% were built in the laboratory~ 
the emitters were heated by electron bombardment 
and were made of tungsten covered with a film of 
uranium carbide, or of molybdenum coated with 
caesium. 

The main features of the connection between the 
converter and the reactor were studied from the point 
of view of electronics, namely: the influence of 
mismatching of the load on the temperature of the 
emitter; and that of thermal flux density on the 
temperature of the emitter and the stability of t)le 
converter. 

Converters using uranium carbide as the electron 
emitter were tested in reactors. Experiments were 
carried .out under transient conditions in order to 
determine the dynamic characteristics. 

Load-matching curves were constructed, from which 
the over-all performance of a series of cells connected 
up in such -a;. way as to form a reactor rod were deduced. 
This information is fundamental to the design of a 
control system for a thermionic conversion reactor. 

The problems associated with the reliability of 
thermionic converters connected in series in the same 
reactor rod were studied theoretically. 

Finally, absorption isothermals were drawn at 
ambient temperatures for krypton and xenon on 
activated carbon with the object of investigating the 
evolution of fission products in a converter. 
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A/44 tDpaH4Hfl 

npRMOe npeoopaaoBaHHe TennOBOH 
3HeprHH B 3net<TpH4eCKylO B aTOMHb/X 
peaKTopax 

6. ,lJ.eeeH el al. 

IlpRMoe npeoopaaonamw rerrJronoii aHeprmr u 
:meRTpH>JCCKyro nocpe,a;CTBOM repM.OHOHHOii ;)MHC
CHH B 81'0MHOM peaKrope 6J,1JIO pacCMOTpeuo C TO'l
RH apemrn ee 11cnom,aonamrn: RaK BCilOMorarem,

nuii JICT01JHHK ,meprnn n KoCMR'IecKHX anrraparax, 
KaK OCHOBHOH HCTO'IHUK ;:meprnn B OOhlti:Hoii CH
CTCMe npeo6paaoBamrn: ,meprn11 B ycrauoBRax 
OOJibWoii M0~H0CTH H, H8JWJien;, }(3}( COCT3BJJO)l 

a.:ieMeHT B repM03JreKTpttlfec1mx npeo6paaoaa-re
JlRX B YCTalfOBKax 0'lem, M3JIOii MO~HOCTll. 

JiaoopaTOpHhle HCCJIC.Il;0llamrn BeJIHCb fJJ3BHbIM 

o6pa3oM no Jf3BJJe'J0HJIJO MCT3J1Jl0B H HX coe~1rne
BUH If JIX lf3MeHeUH1IM npK BI,JCOKHX TeMnepaTy
pax cpe.a;CTBaMH aJteRTpOHHRH. 

IlpeoopaaonaTeJJH, Aaro~ne ToR nopHAim JJ,o 
50 a nph uanpJJ»tetrnn 0,4 e » Jt n. 11.. 01wno 10 % • 
6hJJJJf naroToBJ1Clfhl B na6opaTopmrx. Jfany•rnre.nn, 
ll'arpenaeMLte ane1npoauoii GoM6apAnpo»Rm'i, n1,1-
noJJHeHL1 ua BOJJhlppaMa, no1>pb1toro cnoeM Rap611-
;1.a ypaHa HJJH MOJJJJ6,neHa, noHp.WT0f'O B CBOIO OlJe
pe;,.1, .qeaneM. 

OCHOBHMe acneRThl CBR3ll Me>H;J,Y npeo6paao.ea
Te:ieM H 3T0MHhlM peaRT0P0M HayqaJIUCL C T0"IRli 

apeu1rn 3JJe.KTpoHmrn: BJJHRHJte uecorJJaCoBanuo
cT» narpyaKH na TeMnepuypy IJ3JJyTiaTeJIH H 
BJIIfJJHUe e;:i,JfHlt'lHOro Temmnoro UOTOKa Ha TeM
nepaTypy H3JlY'IaTeJlH H CTa6HJJhHOCTb npeo6pa
aoaa-rem1. 

OJJblTl,f C npeo6pa30BaTe,1RMff, UCflOJih3YIO~HMU 

Ypauoaoe TOIIJIHBO l1 Ka'ICCTBe ;}Jl0KTpOHHOro H3JIY
'laTeJia, npono]l.llJIHCL n peat<Tope ]I.JUI Toro, qro61,r 
onpe,1emtTL ,mrnaMJJtJeCKHe napaMCTphl. 3TH Ollhl

TI,I Dp0B0,'~lfJIUCl, B nepeXOi'{HOlll pemnMe. 

_Y.Q:anoc1. coa;.t.aTL ~emi: corJiacoBamrn: Harpya1m, 
C DOMO~LIO ROTOpbJX 6wm1 onpell,eJteHhl pa6olfHe 

xapaKTepHCTHKlf M!Iornx ;meMeHTOB, CBJI3aHHl,1X 
:Mem~y co6on, 'IT061,1 o6pa3onarz. CTepmeHb peali
Topa. dTH Jl,aHHhle Heo6xo,::i:HMM ,'.IJISI paapa60TKll 
CllCTCMbI ynpaBJ10HHH B peat<rope C TepMOHOHHbUI 
npeo6paaoBauneM. 

Teoper1t<Jecxu OMJIH paccMOTpem,1 npo6.iJeMU 
Hai'{emnocnr TepMonomu.rx npcoopaaoeaTe.n:eii:, co
e.a;HHcllehlx IlOCJlC,ll;OBUTCJibHO B BUp;e C/1,HHOfO TOll
.:Jl[BHoro cTepm.u». H, na1,one1~, BU'ICp'fCHhl nao
TepMw nornon~emrn P.JJR ](pmITona n HceuoHa Ha 
aKnrnuponanHOM yrJie u ycJIOBlfHX o6LPIHOK Tell-f-

neparypLI, ,!\JUI Toro '1To6M BbIHBBTL npoqecc 06-
paaoaaHHR npo.nyHT0B ,ll;M8HIIR B npeo6pa3oBa
TCJie. 

A/44 Francia 

Conversion directa de/ calor en electricidad 
en los reactores 

por B. Devin et al. 

La conversi6n directa de calor en elect-ricidad por 
emision termoi6nka en un reactor, ha sido estudiada 
desde el triple punto de vista de su utilizacion como 
fuente auxiliar de energia en un ingenio espacial, como 
punto de partida de un sistema convencional de 
conversi6n en las instalaciones de potencia y, por 
ultimo, asociada a la conversion termoelectrica en 
instalaciones de muy baja potencia. 

Los estudios en Jaboratorio se han enfocado prin
cipalmente sobre los trabajos de extracci6n electronica 
de los metales y aleaciones y su evoluci6n a alta tempe
ratura. 

Se han conseguido en el laboratorio convertidores 
que suministran hasta 50 A a 0,4 V con un rendimiento 
pr6ximo al 10 %: los emisores calentados por bom
bardeo electronico estaban constituidos por tungsteno, 
recubierto por un dep6sito de carburo de uranio, o 
de molibdeno, recubierto de cesio. 

Los principales aspectos del acoplamiento entre el 
convertidor y el reactor se han examinado desde el 
punto de vista electr6nico: influencia de la inadapta
ci6n de la carga sobre la temperatura de! emisor e 
influencia del flujo termico nuitario sobre la tempera
tura del emisor y la estabilidad del convertidor. 

Se han experimentado en el reactor convertidores 
que utilizan carburo de uranio como emisor electro
nico. Se realizaron ensayos en regimen transitorio a fin 
de determinar Ios parametros dinamicos. 

Asimismo, se ha logrado construir las redes de 
adaptaci6n a la carga y se han deducido asi las carac. 
teristicas globales de muchas celulas acopladas de 
modo que formen una barra del reactor. Estos datos 
son indispensables para Ja concepcion de un sistema de 
control de un reactor de conversion termoionica. 

Se examinaron te6ricamente los problemas de los 
convertidores termoionicos asociados en serie en una 
misma· barra combustible. Por ultimo, se han trazado 
las isotermas.__ de absorci6n a temperatura ambiente 
del cripton y del xenon sobrc carbon activado, a fin 
de estudiar el desprcndimiento de productos de fision 
en un convertidor. 
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Fission-heated thermionic diodes 

By P. D. Dunn and J. Adam• 

Thermionic generators are particularly suitable 
where fission heating is involved since. if the emitter 
contains fissile material, it may be part of the fuel 
element in a reactor and readily arised to a high tem
perature. Possible applications of fission-heated diodes 
include their use as a thermodynamic topper for 
nuclear power stations. Here the diode is used, with 
the steam turbine, as the high temperature stage of 
a two-stage converter. Another application is the 
provision of electrical power in large space-vehicles 
where, due to a high collector temperature. the reject 
heat can be readily dissipated by radiation. The opera
tional characteristics of thermionic generators have 
been presented in detail elsewhere [1-3}. The thermio
nic generator is characterised by a power density 
in the range S-20 W/cm', an output voltage of the 
order of one volt, a rejection temperature of 700-
1000 ° C and a conversion efficiency in the range 
10-25 %-

The UK Atomic Energy Authority have for some 
years supported a programme of research and devel
opment aimed at obtaining both an understanding 
of the basic physical. materials and engineering prob
lems and information on the potential capabilities of 
such generators. The work is not directed towards a 
specific application. This paper describes the present 
programme of experiments and gives results and 
conclusions to date. 

To draw current densities of 10-20 A/cm2, it is 
necessary either to avoid space charge limitation of 
the current by the use of extremely small inter-elec
trode spacing ( < 0.001 mm) or to neutralise the nega
tive charge by the provision of positive ions in the 
inter-electrode space. Small spacings have been used 
successfully in low-power applications not exceeding 
a few watts but do not appear to be practicable for 
larger generators. A number of possible methods of 
achieving neutralisation has been put forward. but the 
simplest and most practicable is to fill the device with 
caesium vapour at a pressure of 0.01-10 torr. Various 
ionising mechanisms occur and result in an adequate 
supply of positive ions. The use of caesium has another 
beneficial effect since by condensing on the C4:>ltector 

• UKAEA, Atomic Energy Research Establisltment, 
Harwell. 

in a layer more than a few atoms thick, caesium lowers 
the collector work function to 1.8 V. 

A basic problem with the fission-heated generator 
is the choice of a suitable emitter. Uranium mono
carbide has a reasonably low work-function and high 
electrical and thermal conductivity and when used 
without cladding at a surface temperature of 2 000 ° C 
g.ives an electronic emission of the order 15 A/cmt. 
Experience at Los Alamos. confirmed at Harwell, 
indicates that the addition of zirconium carbide im
proves the resistance of uranium carbide to thermal· 
stress, but has little appreciable effect on the electronic 
emission. Factors limiting the life of unclad carbide 
emitters are fission gas retention which ultimately 
causes distortion, and evaporation due to the high 
operating surface temperature. 

These limitations could probably be overcome if the 
fissile fuel is clad in a refractory metal can. The work 
function of these surfaces is too high to give adequate 
emission at reasonable temperatures (for ell.ample, 
tungsten at 2 400 o K has a saturation current of 
100 ma/cm2). However, if the caesium presssure were 
sufficiently high (l-1 O torr). the refractory surface 
would be modified and the emission current increased 
to an acceptable value. There are a number of advan
tages from this arrangement. The surface temperature 
may be lowered to 1 500 ° C. compared with 2 000 ° C 
for unclad carbides, and there is greater choic~ of 
fissile fuel. However, a problem arises from the co!°
patibility requirement between the fuel and claddmg 
material. Also. in the high pressure generator. plasma 
resistance becomes significant so that inter-electrode 
spacing must not exceed 0.25 mm with a consequent 
requirement for high dimensional stability of the 
emitter. The use of caesium leads to problems of 
compatibility and limits the choice, of suitable ceramic 

1H 

to metal seals. · 

IN-PILE RIG DESIGN AND EXPERIMENTS 

Early studies 

The first in-pile experiment to be reported was by 
Grover of Los Alamos [4J, and since then other 
workers have published results on similar rigs [5-10). 
The experiments described below were designed to 
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figure 1. Mark I series rig 

supplement laboratory work and enable the basic 
data to be obtained and design principles verified. 

Some design requirements,. mainly related to safety 
and the type of reactor used, are inherent in this type 
0 ~ experiment, but will not exist in a complete thermio
nic reactor. These include the provision of catchpots, 
double containment, and a suitable thermal impedance 
between the collector and the heavy water coolant. 
Other problems, such as caesium compatibility, fuel 
element fab~ication and brazing techniques are directly 
related to a final design of a thermionic reactor. 

A number of designs was considered from which 
an unclad cylindrical system was selected. 

Mark I type rigs 

In these experiments, bus-bars were omitted to 
simplify -both the vacuum sea1ing and rig engineering 
and to avoid the use of ceramic to metal seals. The 
emitter was mounted from the walls of an all-steel 
welded vacuum chamber, part of which served as 
collector with the remainder acting as a fixed electrical 
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Figure 2. Mark II series rig 

load (Figs. I and 2). The vacuum space was made 
large so that the effect of fission product gas build-up 
would be small in the one-day exposure allocated for 
the experiment. 

The core of the PLUTO high-flux heavy-water-
moderated reactor used for the experiment [I I] is 
designed to take a number of 5 cm diameter experi
mental thimbles fitted within annular fuel elements; 
these are loaded through the shielding above the core. 
The maximum neutron flux occurs near the core centre, 
and one of these thimbles is suitable for a narrow 
cylindrical design of a diode with the emitter rod 
mounted on the aitis. The gamma radiation heating 
( ~ I W /g) of the structural metals is sufficient to 
maintain the diode,casing temperature above that of 
the caesium reservoir. 

In the designs adopted, the heat generated is trans-
fered from the diode envelope to the heavy-water
cooled thimble via a helium gas-gap sized to give the 
required envelope temperatures. Control of the reactor 
power governs both the emitter fission beat and the 
gamma radiation of the metal casing. Therefore, special 
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A: laboratory vacuum emission measurements 
B: First experimental run 
C: Subsequent experimental runs 

means must be provided to adjust separately the tem
peratures of the collector and caesium. Two in-pile 
assemblies were constructed; in one rig, independent 
temperature control of the diode casing and caesium 
reservoir was obtained by changing the helium pressure 
in the thimble. A pressure change of 100 to 1 torr 
increased the thermal impedance by a factor of four. 
In the other rig, the helium was at atmospheric pressure 
and a small electrical heater at the base of the diode 
provided an independent control of the caesium pool 
temperature and saturated vapour pressure. It was 
possible, with a combination of gas-gap pressure and 
heater control, to vary the caesium and collector tem
peratures independently, but in the interests of sim
plicity of operation and reliability of the system, it 
was decided to try the methods of control separately. 

To make the rig as safe as possible, a shielded catch
pot was arranged to contain the fuel element should it 
fracture and fall. The neutron flux level in the catchpot 
region was reduced by a factor of IO by means of a 
cadmium shield, and thermocouples in the catchpot 
were set to operate trips which shut down the reactor. 
A loose-fitting tantalum cylinder in the catchpot pre
vented the hot fuel element from making direct contact 
with the steel envelope. 

The results of the experimental runs are shown in 
Fig. 3. In the gas-gap rig a maximum current of I 32 A 
was deduced from the potential measured on the fixed 
load at a caesium pressure of 0.08 torr and a temper
ature of 2 100 ° C. At 0.01 torr and 2 000 ° C the 
current was 100 A. Similar results -were obtained with 
the second rig. The fixed load resistance was not 
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matched and the actual efficiency was about 2.7 %. 
The rigs were operated for 36 and 10 hours respect
ively. No fall-off in performance was observed during 
these periods. 

Mark II type rigs 

To extract the electrical power from the generator 
into an external load a ceramic to metal seal is neces
sary. The seal temperature must be higher than the 
caesium reservoir temperature to avoid condensation 
of caesium on the insulator and consequent short 
circuiting, so a temperature of about 450 ° C was 
selected. Factors leading to the choice of both a high 
purity alumina ceramic and the braze material are 
given later. 

Since fracture of the ceramic would allow the release 
of fission gas into the reactor vessel, double contain
ment was arranged by incorporating a second seal, 
made up from a central conductor sprayed with 
alumina which was then electroplated with copper to 
form an outer cladding. Apart from the seal, the basic 
rig design was as for the Mark I series and used 
UC-ZrC unclad emitters in cylindrical shape with 
spacings in the range 1-1.5 mm. Minor modifications 
were made, namely, a copper thermal shunt was 
included on the outside of the collector to flatten the 
temperature distribution and the cadmium shield 
around the catchpot was omitted. . 

Two rigs were operated; as with the Mark I rigs, 
one employed a variable gas pressure and the ot~er 
an electric heater for temperature controls. Operating 
characteristics were obtained by using a 50 cps trans
former load in series with a fixed matched resistance. 
The results on the two rigs were similar. Total current 
at 2 000 o C emitter temperature was 88 A and 1.4 volt 
into a matched load to give 120 W output power. 
With caesium pressure 1 torr the estimated efficie~cy 
was 6-7 %- Figure 4 shows hysteresis effects which 

~--2 -1 0 V 1 2 3 

-2 -1 2 

figure 4. Current voltage characteristics for the Mark II rigs 
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Figure 5. Mark Ill series rig 

are believed to arise from temperature variations of 
the emitter surface caused by variation in electron 
cooling throughout the cycle. One rig operated for 
20 hours and the other for 60 hours. No fall-off in 
performance was observed during these periods. 

. There is some uncertainty in estimating the fission 
power input to the rigs. Two methods are used: direct 

calculation using measured neutron flux in an adjacent 
fuel element and flux depression data obtained from 
experiments with simulated rigs in the DAPHNE zero 
energy reactor [ 11 J; the second method using measured 
temperature gradients in the rigs and calculated thermal 
impedance. The results for the two methods differ by 
about 15 %, the latter giving the lower value. 
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In order to obtain a more accurate value, a new rig 
has been designed to incorporate a calorimeter and 
has recently been commissioned. The electrode spacing 
is 1 mm. Preliminary assessment of the experimental 
results indicates that the thermal calculations are 
correct. 

In order to obtain data on clad generators a further 
rig of similar overall design, but using tungsten-clad 
UC-ZrC and 0.5 mm spacing, has been constructed 
and will be operated at the same time. 

Mark Ill type rigs 

The rigs so far described have been aimed at devel
oping a single module. The Mark III series of rigs 
are intended as a first approach to the design of the 
core of a thermionic reactor. Such a reactor will 
consist of many generators in series-parallel arrange
ments. 

Two designs have been produced, using either clad 
(Fig. 5) or unclad emitters and incorporating four 
cylindrical generators in series. In such an arrange
ment, each collector must act as the catchpot in the 
event of fracture of the fuel element and for this reason 
must be a refractory metal. Successive collectors must 
be insulated, and a convenient way of achieving this 
is shown in Fig. S, where alumina is sprayed onto the 
refractory collectors which are then ground and assem
bled in a honed Zircaloy tube. This method has the 
additional advantages of providing good mechanical 
support and containment and not requiring a vacuum 
seal between successive generators. The rig with clad 
emitters incorporates spacings of 0.25 mm for the 
three lower generators and 0.5 mm for the upper 
generator and is scheduled for operation in 1964. 

Mark IV type rigs 

These rigs. which are similar to Mark II, are intended 
to provide information to assess the factors ·affecting 
the life of thermionic generators. The Mark IV series 
of experiments has thus been designed for operation 
for one month. Since it is not possible to have the sole 
use of a research reactor for this period, the actual 
neutron flux in the rig may vary. Flux depression 
experiments have indicated the mean level to be 
excepted and fluctuations in flux density will be. co~
pensated by the automatic positioning of the rigs m 
the flux gradient. In order that the rigs may be operated 
unattended, a simple fixed load design broadly similar 
to the Mark I has been evolved. 

POST-IRRADIATION EXAMINATION 

The four diodes with unclad UC-ZrC as fuel which 
operated in the reactor were examined !n ho_t c~Ils. 

Macroscopic examination of the emitter md~cated 
a slight decrease in diameter of the hottest section of 

the rod and a dark deposit was absorbed on the collec
tor and identified by X-ray diffraction as a mixture and 
UC-ZrC and UO2-ZrO2• Lattice parameters of both 
these mixed compounds are sensitive to the U : Zr 
ratio and measurements showed that the uranium 
content of the deposit was greater than that of the 
original cathode material. Furthennore, lattice para
meter measurements of UC-ZrC on the cathode surface 
indicated that the uranium content was somewhat 
lower than before irradiation. Although quantitative 
analysis of these measurements is not possible, because 
unit cell sizes of uranium carbides depend also on 
stoichiometry of the compounds, qualitatively it appears 
that uranium carbide is evaporated preferentially from 
UC-ZrC. The evaporation rate was estimated as 
2 x 10-' g/cm2 s at the operating temperature of the 
order of 2 000 o C. 

A polishing technique, which was satisfactory for 
unirradiated UC-ZrC, left a chipped surface on the 
irradiated material. Apart from the surface roughening 
there was no other difference in appearance under 
microscopic examination between irradiated and ~nir
radiated UC-Zi:C. Examination in an electron micro
scope of a shadowed replica taken from the etch:d su~
face of irradiated material revealed presence ofumdentl
fied grain boundary precipitates very similar in appe~r
ance to those found in unirradiated UC-ZrC which 
has been heat-treated for 3 hours et 2 500 ° C (Fig. 6). 

The fission gas evolution from the cathode will have 
a decisive effect on the performance and life of nucl~ar 
thennionic converters. In a gas sampling operation 
carried out on one of the irradiated diodes only 20 % 
of the estimated amount of krypton and xenon produced. 
has been collected. This suggests that a very large pro
portion of fission gases is retained in the fuel and 
consequently swelling of the cathode is likely t~ occur 
at high burn-up. Further experiments are required to 
determine the limits of operating temperatures aod 

burn-up of UC-ZrC before a final assessment can be 
made of this material for practical converters. 

MATERIALS PROBLEMS 
IN NUCLEAR THERMIONIC CONVERTERS 

Design studies, laboratory and in-pile experiments 
with converters indicate that there are broadly three 
areas of research and development in the field of 
materials which must be investigated: high temperature 
materials for emitters, ceramic to metal seals: ~nd 

compatibility of materials with caesium. -I~rad~ation 
effects are important in all these; the_ sp~c1fic in~es
tigation on the materials used in the ngs is described 
above. 

Emitter materials 

UC-ZrC alloy has many properties which make it 
suitabte as an emitter material. UC-ZrC alloy c~n
taining 46 mot % of UC was chosen for the first senes 
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Figure 6. Precipitates formed in UC-ZrC 
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of thermionic converter experiments in which the fuel 
operated without cladding {12). 

Several fabrication routes have been considered [12] 
for the production of cathodes. and preliminary tests 
indicated that hot pressing and two-stage sintering 
offered the best possibilities of fabricating satisfactory 
bodies. The two-stage sintering technique appeared 
more flexible and the main development effort was 
deployed in the investigation of fabrication parameters. 
In the first stage. elemental powders (U, Zr, C) were 
compacted and reacted in vacuum for 2 hours at 
I 400 ° C. The sinters obtained were then crushed and 
milled in argon and the resultant powder hydrostat
icalty compressed and outgassed at 1 400 ° C, before 
being finally heat-treated at 2 130 ° C vacuum. The 
densities of the final bodies depend on the milling time 
and sintering temperature and by varying these, sinters 
of densities between 80-96 % of theoretical were 
produced. 

Emitters produced by the two-stage sintering process 
could be readily brazed with zirconium to tantalum 
supports. It was found, however, that low-density rods 
(80 % dense) tended to crack at or near the braze 
when thermally cycled. X-ray and metallographic 
examination showed the material to be single phase 
but electron microscopic examination of rep\icas taken 
from polished and etched samples after heat treatment 
at 2 SOO ° C, revealed small precipitates of a second 
phase (Fig. 6). These precipitates may possibly be 
caused by a change in chemical composition due to 
preferential evaporation of uranium at high temper
atures. 

As has been mentioned earlier, a nuclear fuel clad 
in a refractory metal appears to be suitable for therm
ionic converter emitters provided that the caesium 
pressure is sufficiently high. Evaporation problems are 
virtually eliminated and some fuel swelling may be 
tolerated if adequate free space is provided inside the 
can. 

The choice of fuel and can materials is influenced 
by work-function, compatibility and nuclear consid
erations. Uranium dioxide fuel is compatible with 
refractory metals but its thermal conductivity is low, 
and consequently the fuel would operate with a molten 
centre when its surface temperature exceeds I 500° C. A 
cermet fuel would not suffer from this disadvantage and 
properties of tungsten-UO2 cermets are being investi
gated in the USA and UK. The empha~is at ~arwell ~as 
initially put on the uranium carbide-zuconmm carbide 
alloy and compatibility studies indicate that this fuel 
is compatible with tungsten at temperatures below 
2 200 o C. UC-ZrC reacts, however, with tantalum 
above 2 000 ° C, with niobium above I 800 ° C and 
with molybdenum above 1 650 ° C. All temperatu.res 
quoted relate to tests not exceeding ~ hour~ durat10n 
and UC-ZrC used in this work contained shghtly less 
than the stoichiometric ratio of carbon. 

While tungsten cans have favourable work function, 
compatibility and neg1igible evaporation properties, 
fabrication difficulties and a high neutron absorption 
cross section for thermal neutrons indicate that other 
refractory metals would be preferable. Niobium and 
molybdenum are particularly attractive; their use 
however depends on the development of adherent 
diffusion barriers between the fuel and can. Tungsten 
coatings produced by spray and halide decomposition 
processes are currently being evaluated. 

Caesium compatibility 

Standard seals between metallized alumina and 
certain metals are available commercially from a 
number of manufacturers but their life in nuclear 
thennionic converters is limited by caesium corrosion., 
Experiments {13-16] indicate that only high purity 
alumina is compatible with caesium. In low grade 
alumina, caesium attacks the silica phase and the 
material disintegrates. Common brazing alloys contain
ing gold, silver or palladium fail when exposed to 
caesium. The process of attack is not clearly un~er
stood; in the case of gold and also silver these matenals 
appear to be leached out from the brazing alloy. Pure 
copper can be used for brazing alumina to m:tals_ and 
seals made with copper have been operatmg m a 
caesium atmosphere for periods exceeding 600 hours 
at temperatures of 600 o C. This, however, appears to 
be the temperarure limit beyond which copper ca~n~t 
be used with confidence and will place a severe limi
tation on designers of thermionic converter rea~tors; 
the development of irradiation and caesium-~esistant 
high temperature seals is therefore of considerable 
importance. 

Work in progress at, or sponsored by, Harwell 
includes the development of high temperature seals 

d · · at and the testing of ceramic to metal bon s m,caes1um 
temperatures of 450 and 550 ° C in a reactor for a 
period of 10 10·12 months in a flux of 1012 n/cm

2
s. 

Common structural materials used in nuclear reactor 
rigs are compatible with caesium. Tests carr_ied ou~ on 
niobium, zirconium and Zircaloy at 600 °Cm cae5m~ 
show some discoloration, but there is no loss of ducti-
lity or strength at 100 hours. . 

Stainless steel is also compatible with caesium bel~w 
700 ° C, but there is some evidence that alloys with 
a high nickel content may suffer damage at temper
atures approaching 700 ° C. 

DISCUSSIONS AND CONCLUSIONS 

Experiments described here and by other. workers 
indicate that single diodes of about 15 % efficiency can 
be developed reasonably quickly but their us~ful_n_ess 
as reactor elements will depend on life and reh~b•l~ty. 
The development of a suitable fuel emitter combination 
presents the main difficulty, principally because very 
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high operation temperatures are required, and partJy 
because the production of rare gas atoms in the fuel 
is inherent in fission. Evaporation of the unclad car
bides is high at nonnal operating temperatures; also 
the retention of fission gas may lead to fracture and 
be the detennining factor in limiting lifetime. In the 
case of cladding by the refractory metals, tungsten 
and molybdenum are compatible with uranium carbide 
and uranium oxide but since very close inter-electrode 
spacings are required, work is needed to establish 
distortion burn-up characteristics. The limit of per
formance of the possible fuels is not yet known. Rare 
gases and, to a lesser extent, other fission products 
produced in the fuel will set a major materials desjgn 
problem which may have different solutions in accord
ance with the purpose of the reactor. Thus, for a 
thermionic converter required for a specific mission in 
which the economic utilization of fuel is not important, 
one may prefer a strong gas retaining fuel which would 
remain, stable for the duration of the mission. In the 
case of thermodynamic toppers for nuclear power 
stations, distortion of the gas-retaining fuel may 
become excessive before the economic level of bum-up 
is reached; in this case, a fuel releasing gas easily, 
together with a purging system, may be advantageous. 

The problems associated with the design of a com- · 
plete reactor are more difficult to isolate. A uniform 
neutron flux distribution will be required and some 
form of flux flattening will be necessary. Perturbation 
of the flux level from control rod movement will need 
to be kept small and may, to some extent, be overcome 
by the use of burnable poisons. It is certain that 
because of the con·structional materials used in the 
thermionic generators, additional enrichment will be 
necessary. The most likely first application will be as 
a power source for a space vehicle. It is possible that 
diodes may be developed as toppers for nuclear power 
stations. The problem here will be economic, and 
considerably more information will be required before 
it is possible to say whether the increase in overall 
efficiency offsets the unavoidable increase in capital 
cost and fuel enrichment. 
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ABSTRACT-RESUME-AHHOTAUWR-RESU~EN 

A/1S2 Royaume-Uni 

Diodes thermo-ioniques chauffees par fission 

par P. D. Dunn et J. Adam 

Le memoire decrit I'ampleur et les objectifs du 
programme de l'United Kingdom Atomic Energy 
Authority relatif aux convertisseurs thermo•ioniques 
chauffes par fission. Deux types de dispositif experi
mental en pile ont fonctionne en 1962/63, le premier 

avec une charge electrique fixe, l'autre avec une 
charge electrique variable. Tous ces dispositifs_(~uatre) 
comportaient des barres de UC-ZrC non ~at?ee_s en 
tant qu 'emetteurs, et leur intensite de sortie eta1t de 
l'ordre de 10-15 A par centimetre carre de surface 
de l'emetteur. L'examen apres irradiation indi~ue 
qu'une certaine quantite de ma_teria,u com~ust1ble 
s'est evaporee de l'emetteur et deposee sur I anode. 
On trouve des indices selon lesquels UC s'evapore de 
preference a partir de l'alliage UC-ZrC. 
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Le memoire decrit dans ses grandes lignes le pro• 
gramme en cours. Afin d 'obtenir une mesure plus 
precise de l'efficacite des diodes, les dispositifs futurs 
seront places a l'interieur de calorimetres. On a 
construit des dispositifs avec emctteurs en metal 
refractaire travaillant a des pressions de cesium 
clevees. et on a con~u un dispositif compose de quatre 
generateurs en serie al 'interieur d'une seule enveloppe. 

Le memoire discute par ailleurs la fabrication du 
combustible UC-ZrC, les essais de compatibilite 
cff'ectues sur differents materiaux plonges dans le 
cesium ainsi que ks p\ans concernant des travaux 
futurs sur lacompatibilitemetal refractaire.combustible 
fissile et les joints entre ceramique et metal. 

A/132 CoeAMHeHHoe Kopo.neacTeo 

TepM03MHCCHOHHble AHOAbl c RAepHblM 
noAorpeeoM 

Am. AA&Mi n. A. JlaHH 

B ,lJ.OKJia,lle ODHCLlB8IOTCJI ~eJIH uporpat.nfLI no 
paapa6oTRe TepM03MHCCHOJIIILlX npeo6pa30BaTeJieft 
c Jl;(epHLIH no,1.orpenoH YnpaBJiemrn no aToMnoii 

:mepmH Coe;urnennoro H:opoJteecrea. B 1962-
1963 ro,1.ax }ICfiLITaHo nea Tuna BHYTpnpeaKTOp
HblX ycTpoHCTB: C ({lnKCHpoaanuoii :>JieKTpH'ICCKOii 
HarpyaKoii II C nepeMeHHoii 3JI8KTpH'ICCKOii Ha
rpy3KOH. 3TH ycTpoiicTBa (acero qen.1pe) B 1<a•1e
CTBe 3MIITTepa HMCJIH nenoKpLITLle CTCpmnn H3 
Kap6n;i.a ypana - Kap6uaa n,HpKoHHR. B1,1xonuoli 
TOK .nocraraJI 10-15 a Ha 1 CM2 aMHCCHOIIHOii 

uouepxnoCTu. Hccn.e;i.oeaunR nocn.e o6Jiy'lemrn no
KaJaJin, 'ITO HMeeT M8CTO ncnapeHHe MaTCpHaJia 
3Mnnepa u ocamnen11e ero ua ano;.1.e. B1.1J10 TaK
me ycTauoeJieuo, 'ITO ucnapeH11e cnnaea UC -
ZrC H;teT B ocHoBHoM aa C'leT Kap6n;i:a ypana. 

flpHBOll:HTCR nporpaMMa COBpCJ.[eHJU,IX pa3paffo. 
TOK • .l(nR nonyqeHHR 6onee TO'IHLIX 3H8'1emtii 
K. n. ~- JJ,H01l,OB pa3pa6aTI,IB38MLle yctpoiteTBa 6y
~YT noMe]l\aTLCJI B KaJiopnMeTpLI. CoopymenLI yc
TaHOBKH, HMeIO]I\He TyrorrJiaBKHe. MeTaJiml'ICCKIW 
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:lMHTTepi.r, pa6otal011\H0 npu JIOBLIWCHHOM ,!\aBJie

HHH ue:nur. CupoeRTHpOBaHa yctaHOBKa, CO)l.epma

•1taR tJeTLipe renepatopa, coe,/\HHeHHblX noCJie,!\o-

HaTeJILHO H 33KJII0'10HHbl:X. B OJJ,Hy o60JIO'lR}'. 

06cymnaIOTCR BOilpOCLl H3rOTOBJI0HH11 1'0llJIHBa 

11a UC - ZrC, conMetTHMOctu paaJIHtJHLIX Mate

puanoe c ueane11, nnaeLI ]laJU,neihnux paooT no 

COBMeCTHMOCTH TyronnaeKHX MatepuaJJOB C ~eJlll

lU,~MHCR eemeCTD8MH, a TaKme eonpOCLI repMeTn

aau,nH MeTaJJJia u: KepaMHKH. 

A/132 Reino Unido 

Diodos termoi6nicos calentados por fisi6n 

por P. D. Dunn y J. Adam 

La memoria describe el alcance y los objetivos del 
programa de la United Kingdom Atomic Energy 
Authority relativo a los convertidores _termoi6nicos 
calentados por fisi6n. En 1962 y 1963 funcionaron dos 
tipos de dispositivos en el interior de reactores, uno 
con carga electrica fija y otro con carga electrica 
variable. Los dispositivos (cuatro en total) tenian co,no 
emisores barras de UC-ZrC sin revestimiento, que 
producian una corriente del orden de 10 a 15 A/cm2 

de superficie emisora. Un examen efectuado despues 
de la irradiaci6n revel6 que parte del material com
bustible se habia evaporado del emisor y depositado 
sabre el anodo. Al parecer, de ta ateaci6n UC-ZrC 
se evapora preferentemente el UC. 

La memoria describe someramente el actual pro
grama de desarrollo. Para medir con mayor exactitud 
la eficacia de los diodos, Ios dispositivos se colocaran 
en el interior de calorimetros. Se han construido 
instrumentos con emisores de metal refractario en 
atm6sfera de cesio a presi6n elevada, y se ha disenad_o 
otro que consiste en cuatro generadores en sene 
dentro de una sola envoltura. 

La memoria describe la elaboraci6n del combustible 
de UC-ZrC, los ensayos de compatibilidad l\evad~s 
a cabo con diversos materiales en atm6sfera de ces,o 
y los trabajos proyectados sobre la compatibilidad 
de metales refractarios con combustibles fisibles Y de 
materiales ce~amicos con cierres metalicos. 
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Thermionic diodes for direct-conversion reactors 

By E. W. Salmi,* F. G. Block,** G. M. Grover,* H. D. Miller,*** R. W. Pidd**** 
and V. C. Wilson***** 

Since 1957 there have been programs in the United 
States devoted to the problem of nuclear thermionic 
conversion, a proce~s by which the heat resulting from 
nuclear fission is transformed directly into electrical 
energy by means of the thermionic emission of electrons 
and their flow through a caesium~vapor diode. The 
thermionic converter is basically a high temperature 
de.vi_ce compared to conventional power devices. The 
minimum operating emitter temperature of the con
verter is about I 500 °K, with more efficient operation 
possible at higher temperatures. The potential of this 
device has stimulated a great interest in materials 
development in a temperature range which has been 
only partially explored. 

The waste heat at the collector may be rejected in 
the temperature range of 600 °K to about I 500 °K. 
Considerable materials work has been completed in 
~his rejection temperature range, and the technology 
m this temperature range is partially developed and 
not considered a major problem. 

Another characteristic of the thermionic converter 
is that it is a simple, static system which is free of 
rotating components. The static nature of the therm• 
ionic converter leads one to hope that a high degree 
of reliability can be obtained. The characteristics of 
high rejection temperatures and simplicity suggest the 
possibility of developing a space power supply. The 
rejection of waste heat in space requires a radiator 
operating at a high temperature in order to retain 
relatively low system weight. Because of the compati
bility of these characteristics of the nuclear thermionic 
converter with space requirements, most of the work 
in the United States has been directed toward this 
application. This paper will review only this work. 

PROPER.TIES OF CAESIUM PLASMA DIODES 

Potential diagram of the plasma diode 

The thermionic energy converter is basically a gas
filled diode in which the hot electrode emits- electrons 
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into a plasma and the cool electrode collects electrons. 
Figure 1 illustrates a typical motive diagram for the 
converter electrons. Starting at the Fermi level of the 
emitter, some electrons acquire enough thennal energy 
to overcome the work function barrier, <l>e, at the 
surface of the emitter and enter the plasma. The 
potential distribution through the plasma is usually 
characterized by an emitter sheath, plasma loss, and 
a collector sheath. As the electron enters the collector 
it loses potential energy equal to the work function, 
<Pc, of the collector. The difference in potential of the · 
two Fermi levels is the output voltage. 

The caesium vapor serves several functions: (1) The 
vapor is the source of ions needed to remove the elec
tron space charge limitation on the diode output. The 
ionization of the neutral caesium atoms (first ionization 
potential 3.89 V) results from the contact ioniza_tion 
of the neutral atoms impinging on the hot emitter 
surface and from volume ionization in the electrode 
gap by electron collisions. (2) Caesium coverage_ of· 
the collector results in a low collector work function 
typical of caesium. A reduction of the collector work 
function increases the output voltage (see Fig. l) 
and reduces the energy loss due to Peltier heating of 
the collector. (3) Caesium coverage of the emitter can 
change the emitter work function. 

Point (3) is illustrated in Fig. 2, where the work 
function <Pe of tungsten in a caesium vapor environ
ment is plotted as a function of temperature for various 
caesium pressures. If a caesium diode were constructed 
with both emitter and collector made of tungsten and 
operated with a caesium vapor pressure of 8 torr, it 
would have the following characteristics: At a temper
ature of 2 100 °K the emitter would have a work 
function of 3.1 V and the collector at l 200 °K would 
have a work function of I.7 V. The electron emission 
from the emitter would be 18 A/cm2

• 

Figure 2 demonstrates that the influence of caesium 
pressure on a high work-function emitter su~h as 
tungsten is very pronounced. However, for an mter
mediate work function emitter such as uranium car
bide, the influence of caesium at high temperatures 
is small (see Figs. 3 and 4). Figure 5 gives power 
output as a function of emitter temperature for two 
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Figure 1. Thermionic converter potential diagram 
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figure 2. Tungsten effective work function "'• temperuure 
for several caesium pressures 
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Figure 3. Power output vs. caesium pressure at 2 100 •K emitter 
temperature and 2.0 mm electrode spacing 
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Figure 4. Power output vs. electrode spacing with 2100 •K 
emitter temperature and optimized caesium pressure 
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types of diod~s, one having a tungsten ~mitter and the 
other a uramum carbide emitter. The output of the 
~nverter with a uranium carbide emitter varies only 
slightly with large variations of spacing or caesium 
?ressur~ .. However, the output of this type of converter 
15 sensitive to the. emitter temperature. The upper 
curve of Fig. 5_ gives the maximum output power for 
a c~nverter with a tungsten emitter and with the 
cae~,u~ pressure and the nickel collector temperature 
:timized for each emitter temperature. Usually these 

gh output powers occur at 50 A/cm2 or more. 
Becaus~ of the high electron evaporation cooling of 
the emitter for these high current densities, the heat 
flux_es are excessively high and the device is not at 
optimum efficiency. 

A di~advantage of a converter utilizing an emitter 
of caesmm on tungsten is that the caesium pressure 
must be high to maintain the partial caesium coverage 
on the tungsten. This causes electron scattering and 
other losses within the plasma; as a result, for high 
output powers the electrodes must be closely spaced. 

Surface phenomena 

The effect of caesium on the thermionic work func• 
tion of various materials has been extensively studied 
both _theoretically and experimentally. In Fig. 6, the 
effectJve work function in caesium vapor versus 
vacuum work function of some of these materials is 
plotted for two caesium pressures and a fixed emitter 
temperature. A straight line of slope, one passing 
through the origin, would be obtained if there were 
no effect due to caesium. The observed result is that 
the higher the vacuum work function the lower the 
effective work function with caesiur:i. In practice, 
however, these curves are not quantitatively accurate 
because some· consideration must be given to the 
structure of the surface. For example, saturated elec
tron. emission from cross-rolled molybdenum plate in 
caesium vapor has been observed to be about a factor 
of two greater than for bar stock. This occurs because 
the polycrystalline metals may have various crystal 
faces exposed depending on the treatment given the 
emitter. However, the trend shown in Fig. 6 holds in 
general and holds specifically for the various surfaces 
of a single crystal emitter. The planes of a crystal 
h_aving the highest vacuum work function (largest den
sity of atoms) yield the highest electron emission when 
immersed in caesium vapor. · 

Another important requirement for the emitter elec
trode may be uniformity of work function. This may 
be more important than having a high vacuum work 
function for a polycrystaliine emitter. For a polycrys
talline emitter, when the caesium pressure is optimized 
for one crystal face, the other crystal faces are off 
optimum. Considerable progress has been made in 
reproducibly making preferred grain orientation to 
decrease the patchiness of the electrodes. Etching tech• 

E. W. SALMI et af. . 125 

niques have been found for exposing the close packed 
planes for many materials of interest. A metallurgical . 
treatment utilizing the fact that different crystal planes 
have different surface energies has been developed to 
expose the (110) orientation of tantalum. Vapor deposi
tion methods have been employed to deposit layers of 
tungsten o~ molybdenum which exhibit a high degree 
of crystal orientation in the growth direction with 
either the (lOO) or (111) planes exposed at the surface. 
Several new instruments have recently been built to 
make detailed observations of electrode surface patchi• 
ness so the knowledge and development of surfaces 
with carefuJJy controlled uniform work functions 
should proceed rapidly. 

A reduction of the collector work function will also 
increase the converter output and efficiency. Recent 
studies have shown that a freshly prepared nickel oxide 
surface when coated with caesium may have a work 
function as Jow as 1. 13 V; however, at 520 °K and 
to-2 torr of caesium vapor the work function of this 
oxide surface increased to 1.48 V. 

Another method for obtaining low work functions 
for the emitter or collector is the introduction of addi• 
tives into the caesium vapor. Hydrogen or CsF used 
as additives have been shown to produce a two orders 
of magnitude increase in emission compared to caesium 
alone under the same operating conditions. The work 
function of Cs-CsF on Mo is 1.36 V while caesium on 
Mo has a work function of 1.68 V. Thus far, these 
studies have been conducted for caesium pressures less 
than I~ torr. The MoF points shown in fig. 6 are an 
extrapolation of the above work. Additives may also 
serve another function. For a long-life converter, there 
may be slow changes in the emitter or collector work 
function. Additives could produce a self-healing effect 
to restore the work function to its original value. 

EFFICIENCY AND LIFETIME 

For a realistic converter, the problems of efficiency 
and lifetime are intimately connected. In order for a 
converter to operate efficiently, it is necessary to keep 
radiation losses to a minimum. Long lifetimes at high 
efficiency require great care with regard to the clean• 
liness of all components in order to retain highly 
reflective collector surfaces. In~pile converters have a 
disadvantage in this respect because uranium and 
fission products may diffuse out of the fuel pin and 
deposit on the collector, decreasing its reflectivity. 

Out-of-pile tests of converters with both carbide and 
refractory metal emitters have shown lifetimes of 
thousands of hours. In one case a lifetime of almo·st 
one year was achieved using a niobium emitter at 
I 950 °K and 0.27 mm spadng. For out-of-pile conver
sion, there seems to be no doubt that converters can 
be operated for at least a year and that the efficiencies 
will be increased by various improvements in both the 
emitter and collector surfaces. 
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For reactor applications using in-core conversion 
the only realistic approach to converter design i; 
through in-pile experiments. Such experiments have 
increased substantially during recent years. As an 
indication of some of the progress made in the in-pile 
program. the converter efficiency has increased from 
S % for the first in-pile converter tested to the latest 
reported value of 14%. In addition. the converter life• 
time with constant output has increased from tens of 
hours to hundreds of hours with S00 hours the longest 
recorded. 

IN-PILE TESTS OF THERMIONIC CONVERTERS 

· Testing techniques and problems 

In-pile experiments can be divided into two general 
classes. those which include operating nuclear therm
ionic converters of a realistic design and those which 
are intended for radiation studies of materials. Of 
course. these two categories tend to overlap. 

A schematic cross section of a typical converter 
which includes the emitter, collector, metal-ceramic 
seal, and caesium reservoir is shown in Fig. 7. Also 

6AS(He--A) 

METAL CERAMIC 
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COLLECTOR TRIM 
HEAT · 

EMITTER 

Cs RESERVOIR 

1 
REACTOR ·r 

'---..._COLLECTOR 

Cs TRIM 
HEATER 

Figure 7. In-pile test assembly 

shown are gas lines wich allow various mixtures of 
inert gases to be used to vary temperature conditions 
of the converter. Minor adjustments of caesium reser
voir and collector temperatures are made with elec
trical heat trimmers. The entire assembly is cooled by 
the reactor water. The assembly is inserted into the 
reactor on the end of a 7 to 10 meter flexible tube 
which is used to bring electrical leads and gas lines 
through the reactor shielding. 

Some of the problems connected with reactor testing 
are the precise calibration of the neutron and gamma 
flux in the reactor and the determination of the heat 
generation in the converter. Because heat is generated 
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in the associated hardware connected to the converter 
the design must provide a wide latitude in adjustmen~ 
During a life-test, the reactor flux can vary consider
ably with time, and ajustments must be made to 
provide constant converter operation. Design consid
erations must be given to the severe thermal shocks 
suffered by the converter when the test reactor 
"scrams". ln most test reactors, since many experi
mental tests are being run simultaneously, there are 
many scrams due to the other experiments. These 
scrams impose additional strain on the test converter. 

With out-of-pile experiments, many failures can be 
repaired and the experiments continued. However, 
repair is not possible with in-pile tests where radiation 
hazards must be considered. 

The ability to disassemble the irradiated assemblies 
is another important capability in any in-pile experi
mental program. In fact, it is perhaps the most impor
tant tool used to diagnose cell performance. Proper 
disassembly· and examination can reveal reasons for 
failure. Disassembly also serves to point out certain 
design advantages for future use. In the design of the 
experiment and, in particular, of the associated hard· 
ware, consideration must be given to design features 
which facilitate disassembly. 

In-pile tests and materials work on carbide emitters 

The goal of the in-pile test program is to develop a 
nuclear fuel rod with a JO 000 hour life and a power 
output in the range of l to lO W/cm'-. This program 
is a combined effort of high temperature technology 
and in-pile testing. Since the out-of-pile converter will 
work for a year, the role of in•pile tests is to investigate 
the effect of the nuclear fuel and radiation on the 
converter components. 

The early part of the in~pile test program was devoted 
to developing testing techniques, fabrication method~, 
and high temperature brazes for metal-to-ceramic 
insulators, and to determining caesium compatibility 
of various components. The emitter material was 
mainly confined to UC:ZrC because its power output 
is fairly insensitive to dimensional changes in the 
converter. The purity of materials was found to be 
important. For example, a small amount of UCz or 
free carbon in the emitter material resulted in serious 
caesium corrosion. Details of the manufacturing tech
niques affect such properties as electron emission and 
evaporation rates. Hot-pressed samples have been u~ed 
for most investigations because of the low evaporation 
rate resulting from this fabrication technique. Even so, 
the maximum operating temperature is limited to 
2 300 °K because of excessive evaporation above that 

temperature. 
Emitters are restricted to relatively small sizes by the 

values of resistivity and thermal conductivity of 
UC:ZrC. Long~term in~pile tests give efficiencies of 
about 7 %- In-pile irradiation tests in which the emit-
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ters ran ~t operating temperature for I 000 hours-have 
res~ted in a pronounced swelling and cracking of the 
~mitt~r material. Photomicrographic inspection of the 
irradiated emitt . 1 d · ers re,,ea e that the swelling was 
caused by the build-up of high-pressure fission-gas 
bubbles in the · b d . . An . gram oun anes of the emitter material. 

obvious solution to this problem would appear to 
be the use of porous emitter materials. 

Materials work and testing of dad fuel materials 

. There have been numerous metallurgical investiga
!10ns o~ fuel materials, claddings, and their mutual 
interactions y · ,. . . - . anous manuiactunng techniques, such 
as ~Id-pressing, hot-pressing, and isostatic hot
pr~s•~g of _pure powders and coated particles are 
being investigated for fuel materials of UC :ZrC, U0

2 
and cermets of Mo-U02 and W-U0

2
• The clad. ding 

mat . I · . ena s include tungsten, rhenium, tantalum, nio-
b1Um, and molybdenum. 

For fuel materials using both molybdenum and 
~ungs~en cladding,_ new fabrication procedures for 
pply~ng the cladding are under development. While 

electric spark and ultrasonic forming of cast or sintered 
tungsten_ can be used for some elementary forms, the 
product is often very brittle and subject to grain growth 
and k" crac mg upon cycling to operating temperatures. 
The .method of thermochemical deposition of tungsten 
has been successfully applied to a wide range of 
f. b. . 
a rication problems. Research is in progress on the 

control of grain growth and grain orientation in the 
vapor deposited tungsten specimens. The effect of 
lo~g-ti~e irradiation on maintaining preferred crystal 
onentat1on has had little investigation. 

Fission-product build-up 

The fuel material problem so detrimental to carbides 
was ~ssion-product gas build-up with the consequent 
swelling of the material. The power density, lifetime, 
and percentage burn-up capabilities desired for pro
posed thermionic fuel materials have been demon
strated with U02 in commercial power reactors. 
However, in thermionic applications the high temper
ature operation required has several adverse effects. 
At. these high temperatures, about twice as many 
fission products are above their critical point; conse
quently there are twice as many gaseous :fission pro
ducts. The high operating temperature of the fuel 
el_ement in the thermionic application produces a 
higher pressure in the gas bubbles. These two factors 
result in almost an order of magnitude increase in the 
pressure developed by fission products. The problem 
resulting from the higher fission-product pressures is 
made more severe by the fact that material strengths 
are much reduced at high temperatures. 

The high-pressure fission-gas build-up in the fuel 
material introduces questions of fission-product 

diffusion and methodscof venting the fis9ion producst 
without great loss of uranium. In some cases, the 
fission products are released into the caesium gap. 
Several investigations have shown that appreciable 
amounts of Xe and Kr, typical fission products, have 
little effect on the power output of a caesium diode. 
Since space applications are involved, non-condensing 
fission gases such as Xe and Kt can be vented into 
space. The reactor can be designed so that caesium 
loss is trivial, There is, however, the problem of those 
products which are condensable at the collector tern~ 
peratures. Over a long period of operation these 
products could have a great influence on both the 
thermal emissivity and work function of the collector. 
Very little work has been perfonned on this problem 
to date. 

Review of other components of the converter 

Insulation-seal requirements for nuclear thermionic 
converters are considerably more demanding than 
those that apply generally in vacuum-tube technology. 
The operating temperature of the insulator for most 
converter designs is from 500 to 1 000 °C. A vacu
um-grade seal and a high degree of dimensional control 
must be maintained in this temperature range, and 
electric breakdown strengths up to 1000 V/cm must 
be maintained in an irradiation field for periods over 
10 000 hours. The most widely used and studied insu
lation material is alumina. The_ material frequently 
selected for the seal attachment to alumina is niobium,· 
because of the near equality of thermal expansion 
coefficients of the insulator and metal over the 
operating temperature range. A copper braze between 
alumina and niobium is suitable for operation in the 
lower temperature range (approximately 900 °K) for 
periods in excess of l 000 hours. Vanadium brazing 
and direct diffusion bonding are candidates for join~. 
ing processes for higher temperature applications. 
Vanadium brazes have also been tested in vacuum for 
I 000 hours at I 400 °K. Several ceramic-to-meta] seals 
have been irradiated in a thermal neutron and gamma 
flux for a time equivalent to a JO 000 hour lifetime in 
a thermionic reactor and have been proven satisfactory. 
These irradiation tests were all performed at low tem
perature (approximately 300 °K). Proof of insulator
seal stability at expected operating temperatures in the 
nuclear radiation field remains to be shown. 

SYSTEM CONCEPTS 

Although numerous studies of the application of the 
thermionic converter to space missions have been 
completed in the past .five years, the present conceptual 
thermionic space reactor designs have not changed 
much from the original proposals. This is true, in part, 
because the initial concepts assumed the rapid advance 
in converter technology which has taken place during 
the last few years. 
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The application of thennionic conversion to ion 
propulsion is illustrated in Fig. 8. The reactor itself is 
situated in the nose of the vehicle. The rest of the 
vehicle, including the heat exchanger, pumps, radiator, 
and ion engine, is protected from the reactor by a 
shadow shield. The number and location of the heat 
exchangers and pumps can vary considerably accord
ing to the type of conversion system to be used. The 
amount of shielding depends on the sensitivity of the 
payload to radiation. The actual thermionic converter 
may be located in either the reactor, the heat exchanger, 
or the radiator. 

Studies have been made of systems with the therm
ionic converters inside the reactor, in the heat 
exchanger, and in the radiator. These studies indicate 
that if the material problems can be overcome, greater 
efficiency and much lighter weight systems can be 
obtained by placing the thermionic converter inside 
the reactor. 

Figure 9 gives the general idea of the construction 
of a reactor fuel element adapted to in-core conversion. 
In this concept, the individual cells are stacked in 
series so that the voltages add and the same current 
passes through each cell. The individual cells are 
similar to those described earlier for in-pile testing. 
The fuel pin (emitter) may be composed of any one 
of the several combinations described earlier. The col
lectors of successive cells are separated by an insulator, 
and the cells are connected in series by attaching the 
emitter support of one cell to the collector of the next. 
Since the coolant for removing the waste heat from 
the collector will be a liquid metal, the stack of cells 
must be electrically isolated from the circulating cool
ant by a thin electrically insulating layer, which is in 
turn protected by metal cladding. If a moderator is 
used, it also is cooled by the liquid metal. The caesium 
atmosphere is made common to each cell by the holes 
shown in the ends of the collector. A caesium reservoir 
connected to the bottom cell controls the pressure 
throughout the entire rod. The feasibility of this 
arrangement has been demonstrated by in-pile tests of 
several triple•cell assemblies with a common caesium 
reservoir. 

One can take a large number of fuel rods constructed 
in the manner depicted in Fig. 9 and stack them 
together in a hexagonal array to form a reactor. The 
electrical connections can be made such that the 
various fuel rods are in series or para11el depending on 
the characteristics of the individual fuel rods and on 
the nature of the engine or equipment to be powered by 
the reactor. The electrical leads required to make these 
connections can also serve as ducts to transport caesi
um vapor from one rod to the next thereby eliminating 
the necessity of having a separate caesium reservoir for 
each fuel rod. This arrangment also permits fission pro
duct gases escaping into the electrode space to be flushed 
out of the reactor by a small flow of caesium vapor. 

E. W. SALMI et al. 
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Figure 8. ·Thermionic space reactor concept 

This thermionic reactor described above is probably 
the most complex reactor ever proposed; however, the 

NIOBIUM TUBE 
COOLANT PASSAGE 

Figure 9.· Thermionic fuel-rod concept 
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materials- technology is developing rapidJy. In a period 
~fless than 7 years, thermionics started from a simple -
idea an~ has now demonstrated a year's lifetime of 
out-<>f-plle converters and about a month's lifetime 
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of in-pile converters. With the increased emphasis on 
in-pile work, the lifetime of in-pile tests of practical 
converters can be expected to be increased substan
tially. 

ABSTRACT-RESUME-AHHOTAL(l-1R-RESUMEN 

A/219 Etats-Uriis d'Amerlque 

~iodes thermo-ioniques pour reacteurs _ 
a conversion directe 

par E.W. Salmi et all. 

La conception du reacteur thermo-ionique est 
fondee sur la transformation directe de la chaleur de 
fission nucleaire en energie electrique par emission 
thermo-ionique de courant electrique. Ce systeme se 
caracterise par des densites d'energie et des tempe
ratures de fonctionnement tres elevees. II faut disposer 
de sources de chaleur entre 1 200 et 1 800 °C. La chaleur 
est rejetee entre 400 et 1 000 °C. Les applications 
comprennent des generateurs compacts pour utmsation 
spatiale et des unites de complement pour des centra
les ~lassiques. Dans les deux cas, Ies temperatures 
elevees des sources chaude et froide caracterisent les 
avantages possibles d 'un tel systeme. 

Deux conceptions differentes sont a l'etude. Dans 
Je systeme hors pile, la chaleur est extraite du reacteur 
et alimente une batterie de convertisseurs thermo
i?niques. Dans le systeme en pile, \'element combus
tible du reacteur constitue essentiellement \'electrode 
a haute temperature du convertisseur thermo-ionique. 
On a etudie ce dernier systeme en detail, en particulier 
en ce qui concerne !'element combustible et la trans
mission de chaleur par des moyens classiques ou 
nouveaux. Pour le reacteur a usage spatial, il faut 
etudier le radiateur, Je systeme de transformation de 
l'energie et la protection, qui ont une grande impor
tance pour le poids de !'ensemble. 

On a cherche a comprendre les mecanismes fonda
rnentaux. du convertisseur thermo-ionique. On a 
etudie en detail le controle par absorption de cesium 
des proprietes des surfaces de l'emetteur et du collec
teur. Les effets de decharge qui se produisent dans la 
Plupart des domaines de fonctionnement efficace 
rendent difficile la comprehension de la dynamique du 
plasma. Les prnprietes a haute temperature des 
materiaux utilises limitent Jes performances du 
convertisseur et de !'ensemble. On a etudie un grand 
nombre de combustibles nucleaires et de materiaux 
de gainage a des temperatures· thermo-ioniques 
comprises cntre 1 200 et 2 000 °C. On a egalement 
etudie des isolants et des materiaux d'etan
cheite et d'cnvcloppe pouvant fonctionner jusqu'a 
I 000°C. 

On recapitule les resultats des essais de conver
tisseurs destines a des generateurs hors pile et en pile, 
en vue de determiner l'etat d'avancement de la tech
nique des reacteurs thermo-ioniques. On passe en 
·revue les methodes d'essais thermo-ioniques en pile. 
Les durees d'essais de cellules hors pile depassent 
plusieurs milliers d'heures. On a realise des essais 
en pile a hautes performances avec des durees de 
plusieurs centaines d 'heures, le but actuel du pro
gramme etant de realiser des essais continus pendant 
I 000 heures. 

A/219 CWA 

flA8PHb18 peaKTOpbl C TepM03MHCCHOH
HblM npeol5paaosaHHeM 

P. B. nHAA et al. 

IlpHHl\lHl peaKTopa C TepMoaMHCCIIOffHLIM npe
o6pa30B8Hff.eM 3aKJUO'IQCTC11 B TOM. 'ITO TenJio, re
HepnpyeMOe npH 11,eJJeHH.H JI,!J.ep, uenocpeACTBeBHo 
npespalllaeTCJI B aJteKTpnqecKyJO aaepnuo nyreM 
repMOHOHHOH ;)MHCCHlt :me1np1r11ecKoro TOKa. Ta
i.all CUC'teMa xapa1nep»ayercJ1 BhJCORHM ypoBHCM 

MOil.(HOCTK Jf BLICOKoii pa601Jeff T('MIIepaTypoii DO· 
pHAKa 1200-1800° C. Or~a•M ren.lla ocyl.lleCT
BJlHercn npH reMrrepaType 400- 1000° C. PeaJi"
ropu TaKoro nma MoryT Hcnom,aoaaTbCR B Ra
'ICCTBe nOMnal\THhlX ::rnepreTH'l0CKHX yc-raHOBOK 

KOCMt1.ti:ec1mro H83H8'10HHJl, a T8K'IK8 .8 JCa•JeCTBO 

flJJJOBHLIX 6JioKOB 11,JIJI ODLl.'IHhlX :mepreTH'ICCJ.UX 

cncteM. B o6oux cny11a11x eL1Col\aJ1 TeMnepa1ypa 
HaK caMoro HCTO'IHHKa TenJia, TaK H H3Jly'laTeJUI 
uo~•u.•pH.HBaeT IlOTCHU,UaJibHhie npeirny~eCTBa 
:JTOH CHCTeMbl. 

B HaCTOR~ee BpeMR Ray11aJOTCJ1 .ll,Ba B03MO'.l«

Hl,IX no~xo~a K np1uienemuo aToro npHHqHna. B 
oJJ,HOM eJiy<fae Tennonepe,1J.a1Ja nponcxo,llHT BHe 
peaKTOpa, TO ecn, TeRJIO OTBO,IJ.HTCR OT peaKTopa 

)[ TIO;(aeTClI rpynrre TepM03MHCCHOHffblX npeo6-
paaoBaTl'Jll'ii. Bo BTOpoM CJiy,tae TCilJIO npeo6pa_~ 

3yeTCff B caMOM pea,nope, r,11.e TellJJOBbl,r(C."JHIOU(IIII 

:rneMeHT IICIIOJIL3YCTCH B i.aqecTBe Bl,ICOKOTeMne

paTypttoro naTO;la TepMO;)MHCCIIOHIIOro opeo6pa· 
30B3TCJl11. ~ha BTOJ}aJt CUCTeMa ll3Y'4CHa 11,0BOJlblH) 

;~ernm,no, B '13CTHOCTH KOHCTPYHU.HJI TCUJIOBld;l.C· 

.1111011\ero 3J1eMeHTa, a Tam-Ke npoo,ecc uepe;i,a•rn 
Te/Via J{an o6IJ'IJIJJMU, T3K If HOBLIMH cnoco6aMn. 
II pn ucno.rn.aoBamrn TaKoro peai.Topa B KOCMocc 
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oamu1,um cf>aKTopa1111, e..11u110m10111 ua o6m1tii 
Bee CHCT{'l,U,1, ftBJUJIOTCJI U3Jly'laTe:lb, aaUJ,llTa n 
CIICTeJ,18 KOH;te11cauu11. 

BwnOJJneH 6o.11bmoii 001,eM 11ccJJe,looaH11ii ;,.mt 

H3y'leHHJI DpHHQHUa pa6oTLI Tep.MOJMIICCHOHHoro 
upeo6paaoeaTeJUI. lby11aJJ1tCL oonpoCLl a!kop6Q1m 
1tea1111 i.aK peryJ111Topa nosepxnocTHLlx xapa«Te

flHCTMK K8TO,la H llHO,la. O;i.uat.o npaBHJJl,HOe no

lllutauue ;1.1111aMHKH JJ."la3MLl, np11cyllleii :>TOMY 

npourc~y, aaTpy;1.1111cTc11 uaJnt'IHeM paap11;t111,1x 

RBJleHllll, KOTOpLle npoHCXO;tJIT B npou.ecce pa60TLI 
CJICTCMLI. Kp011e Toro, B03MO)KIIOCTH Ji8K npeo6-
pa3oBaTeJ\H, TaK " 'BCeii cneTeMJ.I orpamllfl!BaIOTCR 
IU~KOTOpLIMII CBOHCTB8MH M8TCp1taJJOB B YCJJOBHJIX 

BUCOJU>it Tl'Mlll'paTypY. E1>1J1a npo&e;i.ena Oll;CHl.a 

H nposepKa pa3JIH'UILIX . KOMHOJHUHii R;tepuoro 
TOQJJJIBa If 11aTep118JJOB OOOJJO'ICK C TO'ltm 3peH1rn 
JICH0.11.3088HIUI IIX .t{JIJI paOOTLI B UHtepnane TeM

IICpaTyp OT 1200 .lO 2000° C, xapaKTepuoM .t{JIR 
TepMO.'lM11cc11011noro npeoopaaoua11n11. lfccne;i:oea
:mc1. T8IOKC lfaTepnaJJLI 113O:JRI\lllr. ynJJOTIICHHii 11 

3am.nTIILIX IJOKpLITHii, CToii1mc np11 TeMnepaTypc 
;to 1000° C. 

D ;I.Ol-:.18~C CY)011tpyJOTCR peayJJbTaTl,I IICJll,[
Tallltii npeo6paaoeaTC.1l'ii i-ali ;t,111 c:iy•1a11 Ten.10-
oGMeKa B caMOM peaKTope, T8K H ;I.JI.fl CJJy'laR, 
Kor~a 3T0T npoqecc nponcxo~HT BHe peaKTopa. 
Aanca Tat.me onncanwe MeTo11.KKll unyTp11peaK
Topnwx ff('IJLIT8HHii Tl'pM03MHCCHOHIIOii CHCTCMY. 

)].:n11e.;11,nocn. nncpea,n-opHLIX llCULITaHnii COCT,\R
.1RCT Hl'('fiO.1bKO TLICJl'I '18COB. ~JIIITC:JLIIOCTb BIIY
TpHpCaKTOpHblX IICIILJTamtii C BL1COnlD1H xapa l{

Tl'p11CTtf K8llflf COCTaBJUleT JleCI\OJJbKO COT 'laCOB. 
[lc.•11.JO :JTOii nporpaMMbl RBJIRCTCR llCTit,lTaHl-10 

Tl'(tMOJMJl('CHOHHoii ClfCTCMLI BHYTJ)J( peaKTOpa B 

Te'leH11e fOOO "· 

A/219 Estados Unldos de Amtrlca 

Diodos termoi6nlcos para reactores con 
conversion directa 

por E. W. Salmi et ol. 

En un reactor termoi6nico, el calor desarrollado 
por la fisi6n nuclear ·se transforma directamente en 
energia electrica por emisi6n termoi6nica de corriente 
electrica. El sistema se caracteriza por potencias 
especificas y temperaturas de regimen sumamente 
elevadas. Las temperaturas necesarias en la fuente 
varian entre 1 200 y 1 800 °C y Ia cesi6n de calor tiene 
lugar a temperaturas comprendidas entre 400 y 

E. W. SALMI et ol. 

1 000 °C. Entre las aplicaciones posibles figuran los 
generadores compactos para vehiculos espaciales y 
los generadores de refuerzo para instalaciones de pro
ducci6n de energia de tipo tradicional; en ambos 
casos, las elevadas temperaturas de fuente y de cesion 
de calor indican las posibles ventajas del sistema. 

Actualmente se estudian dos sistemas diferentes: 
en el de conversi6n externa, el calor extraido de un 
reactor se transmite a una baterla de convertidores 
termoi6nicos; en el sistema de conversion intema el 
elemento combustible del reactor constituye en 
esencia el electrodo a alta temperatura del convertidor 
termoi6nico. El sistema de conversi6n interna ha sido 
objeto de estudios bastante detallados, particular
mente en lo que respecta a la contrucci6n de los 
elementos combustibles y a la transmisi6n de calor 
por las medios conocidos y algunos nuevos. En el 
caso de los reactores espaciales, el radiador, el equipo 
de transformaci6n de la corriente y el blindaje requieren 
especial atenci6n desde el punto de vista del peso. 

Gran parte de los estudios han tendido a profundizar 
en el conocimiento del convertidor termoionico. 
Se ha estudiado extensamente la forma de controlar 
las propiedades de las superficies del emisor Y del 
colector mediante la absorci6n de cesio. Debido a los 
efectos de descarga que tienen lugar en la mayor parte 
del intervalo de funcionamiento eficiente, es dificil 
adquirir una noci6n clara de la dinamica del plasma 
y las propiedades de los materiales a temperaturas 
elevadas imponen timitaciones eri la construccion 
del convertidor y en el rendimiento del sistema. 
Se ha efectuado la selecci6n y evaluaci6n de una 
amplia serie de combustibles nucleares y de revesti
miento para temperaturas termoi6nicas comprendidas 
entre 1200 y 2000 °C. Tambien se han estudiado los 
materiales de aislamiento, de cierre y de protecci6n 
que pueden trabajar hasta 1 000 °C. 

Los autores resumen los resu\tados del ensayo. de 
los convertidores para los dos sistemas de conversion 
intema y externa, a fin de dar una idea del estado 
actual de los conocimientos en termoi6nica nuclear. 
Se han revisado las procedimientos de ensayo dentro 
del reactor. Los ensayos del sistema extemo de con# 
version duran miles de horas, mientras que los de 
conversion interna, de elevado rendimiento, se some
tieron a pruebas durante periodos de varios cientos de 
horas y actualmente se procura llegar en ensayo 
continuo hasta las mil horas. 
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T eopeTM'leCKMe M 3KCnepMMeHTanbHbl8 
MCcneAOBOHM~, CB~3CHH~e C pa3pa60TKO~ 
T8PM03neKTPOHHblX peaKTOpoe-npe06pa3oeaTeneA 

f!!; M. 6oHAapeHKO ], M. H. ropeAOB, 10 •. K. fyCbKOS, 

B. M. AMMTpMeB, H. M. KacHKOB, B. n. KapM03MH, c . .$1. Ae6eAeB, 
M. A. Ae6eAea, B. A. MaAwx, C. A. Maes, B. SI. flynKo, 

B. r. neTpOBCKMlf, B. n. nau.teHKO, E. E. CM6Mp, 10. 51. CT0BHCCKHA, 

H. n. CTOXOHOB, A. C. CTenaHoB, 10. C. IOpbea* 

Henocpe}{cTnenuoe npeoopaaoBamrn Ten.noBoii: 
aueprn:a B ;meHTPH'IeCRYlO lfMeeT pa~ cym;eCTBeH
IIU.X npellMy~eCTB IIO cpaBHeHHIO C M8III1IHH1JM 
npeoopaaoBaaneM. H nx 'lHcJiy OTROCRTCR ycrpa
Heime J(BH:mym;uxcJI qacTeii, B03MOIBHOCTf> IIOBH

me1ma: K, n. )l;. ycTaHOBIUI (B '!aCTHOCTH, rrpK 
coqeTaunn oeaMawuuuoro npeo6paaOBaTeJU1 c Ma
mn11uaM), yneJmqenne y)l;em,aoii Mo~aocm anep
reT1111ecKoii ycTaHOBKH B pHA,e npnMeaeuIIii. Han-
6on:i.nmii npaRTn11ec1rnii naTepec npe,ll;CTaBJI.JIIOT 
Tpn cnoco6a npeo6paaoBamui: TepMoan:eKTpH-
11ec1mii, TepM08JI0RTpOHHIJH JI ManmTorn,I(pO~H
BaM11~eCRDit (MI'.D:). 

IlepBI.lii: cnoco6, CBRaamu.zii: e npnMeHeHneM 
no.nynpoaoµHUI<OBLIX TepMo::meMeHTOB, BhTCOll,8H 

B o6JiaCTit cpaBHifT0Jil,HO He6oJII,IIlHX MOlll,HOCTei'f 
(10-100 1.em). HanpoTHe, npuMeReHHe MI'/1.
reHepaTopon oRaaLIBaeTC.a n.eJiecoo6paam,rM ;:i;.rr.11 

YCTalIOBKll 6om,moii: MOID;HOCTR (105-106 l'>em). 
B 06nacT11 cpe]).HHX MOID;HOCTeii aHa'IHTeJILHJ,10 
npeH1fYIIJ;0CTBa lnrneT TepMOaJieKTpOHHLIH cnoco6 
npeo6paaoBaHnH, npu IWTOpOM paOO'lRM TeJIOM . 
.HBJIHeTC.H aJieKTpOHHLllI raa .. TepM03JieKTpOHHLlii: 
np1rnn:nn npeo6paa0Bamu1 Temrn B aJieKtpoanep
nno xopomo co11ernetcR c »µ;epmi1M pea1<TopoM, 
CJJymam;n;u B J<aqecrae ncroqnnRa renJia, 

HacTosm;nii ,l(OKJiaµ; IIOCBHm;eH ll3JlO}!{0HHIO pe
ay.n,TaToB teopeTrtqecKHX JI a«cnepUM8HTaJibHblX 
nccJie,a;onanmi. pn,a;a npoGJieM, CBJf3aHm.rx c C037(a
HneM TCpMo;me1npoHm.1x peaKTopos-rencpaTopoB. 

IIccJrn)]:0Ba11mo TepMo:meinpomrnro npeoopaao
Bauna noCBH~eno :r.rnoro pa6oT H,. B nepBux 
pa6oTaX npe;vw.raJIOCb DCDOJIL30BatI, ROUTaKT-

11y10 pa;rnOCTh noTem~nanoB :me1{Tpo;a,on n saRyyMe. 
J\m1 Y1'fem,memrn Bmrnmrn o6'heMHOro aapa,rr,a, 
orpann1I11Ba10m:ero TOR B Bat,yyMHOM npeo6paa'o
BaTeJie, HCOOXO,l.l;BMO CORpaTHTI, paCCTORHHe MC.IBJ(y 

* <Ilna11t:o-aneprernqec1mii: nHcraryr, OoHJIHCH, CCCP 
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aJieRTpoJlaMR AO paaMepos nopJJJJ,Ka 10 .M~. 
B ~anI>HefuneM OI,JJIO npe,llJiomeno BBo;a,nr1, B Mem
;}JleRrpo,l.l;HOe npocrpaacTBo napLt qeamr, uo11naa
JlHH ROTOporo Il03llOJJJieT YBMUlJ}JTI, MemaJJeK
TpOJl:HOe pacCTORHHe /1.0 npaRTiflleCIUf npJieMJieMlilX 
paaMepoB (,..._, 1 .M.M). MemweKTpo~noe npocrpan
CTBO npn 8TOM aanOJIHHeTCJl XOJIOll..HOif IlJIB8MOii. 

1. nPE06PA30BATEJ1b C HH3KHM 
AABnEH~EM nAPOB UE3H~ 

HaK uaBect110, sse~em1e Ji;ame 011em, neooJI1>
u10ro KOJIHlJeCTBa napon 11,e:ntn (10-3-10-4 MM 
pm. cm.) Il03BOJUl0T IlOJIHOCTblO HeiiTpaJIH30BaTI. 
061,eMHHH aap.im ,meKTpOHOB B M0iK3JieKTpOJ(HOM 
npocTpaHcTBe (1rna:rnBaxyyMHL1ii pemeM). ToK 
B 3TOM pemHMe orpaHH'IDBBeTCJI 3MHCCHOHlihlMll 
cnoco6nocTHMH RaTO~a. n IIO;)TOM)T CJIJII,HIJe TOKU 
MOiRHO IlOJiy<rllTI, JIH6o npn /{,OCTaTO'IHO BLICORHX 
TeMnepaTypax (T ";?:; 2500° H), J1n6o npn yc.11on1m 
DCUOJih3OBaHJUI KaTOll;OB C HH3KOH paoOTOH IH.Z:XOJ];a, 

CilOCOOHLIX paoOTaTL AJIHTeJibHOe BpCMH B YCJIO

BJUIX pear<Topa. B "laCTHOCTH, MOiRHO HCIIOJibJO
BaTL CHHIBeHHe patfoTJ,I BRXO)l;a B peaym,TaTe 
a,n;cop61vnr aroMon n;eann aa noBepxnocTH ryro-
nJiaBKnx MeTaJIJIOB (MeTaJIJIOIIJieHO'IHHii KaTOJt,). 

Bmrn npoBe)teHI:l uccJie,u;onannn TepMo~Mnc-
cnonHlilX :xapaRTepucTirn pR,Aa Tyronn:a»mix Mare
pna.11on (Zr, Hf, Nb, Ta, Ti, Mo, C, W, Ni, Re) 
B napax ~e3HH. 

B raoJI. 1 npnne,11.em,1 paCC'IHTamme no noJI
HOMY TOKY pa6orhl n:uxo,u.a J,V n wn.11oru Hcnape
mrn ~eamr Oo npH onrnMaJILHot.f noxp1,,1tnn no
BepxnoCTH (TV - pa6ora nuxo,11.a SMHTrepa oe3 
~ea11esoro llOKpl.lTIIH). Ha Tarutli~Ll Bif,11.HO, >iTO 
J];JIH OOJlhffiJIHCTBa MetaJIJIOB pa6ota BL[l:Oi];a u 

TeDJIOTa ncnapeHHH ~e3D1I npo: ODTilMaJIJ,HOM 
IlOKpLITUH JlD90llRO BoapacraIOT C yBeJII11J8llU0M 
pa6on,1 Bl:JXO)l.a MaTepnaJia KaTO,ll.a. 3aMeTnM, 'ITO 
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N!JI ~OCTU;HeBIIJI ODTDMaJILBLIX pa6oT BLIXOA8 
Tpe6yJOTc11 aunnteJILBLle ,?J.annea1111 oapon :u;ean11, 

TaCSnHL\a 1 

3JtellellT n·, .. n·.," Q •• " 

HI 3,53 1.73-t,9 3,r,0 
Zr 3,84 t,7-2,0 2,45 
Nb 3,98 1,40-1,49 t,3 
Ti 4,09 1,39-1,46 t,39 
Ta 4,13 t,42-1,48 1,41 
)lo 4,24 1,44-t,51 1,52 
w 4,52 t,69-t,71 t,89 
Ni 4,61 1,86-1,95 1,80 
C 4,62 t,69-l.71 1,66 
Re 5,04 t,87-t,9 2,03 

TeopeTR'leCKOMY HCCJie,llOB8HIIIO KB83HBaKyyM

Boro penmMa noce1111~euo Mnoro pa6ot7,8• Pacce11-
uue11 aJieKTpoeoB ua atoMax neinpaJU,Horo l\03HH 

B 3TDX YCJIOBDJIX }IO>KRO npene6pe'IL, DOCKOJILKY 
COOtBeTCTBYJ0~8JI JJ.JIUHa CB060.11noro npo6era 3Ha
qeteJil>BO 6onLme paccto11mrn Mem,ny aneKtpo
ASMII. 0.1{B8KO KYJIOHOBCK08 pacce11ene MOmeT 
nrpau. pOJIL JJ.8)1(8 DpH O'ICHL HIIJKOM JJ.8BJI8HHH, 
ecJ:111 cteDeBL nouuaau,uu aea 'lHTem,ua. 

2. nPE06PA30BA TEnb C BblCOKH M 
AABnEHHEM nAPOB U.E3HA 

2.1.. Ilpu noewmeRHH JJ.8BJieBH.R. napoe u.eaua: 
pa6oTa BWXOJJ.8 MetannonJieHO'lBLIX KSTOJJ.08 yMeHL
maeTC.R. Bcne~CTBHe atoro MO~OCTL, CHHM8eMaR 
c npeo6paaoeateJu1, pactet e yeenn'leuneM na
BJieum1. 0AB8KO 0,11.ROBpeMeHHO y»eJIH'IHB88TCR 
po:u. pacceRHIUI 3JI8KTpOHOB ua 8TOM8X, KOTOpoe 
B KOHe'IBOM c11ere orpann11nBaer BOapacTanHe 
TOKa H MO~OCTH. Ilpn Bl,ICOKHX ]J,8BJI8HllJIX 
DORBJIHeTCR T8K)K8 06'L0MB8R HOHH38Il,HJI 8TOMOB 
D;83HR. 

Ilpn JJ.8BJiemm P t.::::t. 1 MM pm. cm. mm BLime 
nneua csooo]J,Horo upo6era AJIR pacceRRHR aJieK
Tpouou Ha aTOMU:: (l,.) OKaa1,rnaeTCR BO MHOro 
paa MeHLme pacctoaeun: MemAY aneKTPOAaMH (L). 
B 3TOM cnyqae pemnM 6y)l,eM uaa1,rnaTL ii;nclicpy-
3HOBHLIM. ,ll;nR K8TOAOB, IlOKpLITLIX n;eaneM, MaK
CHlfYM MO~OCTH npHXOADTCJI HM8Bll0 ua ]J,Hclicf>Y-
3H01IHLIH. pemnM. Pom, 061,e1,1aoii pouuaan,Hn H 
ycJIOBHR, npH J{OTop1,1x oea B03HIIK3eT, 6y]J,y't 
paccMoTpeHLI B cne]J,yrom,eM naparpa4>e. B uacro,r
m,eM paa;n;ene npnMeM, 11ro npeo6na,a;aer nounaa
n;uR ea noeepxnocTn KaTOAa, 

BoJihT-aMnepua11 xapaKrepncruKa B ,n.ucf>jy
anonuoM peiR.HMe c 1rnanaau;neii ua KaTOAe nMeer 
TOK eacLIDJ,8HHJI (I.), KOTOpLlii, o.n,uaKo, K3K npa
BHJIO, aua11nreJibBO MeHLme :meKrponuoro roKa 
aMHccnu: npn L = 1 MM. n T = 1500° It I.!::::::.". 
~ 1 a/CM'!. BeJIH'IHHa 1. (e OTJilf'IH0 OT KJ383HB3-
KYYMHOro pemnMa) cym,ecTBCHHO aaBHCHT O'l' 
HemaneKtpo]J,eoro paccro>1Hn11. ,IJ;anee, / ,, KaK JI 

uanpHmeune, cunMae11,1oecnpeo6paaoearen:1, B mn-

POKOM llHT0pBaJie T0MII0pary p H ].1;8BJl8HHll He 38-u 
BBCJIT OT MarepnaJia 1rnro.n;a n onpe,n;eJUieTCJI 

H. H. 60H,AAPEHKO et al. 

TOJII>KO ero TeMDeparypoif (T') u .n;auJieHHeM n,e-
3H.ll (P). 

TeMneparypa 3JleKTpOROB (Te) MOiReT c:ym.e-
CTBeHHO OTJIH'IaTbCR OT TeMnepaTypLI aTOMOB (T) 
BCJI0):tCTBH0 Toro, 'ITO 3HepreTH11eCKHU. o6MeH 
Mem.n;y aneKTpoaa1m H aToMaMH aarpy.n,ue11. 
B 11aCTHOCTH, npn CJia6LIX TOKax (/<I.) :meK
TpH118CK00 IIOJie B Mem:meKTpO):tHOM npocTpaH
CTB0 TOpMOJIIT a.neKTpOHU, lJTO DpHBOAHT K OXJia
m..n;eHHIO 3JieRtpo1rnoro raaa. Hao6opor, npH 
CH.1l>HLIX TOK8X (/ .-..J [ .) BOJHHKaer ycKopmom.ee 
none, KOTopoe pa3orpeBaeT aJieKrpoHI,I, TeMne
parypw Tllil\eJILIX 'laCTHI\ (HOHOB H aTOMOB) npaK
TH'l0CKK ecerp_a COBII81[.3IOT. CreneHL HOHH3a~ 
D paccMatpHB30MLIX YCJIOBHJIX B8B0JIHKa (0,1 % 
HJIH M8HLme). 0.n;HaKo B o6JiaCTH ,i;aBJieHB:i:i: MeHL
me 1 MM pm. cm. BLICOKUX TeMnepatyp )(3TO)\a 
(T';!> 2000° I{) creneR& nomrnal\HH aaMerao YBe-
JIH11nuaerc.11 H KYJIOHOBCKOe paccesrnne CTaHOBHTCH 
npeo6na;n.a10m,HM 10• 

2.2. ,ll;ml><liyauoanw:e noroi<n a.11eKTpoaou {/) 
H HOHOB (i), a T8KiK8 IIOTOK ;meprHll 3Jl0KTPOROB 
{Q) HM8IOT CJie.n;y10m,nii BD.,D;: 

I d,. U dq, dTe = -De d:c + en7i"-DT.-;J;"• 

i = -D, ddll -U, dip -DT· dT 
:c d:,; i d:c ' 

~ dT Q= -r.• d/+l(xT,,-ecp), (1) 

eD · 
rAe De, i ue,i = T r,_1

, DTeTi- R03q>$1rn,B.eHThl 7l.H!p-
e,1 

q>y3HH, IIO,l:(BHmHOCTH H TepMOAHtf>,J>yaHB aJieKTpO-
BOB H HOHOB COOTB8TCTB0HRO; "'e - KOaq>q>HqHeBT 
T0IIJIOllpOBOAHOCTH; X - ((T0IlJIOTa nepeaoca)) ,AJIJI 
aJieKTpOHOB; cp - noreen.naJI; n - IIJIOTBOCTL 
mta3M.Ll. H1meTH1JeCKH8 Koacf:,<f>Hl\H0HTLI, BXO,AH
m,ue B (1), ;l;JIJI Tp0XKOMDOH0HTHOH JIJl33MI,l (aJieK
TpOHLI, HOHLI, eeiirpaJILl) B upoHaBO,l{HOM ]lfarHHT
HOM IIOJie 6w;JIH BLlqRCJl0HLI MeTO)I.OM 3HCKOf0 -
tJeIIMeHa 11• B aToii: pa6oTe yqnTLIBSIOTCJl RalC 
coyAapenHR C HeiirpaJU,HLIMH aroMaMH, raK H Ky
JlOHOBCROe pacceJrnHe. IIocJie;u.Hee Y'fHTLIBaJIOCL 
BB0~0HH0M B KHH8TH'l0CKOe ypaBH8HH8 CTOJIKHOBH
T0JILHOro 11Jieaa B cf>opMe JlaHA3Y. B oTcyTCTBne 
o6~eMuoi nonnaa~nn 

di 
d:t: =0, 

a· dQ 
_I =0 H -=0. 
dz dz 

(2) 

BeJIH'lHHa TOKa uacLim,euu11 / 8 c xopomeii CTe-
11ea1,10 TO'IHOCTH ;u.aeTCR CJI8AYIO~HM BLipame
HUeM U; 

I,= (i + ;::) 1 De= (t +~:) ! n'v" t, (3) 

r,D;e ve- cpeJJ;H.flJI renJioBaR cKOpOCTL aJieKTPOHOB; 
n' - DJIOTHOCTh nJiaaM.Ll y :KaToJ(a; leL - p;Jinua 
CB06o,n;uoro npo6era 9JI8KTpOHOB H paccTOKHR0 
Me)K,ll;y aneKTpo,n;aMH. IIaJiomeane nrepaqnouuoro 
M0TO,l{a, npn~eHeHHOfO ;l;JIR TO'IHOrO 11HCJI0HHOf0 
pemeem1 cucreM (1) n (2) co,n;epmnrcJI Bu. ,D:m1 
IlJIOCKOH reoMeTpHH B OTCYTCTBHe KYJIOHOBCKHX 
CTOJIKHOB0HHii MO:lf\HO IIOKaaaTL, "ITO noreH~HaJI 
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'i' CKH aaBHCHT OT paCCTOHHBJI a DJIOT-
BOCTb y61,1Bae , ~e.lJJieTCH paBHOBeCHO:U IlJIOTHOCThIO. ECJI:e He yqn

TLIBaTb paaorpeB aJICKTpOHOB ua npmme1npop;ROM 
Oapr:,epe, TO B liepilKOMil8HCllpOB8HHOM pemHM8 
(w > 1) llOJiy>IDM n 

y T no aanpan:ieamo K aHOAY no m1-
~HHOM:y 3 aKouy • PeayJibTatbl 1HiC.'18HHblX pacqe
roa BOJILT-a 

Mnepm,rx xapaKTepHCTRK xopomo 
C0rJiacyIOTc" 

n C 3KCIIepHMeHTOM 13, l4 eCJIH B Ra-
'lecTBe ceqeH" • .. 11 paccetIHIHI :lJICh'TpOHOB rrprmaTL 
lleJIHT.JlfHy (1 -:- 2) . f0-14 c.M2 

2•3• fpann 11aue YCJJ:omrn )'l,JIJl cncreMu (?) 
MO)l(HO IlOJivn -

J ,HTb H3 aaRoHOB coxpaHeuna 'JDCJia 
'laCTRTT ll .,. 

0 -~ ... eepnrn B npnaJieKTPOJlHOM cJJoe u, u 
CROBm,rn napaMeTpOM, :xapaKTepHay10m,nM rpa: 

lllflIHble YCJIOBHSI Ha Ka TOp;e, JlBJIJI0TCH na paMeTp 
ROMIIencal.\HH ffi: 

ffi = j__.,_ l/ M 
10 m' (4) 

f]te Jo, io - TOKH aMHCCIUI aJieKTpOHOB H HOHOB 

C RaTO'Aa; m, M - MaCChl :)JlCKTpoea H noua. 

------W>f 

------w<I 

PHc. 1. CxeMaTK'·l0CKHl1' BHA pacnpe
P,eneHHR noreH411aJ1a y KaroAa 

(6 - 11;e6aeecKnii pa,11Hyc) 

Ilpn m > 1 pem1rn 6y,lleM Haa1,rnaTL nepcKoMIIeH
cepoBanHii1M. B aroM cJiyqae xn:MtttJecKuii noreH
~aJI UJiaain.i: HRLKe pa5oTH BhlXO,Aa KaTOAa, 06-
paayerca CKa'IOR DOTCHI.l._liaJia, OTpama10~HR ll3-

6LITOquyro :n.rnccmo noaoa 6.tp' > O (pnc. 1). 
Ilpe: ei> < 1 nJiaaMa aa:xoJJ;HTCH no,11; orpHn,a
TeJILHUM ll0Tem:i;uaJI0M no OTHOill8HHIO K I<aTO.QY 
Acp' <o. 

ECJIH W He 0'1.CHh CH,1!.hllO OTJJll•J:aeTCJI OT e,llH-

( 
l )' t ~ !£'2 

lllf~& L ,w<(T) , TO Ha rpam1n,e HMeer Mecro 

llOKaJibHOe TepMo,rvrnaMnqectwe paBHOBCClle n, 

TaKJlM o6paaoM, llJlOTHOCTb n' MO)RHO BJ,llfHCJIJITJ, 

no c{>opMyne Ca:x:a. Ilpn © < 1 mroTH?CTl. y «a
TOJ(a ,u:aeTca <fiopMyJJoii: is 

n' = Tl-a V 1 - ii ia, (5) 

fAe n0 - panuoaecHaa IIJIOTHOCTh, onpeAeJI.fleMaJI 
no <lioPM}'Jie Caxa. lfa (5) BH,lJ;R0, 11to B pem.HMe 

ToKa Hac1,11.o;emrn, To ecr1, KOr)];a j = 0, n' = n 0• 

TaKUM: o6paaoM, B eeµ;OROMDCBCHpOB8HHOM pe

fflnMe D0JllJllHRa TOKa H3Chllll;emrn (3) TllKJKe oupe-

(6) 

OTRyP,a BHll;HO, 'lTO n' < no n TaKDM o6paaoM 

B nepeKoMneacnpoBannou pem1urn [
8 

Mem,me, 
'leM B paBHOBCCHOM (npI:l TOH me TeMneparype JI 

~aBJie1urn). I10JI1,ay11cb <f>opMyJiaMR (3) H (6), 

Jienw n01,aaaTb, 'ITO npn w > ( ~ r 1. - Io. 
Tnrrrr<rm.re peayJII,Tan,. 11aCJiemwro pac1Iera 

B0JJbT-a~mepHLIX xapa1trepacnrn np»: paaJIH1I1u,rx 
3H8'I01IH1lX paOOThl 8hl:X0).(a IlpllBe)lCHH Ha pHC. 2. 
Jlenw BH,"!J;8Th, qTo B H8,!lOKOMileHCHpoBaBHOM pe
mnMe (W' < 2,8 :>a) uaMeaenne pa6oTbl Bhlxo,n;a 

(iV) npaKTRqec1n( He BJIR.fleT Ha lWJibT-aMDepny10 

xapaKTepHcnmy. C ;n:pyroii CTopom>1, ,name 
cpaBHHTCJlbUO ne60JiblUUl nepeKOMIIenca~HH (W '> > 2,8 38) npn:BO)J;HT K 3HR'lHTeJU,HOMY YMCUhlff0-

HillO TOKa. 3TO Bll.llRO T3KiKe HJ pnc. 3, rp_e IIpH

Be,n;eHa aanHCIIMOCTI, reopeTH1Iec1m paCC'IIJTaHHOI'O 

TOKa ll8CJ.lilJ;8HHR ll MOI.qHOCTH (P) OT paoOThl BH

Xop;a uaroµ;a. Ilp.u ).(am,neii1ueM yMeHhID0HRH pa-
6oru BllXO,!la 1. n P 6y,n;y-r YMCllbDiaTbCH (n:anpR
Mep, BCJICACTBHe peKOMOHHa1vrn: IlOHOB). 3Kcne
pn~cHT IIO)];TBCpm;:i;aeT 3Tll BLIB0;n:hl, TaK, TllilH'lll3JI 

qiopMa KPHBOii aaBUCHMOCTil TOKa KOpoworo 3a
MLmaHH.fl, KOTOphiii npaKTH'ICCKII COBIIa~aeT c 1 •• 
np.ane~eHa Ha pHC. 4, 5. Ifa 3TIIX Kplllll,lX BU/J.HO, 
'lTO TOK nacblm;enmr npn mraRIIX reMrrepaTypax 
(ab), COOTBeTCTRYIO~HX ne~OJWMDCBC11pOB8IIHhlM 

pemuMaM, ::mcnouenn:uaJihHO aanncur OT TeMne
pazyplir C II0KaaareJieM, paBJil,lM IlOJIOBHHe :rncp
fHH HOHnaa~im, K8K 3T0 U p;o;rnrno Gbltb, eCJIH 

IIJIOTHOCTb y KaTo;i;a paBHOB0CHaJI, llpH µ;aJib
Hciime1it:' noamnemrn TeMneparypu pemnM cTa
HOBUTCJI nepeKOMilCHCHpoBaHHJ,IM II CKOpOCTL 

pocTa TOKa c reMUeparypoii aaMep;mteTCR (be). 
OTO npOIICXOp::Hr npn TeM 60JILWHX TeMnepaTy
pax, tJeM ,n,nne 11,aB:rnmw JI 1J8M 6oJibme aHennrn 
a~cop6~HH n;e3n,r Ba HaTO){e. IloJibayHch npa
Be,"!l;enHLIMH ;(3HHhlMil Il q>op?,JYJiaMU (6), (3), 
MOIBHO Bl,fqRCJIHTb TOK ;JMHCCIHI K8TO/];a H 

onpeµ;eJIHTb ero pa6ory' BhlXOAa W. PeayJILTaTH 

a'l'HX pac'IeTon np1rne;n:em.i: Ha pnc. 6. Omr 
xopomo corJiacy10rc.11 c AaHHLIMH, no.nyqeH
HhlMH B 17 • 

2.4. Oco61,ui: RHTepec npe~cTaBJIHeT paccMo
Tpenne o6nacrn l-(aBJWHHii, nepexo,!(Hoii Me~y 
11,n4'4>yaHOHHlJ'M U 1rna31maHYYMllblM pea-HMaMH, 
HeKoTopw:e BhlB0Jtbl o noBep;emm nJia3Mlil B ~Tn;x 
ycn:o:annx MOiRBO IIOJIYllBTL, pemaJI KHH0TD'Ie

Cll'.Oe ypaBHCHife C llOMOln;bIO pa3JIO:IB0HHJI cf>ynKII,HH 

pacupeAeJICHHJI B pap; no llOJIHl,iM OpTOHOPMIIpo
BaHHblM CHCTeMaM <fiyaKI~m'i. B traCTHOCTR, 6bl.JI 
HCIIOJII,,30BaH MeTOJ]; pa;JJJoa<eHHR no CHMMeTpH30-
BaHHiilM llOJIHHOMaM 3pMma. TaHDM o6pa30M 
6uJia noJiyqe»a aaBncnMocr1, ToKa nac1,1m,emrn I. 
oT ornomenn.a ,n;JinRLI CB060J\Horo npo6era R paa-
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1 

O,G l,0 1,~ V, a 

4HC/18HHblH paC'l9T BOnt.T-aMnep• 
HWX xapa•nepHCTMK: 

l - lV' = 2,15 4-2,8 ~; 2 - W' = 3,t ae; 
J-JV'= 3,2N; 1-JY'= 3,3a11; T'= 1800° K, 
T" = 700° H, P= t MM pm. ,:m., L= t ""-" 

,o•r----r----,.----.----.---....-----

tO' 

10 

o,s 1000 

T~H 
PMC. 4. ,. - TOK KOPOTKOfO aaMblf<aHHR, 

0,4 0,6 0,7 0,8 

L= 0,7 .., ... , Ka TOA HHOCSHeeblH 

H. H. 50H,AAPEHHO et al. 

J,a/c11l 
P, 

--;-... 
u 
..: 
a. 
:II 

--!. .. 
• :E ., 

P max 

Is 
04 , 

0,2 

o-----------_ ........ ____ _ 
2,0 2,~ 3,0 w: B 

PHC. 3, 3aeHCHMOCT1,, H p max OT pal50Tbl 
llblXOAa KaToAa, XHMHlleCKHH noTeHr.v1an 
nnaaMbl 2,8 a,, T = 1800"K, T" = 700°K, 

L= 1 MM1 P= 1,86 MM pm. cm. 

BT 

~ 

0,2 

0,1 

10' ---,----,----,---,---,----,7 

101 

""~ 10·1 

lg,-,_, 

o,a 0,4 0,5 0,6 0,1 0,8 

PHC, 0. r. - TOK KOPOTKOfO SaMb/KaHH.111 

L = o, 7 '""'• Ka TOA peHH88blH 

1000 

T°K J 
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1a1epaM ClICTeMLI ( K = i). ~JUI H0,!{0HOMneHCHpo

B8BB0ro pemHMa IlOJij"laeM l9 

I _ 1,1a v- 1 • - -::-;-:;::::,,::::::;::3:===~==== {t) V 1,5o;2K 2 + 2,6aK + 1 o, 
(7) 

rp;e a - MuomnTeJIL nopa~1<a 1 (~<a<:!), 
3aBOCH~nii TOJlI,lW OT T0MirepaTypL1 8JICKTpO,ll;OB 

R nJiaai.u.,. Ifa (7) BHAHO, 'ITO npn HH3KHX ;n;aune
uax {K -oo) / 3 He aauncm OT K (To ecTb oT 
~aBJieH.lfH JI paaMepou cncreMI,I). Moamo noRa-

J, a/c■2 

Bt---~----J....-----1------1 

0,6 0,7 o,e !QM 
T•K 

PHc. 6. CpaeH8Hl18 TOl<OB 3MHCCHH ,11,JlJI 
MOJIH~A8Ha B napax ll,83Hff, nony'ieHHblX 

pasnH4H~MH M8TOAaMH 

aaTI>, ~1TO 18 ll <>TOM CJiytrae connap;aer C TOir TiaCTLlO 

TOI{a nac1,n:~emm, rwropan npoxo;n;ur qepea npn-
1,aTO~lllilii 6ap1,ep (Llqi' < 0): 

lil.<p' 

/ 3 =10fT (8) 

HaoGopoT, npu BLICOKnx JJ;aBJieHJUIX nMceM 

I, = 1, 73a · KJrc;; I 0• (9) 

n - 1 ocr<OJIL1<Y V fil I O = 4 ,n01\ coBml~aeT • c qiop-

litynoii, npnue.n.e1rnoii Bhmre lJ.JHI ,n:H4>ipyano»Horo 
pemHMa 3• 

,QaJicc, p11J( y10,me1mii MOn<Ho noJiy•rnrL H lI,JIJI 

rpamt'lUl,lX YCJIOBirii, B •raCTII0CTI[ ,[{JUI CIJft31( 

noroirn 1taCTl11\ na CTCUI<y (/) ll OJIOTHOCTU llJia3Mbl 

y CTOUlm (n). Tat,, Ha rpaum~c C XOJlOJ{lIOii CTNI~ 

Koii H OTCYTCTIJUC TOpM03Jlll\Cro Cl{a'{l(a llOTeII~ 
11.HaJia UMCCM 20 

I I - (t + l':,.·x) = 2 n11 P, (10) 

r;~c p - rllAPOCTaTll'l('CI,OC WlBJICUIIC IlJia3MhI, 

P.i:x - Tenaop m1:mnx uanp11meu11ir (ocb x aa-
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npaBJieHa opror011am,Ho cremrn), v = f :- -
cpeµ;mut TeilJI0BaJI cKopocn. Ilpene6pera.s MaJio:ii 

B0JI111flIBOii ( p), IlOJIY'laeM f ,..._, ½nv BMCCTO OOhl'IRO 

. 1 - B HCll0JI13yeMoro cooTHomeaaa I = 4 nv. CJIY11ae 

a?,UITTBpyroiqeii CT0RKH H npH BaJill'JJHI cKa'IHOB 

noreHllna»a cooruercwyroll{Jie BLipameHBJI oRa• 

3Ll.BaIOTCH 3ltatznreJU,HO CJIOmHee. . 

3.BnHHHHE 06bEMHO~ HOHH3AUHH 
3.1. IlpH TeMneparype Karo.a;a BhIIIIe 1400° R 

H npH AOCTaTO'J.RO BblCOKOM )\aBJieHHH npeo6Jia
A3JOir(YIO pom, MO)RCT nrpaTI, 06'beMHa11 H0BH3a
:QDH. Ilpn BTOM npeo6paaosareJI:r:, MO»mo pac
CMaTPIIBaTL RaK HH3ROBOJibTH}7IO 11,.yry C U0].(0-
rpenaeM&M RaTOJ(OM, paooraronzyzo B pemmre 

rrpeo6paaonaHHJI. 061,eMHcllI H0HH3all;HJI (B OTJIH-

1:me oT nonepxnoCTHoii) conpoeom;:i;aeTCJI cnJILHI,[M 

B036ym.a;eHHeM aTOMOB, 'ITO npHBOJ{HT K aaMeTHOMY 

2 

6 

150 

P,IIM PT.CT. 

1 PHc. 7. S1<CnepHMeHTa.m,Hble rpa
HM4bl pemHM0B pa(foTbl npeo!Spa• 
aoeaTenJI C MOnH<5A8H0BblM KaTO· 

:~:YYM~bl~ 0'
5 

p::JM, A -;;::..t~ 
1 L =ti; B - AHct>ct>Y3KOHHl>lii p e
>+<HM; B, r H ,lf-p,yr0B0H pe)l{HM 

cue1Jeomo paap11,l\a. BoJibT-a~mepaaa xapai.repn
cTima nMeeT coBepmcnao unoii :xapa,nep, qeM. 
B ,!{lltM>YJHOHHOJ>I pcmnMe C lJOHU3311. neii ua 1,a. 
TOJ{C. Xapa1,repHO 6.blCTpoe UJM(:'HCHJie TONa C Ha
npnmemteM, MaJiafl BCJmtI1rna cmmaeJ\Ioro uanpa
memur II Ol'CfTCTBJIC B 06.'IaCTU rrpeo6pa30BaHlfR 
TOl\a naCblll\eHIUJ. 

Ha OCHOBC JlMCIOJIJ.ltXCSI 31,cnepmteHTam,HL(X 
pe3yJ1LTaTOB B HaCTOSlll\CC npe11rn MOihHO npoeccTll 

1maccmJHmau_mo pemnr.ion pa6oni1 npeo6pa~oea
TCJI1l 11 IIX xapat.Tt'PllblX np113HalWB (pnc,, ,). 

rpamtQa OUJiilCTII aa~ll.'TlIOii OO'b~~moii no1111-

3aJllflf oupe~eJrneTCJI 1,punh!Mll 2-a. llpu. aroM 
xapaicrcp npoQCCCOB ,1ilBJJCUT OT T!.''-l~C'parypbl 
1-aroJ.ta u J:(au.rfeHuR m1poB l(eJ11n. B oo.1acTn B 
OU'bNIHLlC npOl(CCCLl HpllBOJVlT I, noCT('UNrHO:uy 

nc•w:uroBetmk, mtaTO rrct 110.rrr,r-a~rm•pnoii xap,rn
Tepucnmc c pocroM Te~mepatyphl rmro,,:a (pnc. 8. t 
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B 8,2). IlpH11eM TOK KOpOTROfO 38111i1RUIU.lt Be npe

BNm&eT JJ.B4>ci>Y3HOBHO-paBBODeCBOro, a Tellme
paTypa 3a>IDlf&BBH JJ.YrH yJ4em,maeTCH C pOCT0M 
AaBn:eHllR. 

B o6JiacTH I' paapJIA eaqneaeTCR peaKHM cRaq
KOH TOKa, DpH'leK Ha BOJl.bT-UUiepuoii xapaKTe
p11CTHKe 110.IIBJIRIOTCJI )'118CTKH C OTp~aTeJILHl,UI 
CoDpOTBBJleBHeM (pnc. 8,3-8,8). TeMDepaTypa 
aa>KJ1raem1 ,tcyrB B atou: CJiy,:iae 11oapacraeT c po
CTOM 11.aBJJeBHJI, Ilpu pa6oTe e yqaCTKe c OTPHf\A
TeJlbBIAI C0Dp0TBBJieuneM UOJIBJUUOTCH mapOBHA• 

I. P• 0,0H -r•"· 

1,0 

O,G 1,0 1,~ 

H. H. 60HAAPEHHO et al. 

Ilpu HaMeHeHBH TeMnepatypw: i<aro,a;a OT 1800 
AO 2200° K Bhlxop;uoe ttanp11meaee 11oapacTaeT 
np1116JIH'3H'Te.ilbHO B)I.BOe. 

IlcJie.JJ,CTBHe CJia6oii aamtCllMOCTH TOKa OT TeM

nepaTy pw pemuu unaKOBOJlhTHoii: AYrH npa '[I.O

CTaTOqHo BlilCOKHX TeMneparypax (o6nacn, B) ne 
p;aeT BlilHfpLlma B TOKe H MO~HOCTH no CpilBBeHIIJO 
C paBHOBCCHlilH ~H4i<l>YaHOHHWM pemHJdOM. Ilo
Jieaaa11 pOJJb 06'LeMHOII HOHHJa~HH COCTOBT B TOM, 

'ITO c ee llOMOIJlhlO MO,KHO IlOJIYIJHTL 6oJihlll.HB 

ll.llOTHOCTH TORa (10-30 ale~,?· npOTJIB 1-2 a/c.x
2
) 

Ja/c~2 

0,0 1,0 1,0 

3. P• ◄,2 u ''-"· 

l4 

o.~ 1,0 1.~ 2,0 

a., •2,0Top, TK•1860"K . e.P•2,0Top, TN$17JO"K 7.P~'J,OTOP. T1<=11BO"l{ 8.P•'l,lhop.Tll~'l'lOO'K 

PHC, 8. Oc~.n.norpaMMbl eo.ni.T-aMnepHwx xapaKTepMCTHK npeoOpa3osa1en11 
a Ayroeo1111 pe>¾HMe, l = 0,1 MM 

uwe crycTt<ll nJt&3MY. u. C pocTOM Te1,mepaTyp1,1 
Katop,a ceeqenae ra3a_ pacnpocTpamrercJt Ha eecr, 
npoMe>K)'TOK, a y11aCTKH C OTPKJlaTeJILHLIM conpo

'J'HBJieHKCM nocreneHHO HC'leaaJOT (plfC. 8,;,-8,8). 
O6JiaCTh npuHy,AHTCJILHOl'O PO)\iKlffA (/.() no

jlBJl,U~TCJI 113-aa Toro, 'ITO BOJILT-8MnepHLIC xapan
TepHCTHKH pa3pff,'\8 J{MCIOT J'llCTepe:ntc no HanpH

)RCRHIO, TO eCTL noTeHUMa.lt rameHHR paapH;r.a, 
i<aK npaeltJtO, Mem.me noreauHa.na aait<nramrn. 
)1.JIH 3yoro CJif'13Jl npHMOii Jf o6paTHWii X.O;J; 
POJlt.T-8MDepHLIX xapaI<Yep11CTHK npe,ll;CT3B:JeH Ha 
pnc. 8,5. I'pan11ua oG.,acTH npnHyJ11tTe;11,noro 
no.ri;mHra onpe,'\eJineTCll TaK: HllifiHRff rpamflla -
norenl(naJI rameHn.11 paecH nyJiio (.:mHlrn 3 na 
puc. 7), aepxHKR - nonrnnna.:1 3a;t.straHnR pauen 
llYJIIO (;iHHHR 4 Ha pm~. 7). 

8 OTJtKqKe OT ll,n4'<1>y3110HHOfO pea-mra TO!. 

1<opoTKoro 3UtL1Kamu1 a ;:i:yrosoY: pem1ure cpau-
11nteJILRO M3JIO 3aBUCHT OT re~fJlepaTypLl {CM. 
pnc. 5ab), ao CJIJILHO aaBBCJfT OT MaTepua:.ia KaTO_:\a. 

npK cpaBHHTeJJbHO HH:JKHX re?omepaTypaJ. (o~ 
.'l3CTb I' Ha pHC. 7). 

B 11113xoeon1,Tnoii ll,yre npeo6Jia,11;aeT Tep»»'l.e-
cnnii Mexamt:JM H0HH331\IUI, TO CCTJ, HOHM3a~Hfl 

ULICTpWMII 3.'ICnTponaMJl IIXBOCT3+ )o{ai<cBeJI.'lOB

CHOfO pacnpe_;\eJiemrn. TToaTOMY reMnepaTypa 
3!1et.TpO1lH0fO raaa T,, ll,O.'lilma 3Ha'IHTC;JliHO npe

ROCXO~lfTb re?omeparypy aJieKTpop;oe. ITosblrueaKe 
T .. nponcxo,AnT tCaK ec:rn,11;cTe11e 11arpeea1uut a.,eK
rpoHoo na npn:J."IenTpOJJ:HOM 6ap1,epe, Tali H »cJieA
CTBHe u1i1~e.1emrn ~;+wy.1eea Ten.1a. Tio:nm.iy p.yra 
caMOllpOff3B0;JLHO ;JaropaeTCff TO;ILl<O B nepeKOM

neucnpoeaHHOM peaante, 11 061,c~rnan KOmtaaUH.ff 

tta'IUl{aeTCH BU.'111:lH auo,11.a, r.n;c IIOBblilICJIHC TeM

nepaTyp1,1 3a c'ICT ~iKoy.1esa uarpeaa naH60.1&111ee. 
Ha ayo Yli8JL1Baer aH0;J;H0C cae'lenuc, non»:r1110-

~eec11 B npe;tpa3pR~HOM COCTOJIHHlf. Pe:uwe y-ee

.'JU'lenlfe TOKa B ;tyf0B0M pe..nm.te, eepOHTHO, CBR-

. 3ano C auoMa:JbHLIM ~KTOM. lllo-rrKlf, B03SH-
1-a10m,u~1 nO;t B.'UlHRHffM nO.'l.fl npua.1extpOAHOrO 
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tJIOJI Ra rpamm;e RaTo,n;a JI mi:aaMLl BoaMomno 
UIIRnue Tap;me ]{pyriu:: npou;eccoB '. (aarrpHMep 
ilBTOTepM0:3JI8KTpOHHOH 3MHCCHH). ' 

MexannaM OO'MMHOK nomraan;1rn aTOMOB n;eaJIH 
:e IO"l'e e~e ne.a;ocTaTO'IHO :xopomo nayqea. q:e.c
;::u,xe on;emn1 IlORa3blBaIOT, 'ITO H0Hll.3an;m1 

: u:Ha npollCXOA,HTL c Boa6ymA,eHHJ,IX ypoBue:ii, 
6 C OCHOBHOro COCTOHHHH. BpeMJI >KH3HH B03-
J)KJ\ennoro COCTOJIHIUI yBeJIH'(rnsaeTCJI BCJl0)\CTBH0 

Toro, 'ITO nnaaMa <«aamtpaeT» uanyTieune na peao
uaucai,ix '13CTOTax aTOMOB ~03BH, 

lloOc.TanoBm,icJI e~e ua o,n;aoM af})<J>exre, RoropHii 
meT BJlBHTb Ha cxopocn HOHHaau;nn. B {(XBOC'.le» 

tYHR~.UB pacnpe,n;eJieHHII BO3HHirneT IIY1JOR 3JI0K

Tpouon, YCKopeHHLlX B aap1.11KeHHO.M CJIOe y Ra

ro~a. B npoQ.ecce MaKcnemrnaan;un: 3JleRTpoH& 

ll)'llKa •.a;mI><f>YH,I\HpyIOT» B BMIIYJII>CHOM npo
CTpaHCTBe, TaK Kai{ M.aKCBemrnaan.1uc npoHCl.O,l).HT 

~epea coy~apenu» c MaJiofr nepep;a~eft 3Hepruu; 

JI peay.llbTaTe B03HBKaer q>yIIKIJ;HH pacnpep;eJleHDH, 
o6oram.e1rnaa OhlCTpLIMH qacTH1'aMn, "KOTOpan B 06-
JlacTH 6om.m1ur aaepruii cym;ecTnenao oTJIHTiae1c.11 
OT 4'YHK~HH MaKCBeJIJia. 8TOT a<}i<JleKT MO».CT npn
BeCTH IC aaMeTBOM)' BoapacTaHIIJO c1wpocrn llOHH
aa~IIH. 

4. BJlHRHHE MArHHTHoro nonfJ HA 
PA60TY TEPM03JlEKTPOHHOfO 

nPE06PA30BA TEJlf1 
4.t. 3neMean1 repM03JieKrpoaaoro npeo6paao

aareJI» 6om,moii MOIIl;HOCTll 6y.n.yT HaXOJ);HTbCH 
11 MarRllTHOM none TOKOIIOJ);BO,lVIIIl;llX. 3Jl0KTpO,ll.OB, 
BaUpHatCHHOCTb lrnroporo MomeT ll;OCTUran, 100 3 

II 6onee. B CBJl311 C 3TIU.l BOnpoc O BJlltflHllll 1r1ar-

Ht3 

PKC. 9. Oc14KnnorpaMMa sasKCKM0CTH 
TOKa KOpOTKOfO 3aMblKattHR OT Mar• 
HHTHOto no.n,i, KaTOA MOnH0A8HOBblH, 

L = 1 ·"·", T' = 2.110° K 

HIIT&oro no.'111 mt pa6oTy npe0Gpa3oean:u1 npn-
. OopeTaeT npaJ.Tll'll'Ch:Oe 3Ha•1C'J1IIC' ~3 • 13.1.llHHIIC' 

nouep.: .. nmro no:i:.11 ua 101,; B ~mf11Jiy31wnnm1 pe
:a.nMe Jl.'1.'JH)CTpnpyC'TCH rpa<Im1.o:u. npnBi',l{'llllhl'.1.1 JU 

Ha pnl'. !l. }'~ll'HLUIL'lllll:' TOI>a 001,HC'HHeTC11 Y'.l.teHL

ID{>UJJl'lI 1w:>4'<}>11Q11enrn ,1114'4'y3m1 ;).1e1apouoe 
l n,. yp,rnuem1e (3)1 

D D~M 
,.(H)=,r+!Pr:/(/1)' (ll) 
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n eH 
rp;e ~, = - - n;mmorponnaH 11actota ·, H - sa-me 
npHmeBHoc11, Marunworo nomI; / (H) _:_ :seKo

ropan ,11;po6ao-JIHHeiinaH 4>y1rnn;1IJJ, onpe~e,rneiiaJI 
na 1mn:erJ111eCKoii reopHH; T - BpeMH c11060,1:tnoro 
npo6era aJleRTPOHOB. 3aMeTHM, 'ITO npn 6oJILIJIHX 
MarHBTHhlX nom1x (H > 100 a) aa6JJJO!I..aercn 
aaMeraoe OTKJioaeane or oowrnoii l{lopMJ.I l{pllBoii, 
O.n;uoBpeMeuao B nJiaaMe reuepupyl01c.11 CHJILHI,le 
KOJie6amur. BoaMOiRHO, 'ITO 3TB OTKJIOB0IUUI 

CBJiaaHhl C aHoMaJU,HOii ,D;B4_iq>y3H0B nnaaM:hl B Mar
HHTHOM llOJie. 

,Ilm1 IlOJIHOB on,eHKll BJUlJlHDH MarHHTuoro llOJIJI 
Ha TOK aeo6xO)tllMO TaKme Y'lllTLIBaTL BaMeneBHe 

npBaJieRTpO.D;HOH IJJIOTBOCTB npH HaJiomeHBH :r,mr

HHTHOI'O IlOJIH. OTOT agi,peRT MOJRBO oqeHBTL, 

aanHCMBaR 38KOHI,Z coxpaneHBH 'IBCJia 11acT~ B 
aHeprHH B npnaJieKTpOl1,HOlf Moe, TOJllll;llHa .KOTO

poro nop1.1,n;Ka ll,lIUHU CBo6o,D;noro xrpooera. cI>ymc
lJ,HH pacnpeA:eJJeHHH tiaCTHD;, BX0,1J;II~X B CJIOH H3 
CTeHKH IIJIR B3 mraaMY, MOJB'.HO aap;aTJ. B BHp;e 
q,yaRQlIH MaKcBeJIJia c coorseTCTBYIO~HMO: TeM

neparypaMll, B npeA,eJia::t CJIOJI 11acT~LI ABB
myrcs oea coyp;apeauii, npll'leM aneKTpom,1 or
RJIOBHIOTCH nop; A,eiicTBHeM MatHllTHOfO UOJIR. 
1-laCTb aJieRTPOHOB, BHme.n.mHX 113 CT0Bl{lI HJlH H3 
nJia3MLI C MaJIOii BeJID11HHOH uopM3JibBOH KOMD.0-
HeHTLI CKOpOCTH, aanopa•rnnaeT nop; BJIHHHReM 

MarHBTHOrO llOJIH, coap;aBaH orpameum.tii llOTOK. 
IlocuoJI.bKY TOJilllHHa aapamesaoro CJIO.ll OKOJIO 

aJieRrpo)J;a (6) 3HaTilITeJllJIO M8HI>me )lJIHBLI CBO~ 
6olf.HOrO npooera (le), BJIHJJBHe MeRTpH'!eCKOrO 
llOllR CKa3lilB88TC1l JJIWJb B yaxoi o6JiacTH :sa 
rpaH~e. TO eCTh 

~eJiaBBI,l0 npe)J;IlOJIOmeunH ll03BOJIJIJOT Hai.TH 
f})yBI~~Hll pacnpep;eJieHJIH aJieKTpOBOB u HOHOB, 
C IJOMOiqbIO liOTOpblX MOiKHO aanucaTb aaK0HH 
coxpauemrn 'IJICJia lJaCTHQ u aHeprnu. Pemeuue 
arux ypaB1IeHIIII II03BOJIJleT onpeAeJIHTb QJIOT
HOCTI. rrnaa111Jil, CRa'lOR IlOTeHll;lfaJia Il TeMnepaTypy 
8JJei.rpoHOB B6JIU3U aJteRTpO~OB. 

B aeµ;oNot.mencupoBaHHOM pemnMe (ro < 1) 
rpaHif'IH311 Il.'IOTHOCTI, DJia3MLl 38BJICIIT TOJil.RO 
oT HIP (P-,n:aeJieHne) u yMen1,mae1ca c pocro.11 
H· BJIIIHHl[8 MarHUTHOro IIOJIH CJia6oe, nonpa»OlJ~ 

' 1 
Bl.le lJ;JeHbl 01'.33LIBaJOTCH uopHA,Ka i· B nepeKOM-

nencupoeaHH0M pea.uMe {w > 1) BJUJRHHe Mar
euTnoro no.:rn ana1:t:nre.11.H0 CifJIMiee, npu11eM 
n:IOTHOCTl, BOJpacTai'T C pocroir MllrRirTHOro IlOJlH. 

(J)UJJl'l!'Cnll BO3pacranue n.'IOTHOCTU MOH<HO 061,

HCHl!Tb c.1e;:i.y10m.nM oGpaJOM. Ilpn naJiomemm 
Marmnnoro no.lH 101- 3.,ei.Tpouoe 113 npn3JTeK
rpo;i.Horo C.l.OJI B n:ta3MY aa:r.teTHO YMCHbIDaeTCR:, 
U0CK0.1b1'Y OH ocyru,eCTB.,HeTC.JI 33 C'leT qaCTIIL(, 

oo.1a;:i,a10ll\llX cpe;i.Heii wn.1oeoii Ct.OpOCTblO. B TO 

~e epe1rn ,.,anmnwe no.1e no•nn He n.111rner na 
npnTOh: 3.let,TpOHOB 113 CTeHlat B 11puaJ1eKTPOAHYIO 
oG.1aCTb, IlOCKO:JbI-Y noc:ie;i.uuii npmtCXOAllT 3a 
C''leT UhlCTpLIX '13CTl1Q. yci,;opeHHLIX B aapmt<eBDOM 
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0,3 

0,2 
4 600 o, 

0,1 

o,o 1 V,a 
PMC. 10. PaclfeT anHJ11HHJ1 nonepelfHoro MarHHT• 
Horo non" Ha BOJlbT•aMnepHwe xapa1nepHCTHKH, 

T = 1100· K, T' = soo· K. P = 1 ... M pm. cm., 
L=O,O MM 

CJloe. B peay,ILT8T8 DJIOTHOCTL UJl83MLI y RaTOAa 
BOapaCTleT. B HeAOKOMneHCltpOBaHHOM peaurne, 

O'leBDABO, UOA06Hafl cnryal{HH ee B03HHRaer. 
Boapacraene rpauJ111noA nnoruoctu npnBOAHT 

K Toxy, 1170 TOK B nepeK0MD8HCHp0B8HH0M pe>fCHMe 
y6Llsaer e poctoM M.arHntHoro nomt Me]),nenaee, 
11eM Koa4>tnQnem nn<I><I>yanu, n MomeT ,n;ame 
BeCKOJJl>KO BoapaCT8TL npH ,CJia61,1x DOJUIX. Ha 
puc. 10 npHB0A0llH TeOpeTlf<leCKH paCC'1J.ffaBH1il8 
aoni.r-aMDepm,re xapaKTepnctnKH npeo6paaoBa
TeJJJl opH paaJID'lB.LZX MarBHTHlilX DOJIHX. 

4.2. llmepecuo OTMeTHTL, 11TO B pea.HMO C 06'1>

eHHOR HORH38I{H0ll npOAOJILROe MarHRTHOO none 
(BJtOJIJ. eanpaBJI8BBff TORa) ey~eCTB0HHO BJIHJleT 
ua ropeuue BD3KOBOJlhTBOH ,Ityrn. 3TO BJIUJIHB8 

HJIJIIOCTpnpyeTCR rpatplIKOM. Ba pnc. 11. ,UanBl,le, 
npHB0Jt,eHHlil8 Ha 8TOM pucyu1<e, llOJI}"IeHl,l npu 
HH3J(HX TeMDeparypax :Kato,IJ;a (1100° K) H HaDpJI
)K0HHH, npmtomeHHOM uaene. lb pecynKa BB,l].HO, 
'ITO llpB l < L {KpRBl,le 3~5) na6JIIO]\a8TCH MOHO
TOHHOe y6weaaue TOKa C pocTOM M8fHHTHoro 

DOJIJJ, :KOTOpoe MO,R0T npuBeCTH ,l].ame K npeKpa
meBHlO paap11,Aa. 3to jJ.BJI8HBe MO)KBO o6'bHCBHTb 

CJI8JJ.YIO~M o6paaoM. HaK yme orMe11aJioc1,, B nna
KOBoni.tuoii ,nyre M07RAY aJJeRTpop;aMH JIM88TCSI 
M8KCHM)'H DOTeHD;HaJia. 3Ha'IHTeJILH8JI ,!].OJIJI Mep;
JieHBblX aJieKTpOHOB, 06pa3y10mHXCJI B peaym.
TaTe BOHH38q1m B o6nacru M8KCIIM}'M8, yxo,!].O:T H3 

Mem:meKtpO,Il;HOrO npoCTpaRCTBa BCJ18,l];CTBH0 aM-

6nDOJIJlpHoii .ABcl>l}>yanu ua creHHB JtaMepY. C na
JIOmemteH MareHTHOro llOJIH Jl.HcI>cf>yaBJI 3Jl81<Tp0-

B0B B nooepe'IROM nanpaBJI8HHH yMeHLmaeTCH, 
B TO BpeMff R8K DOJIO>KHT8Jll>Hlil0 HOHl:l npop;oJI
maioT ABIPtYB'ABPODaTi. R crenKaM KaMepLI. 8To 

H. 11. 60HAAPEHKO et al. 

Jo 

0,1!:---,..,;~--,,.,~--=e!-:,----,.~--,~ o 1 oo 200 aoo 400 H,s 
PHC. 11. 3aBHCHMOCTb OTHOCHT8nbHOro TOKa 
HH3KOBOnbTHOH AYrH OT eenHlfHHbl npOAOJlb· 
t\oro MarHMTHOro nonfl. noreHu,HaJI ropettHff: 

1-5,4; 2-2,6; 3-1,4; 4-1,4; .$-2,4b 

DpHSO,l].BT K yeeJ1H11eHHJO KOHn;eJITp8D;HH M8~JJeH
HhlX BJl0KTpOBOD B paapHAHOM npoMeli{yTKe H 

R 11aCTH'IHOMY aaDOJIHeRHlO notenn;naJIJ,HOii jJ)IJ,f, 

f Jiy6nHa IIMlil yMeB.t,maeTCJI ~o BOCCTll.HOBJieHH.fl 

aM611nomi:pHoii .n;m}cpyanu na cteBNy. °YMenhme
BHe rJiy6um,1 .RMW C pOCTOM H oaaa11aeT fM0Hl>

menne KaTo~aoro na~esm1 n, cJie,l).oBateJibBO, no
anmeune TeMneparypLI aJieKTpOHOB. OTO npHBO~HT 
H yMenbmemno TORa 'lepea "Jl.YrY nnJio'l'L JJ.O npe
Kpam.emrn paapRJI.a, -Yaemrrnaue To11:a npH l;>L 
( CM. pHC. 11, KpHB8.H J) MO»rno 061,JICBHTb yse
JJH'l0HH0M acl>c}>eKTHBHOCTH HOHHaan;,rn ]lCJJ.eJl,CTBR0 

aaMarnwrnBaHlUl aJieKTpOROB, BhIJl0TaIOIIJ;IIX DO)]; 

MaJUilM yrJIOM K llOBepXHOCTH Katop:a. 

6. KOJ1E6AHHfl TOHA B TEPMO· 
3J\EKTPOHHOM nPE06PA30BATEnE 

llayqemrn J<one6aann B tepMOaJieKTpOBHO~ npe
o6paaoBaTeJie npeJJ;CTanmrnT onpep;eJieHHl,IH n!
tepec He TOJibKO Jl.JIH q>H3JI'leCKBX HCCJJC)l;OBaBHll, 
HO C TO'IKH apeBH.11 HX T0XHH'1ec1wro BCDOJlh30Ba

lllUJ:, nanpuMep, KaK nc-ro11mum ;mepru1:1 lJ.JUl 
paJl.BOCBJI3H HJIH Jl.JlH upeBpa~eHml nOCTOHHJD,lX 

TOKOB MaJJLIX mmpmKemlii B nepeMeaHI>le. . 
HoJie6aHHJI na6mo)l;aJIHCh, uo-nepnhlx, B o6nacTH 

BLICOKRX TeMJiepaTyp (T' > 1900° K) H BH3KHX· 

,n:aBJieHHH (P ~ 5. 10-3 M.M pm. cm.) H, BO

BTOpLIX, np:u HH3KHX TeMIIepatypax (1200° << < T' < 1500° K) K BHCOKRi AaBneaunx (0,04 ~ < P <0,6 MM pm. cm.) 18• qacToTa :K~Jie6aue:a: 
H3M0BH8TCJI B 3aBHCHMOCTH OT yCJIOBHH OT ne-
CROJII,KIIX KnJiorepn; AO HeCKOJibKHX -y.erarep~. 
3aM0TBM, 'ITO B llOCJie,ll.H8H na yHa3aHHLI:t o6na• 
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cteii w CYIJ:\eCTB8HHYID pOJil, nrpaIOT coyAa pemrn 
C HeHTpaJiblll,IMH aTOMaMu, a B nepBQH - KYJlO
HOBCKOe pacceHHlle, 061,acnemrn npOHCXOlliA8HlUI 

~THX ROJiet>aHHM B paoOTe 18 BO llp0)],CTaBJUI0TCH 

YOOJ\HTeJU,HhlM, nocKOJILny He y11:aa1,rnaeTc», Ra
ltlO( o6paaoM q>OpMnpyeTCJl u IIOJUJ;epmnBaeTCH, 
HeCMOTpH Ba pacceJrn«e, HORHhlll cryCTOR. RpoMe 
toro, }{0Jie6aHirn aaoJJIOAaJOTc.sr n: B Tex CJJyqaax, 
J.OfAa llOTeBn;na.11 He IIM88T cfiopMhI JIOBYIDKll ).lJIH 
IOHOB, BoaMomuo, 'ITO KOJie6aHHJl CBJiaam,1 c n~
trOBo.ii neycToii'InBOCTbIO IIJia3MLI B npHRaTOAHOR 

06."IaCTII. <llyHKL(llJ{ pacrrpegeJIOBUJJ. B6JlH3H 3JIOK
TPOJ:\OB, XOTJI H 6JIH3Ra K MaI,CBOJIJIOBCKO:ii, B TO 

a.e BpOMH, 110-BU,I\HM0MY, cym,eCTBOHHO OTJU[-

1aerc11 OT OOWIHOI'i .n;mpcf)ya110HnoI'i:, ,[(Mo B TOM, 

'ITO npu uaJJII'IIJII ;maqHTC-JlhH.blX CR3'IfWB IlOT0H

l(HaJia Ra rpanm~ax B03MYil\eH1rn 4'y1rnu,n11 pac
upeAenemrn B6JJH3H rpaHll~ JIOK3JlH30B3Hbl B 06-

.llacrn BLicoRnx aneprnff. B c;rytrne nepeKoMnen
tnponauuoro penmMa aTn BOaMym,enua o6pa
ayIOTCR nyqKOM 3Jl8KTPOHOB 3!11HCCUH, ycKopeBHI>lX 
JJ aapRmennOM CJJOe na rpalllil\C C R3TOAOM. B He
]tOKOMDeBCl:lpoBaHHOM pen<H:Me ll03HIU(aeT JIIIaJio

rwrn1,1:ii ll}"IOK HOBOB. JlaJIH'lHO Il~KOB HBJIHeTC}I 
bpH11BllOii: B03HllKHOBeHmI nyqJ{OBOH ueyctoiiqlf

BOCTH, IIplPleM MOamo IIOJ'33aTJ,, qT0 llHKpCMCRT 
l<O.'le6annii ~JIJI ~Jinmu.ix no.11n pirneu 

/ lo) V l /-1 ~% + 1 ( 2 + R.2) q (12) mg=i+~•~ ' --~ Tl t' Vt' 

rAe m - qacToTa; K - Bonuonoii BeKTop; ~ - or-
1tomen1te llJIOTHOC-Tll ny•nw n IlJIOTHOC-TH UOKOIO-

Il(eiicn llJiaa.MLI; C1 = -,rrJ- paa6poc TeIIJfOBhlX 

CKopocreii: n nn:aa1m; 11C1 - paa6poc remroBIJX 
c1wpocTeii B nyqKe; V - cpeJJ;mrn cKopocrLnyqKa. 
Upu 60JihlnHx V BeJIUquea fl - 0. Ha npnneAeH
&oro BLlpameann BU.AHO, qTo IU!Kpe.MeHT J\CHCT
B»TeJieH, eCJlH CROpOCTI, 11y1rna V ~OCTaTOlJHO 

BCJIIIKa. IlpH aToM ycJioBn» cnyqaiiuLie )J;JIHHHO
BOJiaouLie BoaMym,emrn, Boamrnarou\ne OKOJIO 

3Jie.KTpo.a;a, 6y.a;YT C3MOilpOH3BOJILHO RapaCTaTb 
co BpeMcHeM. 

Moamo IIORaaath, 'ITO ROJ1e6a1UU1. TORa II UOT0H
l\llal'Ia ua rpaHDQe CBH33Dhl CJI0AYIOID;HM COOT
nomeaJfeM: 

I 

_!l = t - I q • er,q, (t + T;), r(13) 
I //10 kT; _ Te 

r)\e I - cpem1ee anaqe1rne TOKa 11epea npeo6paao
»aren1.. RolleoaHHR noremvrana, :r01ra B nJ10:r-
11ocT11 ua rpasune 6YAYT BLI8b1Bar1. auaJ1orn11nwe 
RoJie6a:aun: B 061,eMe, r.a;e na ux pacnpocTpaaeuue 
cy:m;eCTB0lIBOe BJIDHHDe OKa3LIBaIOT coy,[{apemrn. 

Paecyupu:saJJ pae-npoc:rpa1ie1nrn Mam,ix »oa-
11Y~eB1Iii n u <p nyTeM JIHneapuaaqnu cncTeMJ,J 
ypa1menuii .a;u<l>!Jiyanu, Momno noJiyqDTL cne.a;y10-

JJ{ee /(BCnepCHOHHOe ypaBHeHHe: 

6J -./ Te+ T; --. ~ (14) 
y=y M Y~· 

'f.3 - BpeMJI CBOOO~Horo npo6era HOBOB. 
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Ha (14) CJie~yer, 'ITO «one6amm, Boa1:mKa.IOll(l!8 
ua rpaHnnax, 6yJ{yT aaTyxa:rL B IIJiaaMe ua aa
JJ;3HHOM paccro,umH TeM CHJILRee, lJ0M MeBLme 

AJIHHa BOJIHhl. 3aMeTnM, '!TO CROpOCTL pacnpo
CTpaHeHHJl 3TJIX HOJie6aHBU 0Dp0,A"0JIJI0TCH T0DJIO-

- -' 1,rr + T; \ 
BOH CIWpOCT.MO ROHOB \ y' "Al j• 

IlpOH:Jl"H qepea nnaaey, 1wne6aau,r nonaAaIOT 
.8 qenb H qepea KaTO_A CHOBa B TIJia3MY, TaKHM 
o6paaoM, lVUI ycHJieHlUI KoJie6annii HOOOXO)\HMO, 
"ITOoLI MOIB.AY aHOJ\OM H RaTOAOM y«JZaALIBaJlocL 
n;eJioe lIHCJIO BOJlH. Ha yCJlOBHH pe3osaaca 11,_Jl1l 

nau6oJJee ll,JIHHBOBOJIHOBOH nepBOH rapMoBHKH 
llOJIY1f-8eM BYpaa.eHHe )\JUI qacTOTLl ROJieoaHHH 

Ha ypa:a~eBHH (12) CJie_AyeT, qTo ltOJieoaBHH ,l),OJIH<
Jlbl na6.'1IO,!{aTI,C}I llpH ll,OCTaTO'IHO 6oJU,IDOH BCJUl

'lllHe CH.opOCTil ny•rna V' TO eCTI, npH AOCTaTO'IHO 
6oJILIDIIX: IIOJIOlKHTeJlbHLIX cRaqKax Acp'. 3To co
rnacyeTCH C TeM, 'ITO ROJIOOaIUIH B l1,_mpcfiyaHORllOH 
o6nactn: ua6JIIOl1,_3IOTCH 13 nepeKOMI10HCHp0B3HBOM 

peIBHMC. flpH O'ICHL ,60Jll,IDHX nepeKOMil0UCa-

1'lfHX l<OJieoamrn OUHTL HClJeaaIOT. l:(eiicTBUTOJU,BO, 

B aTHX yC.'IOBHH.X J :_]0, II Tal<UM oopaaOM CO
rJiaCHO ypaBHCHHIO (13) U o6pan~aeTCH u HYJIL. 
0TCYTCTBne J{OJie6auuii ll He_AOROMllCBCl1pOB3HHOM 
pemnMe MO)KHO 06'1>.IICHHTI, reM, 'ITO B pemnMe 

TO.Ra naCLU)leBHJI HOBHLIH TOK, a BMOCTe C IIllM H 
n~oK, · BLiauBaiom,uii n aTHX ycnoBHHX ueycToii
'IHBOCTL, ne11eaa10r. KoJic6amrn, csaaanaLie c ne
ycTOH'IlfBOCTbIO HOHHOTO Il~J.a, nep0JITB0, MoryT 
Of,ITL o6napymem,r B HCJJ,OKOMileHcHponaBHOM pe
)lUlMe na UBOCTC>> BOJII,T-aMnepHOH xapaKrepH
CTHKH. 

IJpn BJ,ICOKIIX )WBJICHIIHX, KOrp;a B (15) MOlKBO 

npeHeOpC'Ib Btop1,1M 'IJICHOM: DOA p3AHKaJIOM, 11a

CT0Ta KOJieoaanii OK33.blBaCTCJl o6paTBO nponop
~HOHa./I~HOH KBa~paTy pacCTOHHJfR 

Hao6opoT, npn HB31UIX ,!(aMelDI_!JX '18C1'0Ta 06-
paTJI0 n_ponop~uonam,ua nepBOH cTenesu pac
CTO.flBH.fl 

HacKo.lILKO MO»mo cy,!(UTI, no JI:irrepacype, a?o 
p;eicTBHTCJILBO COOTBercTeyeT TOMY, 'ITO ua6n10-
p;aeTC.fl aKcnepuMemam,ao. 3ua11eues 11acToT1i1, 
J31,IlJBCJl8B.RLle no 4>opey.1Ie (15), y;'.(OBJieTBOpH?eJU,

HO corJ1acy10rcs c peaym,TaTaMlt pJJAa uaMepe
ud •• u,11. 
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6.PAGOTA TEPMoanEKTPOHHoro 
nPE06PA30BATEJlf1 (T3n) B Ycn0-

BHHX PEAKTOPA H nETnEBblE 
HCnblT AHHf1 

Cxe1&at1t11ecKB T3Il Kat< cocnBnaR 'laCTL icoH
CTpyt<JJ,nH TepMoueKTpomoro peaKtopa-renepa
Topa DpeACT8BJl.ReT co6ofi K3TO~ B BH~e ~HJIHH
APBqecKoii 06o.11011KH e aaKJIJO'leHHlilM BJJYTPb eee 
TellJIOBLl,l\eJI.JIIO~M cepAe'IBHKOM, Kuo11 o.1<pymeu 
llHJJBIQPJI118CKBII 3HO~OM'., OT]\eJieHHl,IM OT Hero 
aaaopow, aanonseHHLll( ~eaeesoii nJiaaMoii, He
CKOJibJ<O T8KBX IIOCJ18]\0B8T8Jll>HO coe~nueum,1:1. 
aneMeBToB aa1<J11011eHH "Iepea c.noii aJ1e1rrpoHao
Jt~BH B o6uzy10 06ono•1Ky, o6pa3yR tennoBYAe
nsJOm,ni ueMeRT peaKTopa reeepnopa. 

VCJIOBRR paooTw T:3Il s peaKTOpe cym_ecTBeuao 
BJIH.RIOT sa ero xapaKTepecTDKH, Tai<, 11anp11Mep, 
ca.:n.uoe BJIHJIBee oJ<aawBaeT eepasnoMepaoctL 
aeeprOBll~eJieSHR DO 8KTHBBOB 30B0 peaKTopa, 
Kotopa.11 BNaYBaeT uepaseo11epBL1ii uarpee J(ato
AOB paainrmwx T3Il. IlnoTuocTL aueproBHp.e
n:eHBR lilO'iReT 6WTL cym,ecTBeBBO Blilpa»Heaa B pea K-

1ope ua 61i1CTp1u. uei:Tpouax HaMeueuneM 1<.0RI1,en-
1patt.HB. rop10qero ao aKTHesoii aoae, a B peaK
Topu: ea NewreHBLIJ: ue.fiTpouax - nepepacnpe
AeJieuaew aaMe,u;JIHTeJ'IR (mar pemen,u uanoe 
DOCTeneseo yse.11111'1B88eTCR OT u.eHTpa K nepH-
4J>epne). TalCHI( CDOCOOOH. 8 peaKTOpe 11a MeAJJeR

KLlX ueiTpoua:c: M0>KHO ~o6BTLCR DO'ITH DOJIHOro 

Bli1paBB1lBABBR aeeproBY'AeJieHBR, B3Jd0llH.R 061>eM

BJJO AOJllO 38lle)\llBTeJUl B llP0AeJtax 15% 01 CpeA
nero 3B8'10BBR. B ~aJ<;TOpe Ba 01,ICTpblX Reiltpo
uax RO~RU,HeHT uepaBHOMepHOCTH aueproBLl

AeJJeHBR no pa11.uycy KR MO)f(eT OLITL ~one.iteu AO 
BeJill'IHB.Ll 1,1 npn o6m.eM yBeJinqeHHH aarpyaim 
ea 7-10%. 

;::{pyre11 cjlaKTopo11, CBJILBO BJIDHJOID.HM ea pa-

6017 T3Il B YCJIOBHRJ: peaKTOpa, .RB:XHeTCR ue
paeuo11epuocri. Te.1111eparyp1,1 BAOJIL HaToga, uoa

HBKalO~an BCJie,ltCTBBe yre11eR TenJia H aHOAaM 
cote]\HH:J. T3Il '<Iepea . ROM.MyTaU.JllOHIW.e H 1J.llCTan
:U.lllOBHpy10~e 11,eTaJIB. 0µ,ll&KO YB0Jil1110HH0 Te

IIJIOBOrO conpoTBBJielIHR R01,0,l)'T81l,HH DpH nocne
JJ;OBaTeJU,BOll COOAHBeHHH 1me11eHT08 npUBOAHT 
R poczy OJra1ieCKBX IIOTepL. Y'leT aTHX <}>aKTOpOB 

(uepaBHOM0pHOCTb TeM1Iepaeyp1,1 BAOJIL R8TOJ);a, 

3JI8KTpH118CK08 conpOTBBJl8HH0 3Jl0KTpOJ);OB H ROM

MyTaI~Hll B AP-) D03BOJIHeT noCTpOllTh B0'1bT
umepuy10 xapanepBCTBKY · T3II » peaKTope 
(pse. 12). Ha 3TOM pn:cyHRe ny11Rmpm,c 11,aBJ,1 

:BOJILT-aMIIeplll,le xapat<TepHCTHKH IIpH IIOCTOJIH

HOJI 3Heproel,l]\8Jl8HBH, a CIIJIOWHJ,IMJI JIHHHJIMI{ 
B30TeplllAeCKH8 xapaI<TepuCTBKH npu DOCTORJI
HOH TeMIIepaeype KaTop;a. ,!{onycTHMUe pemllMhl 
paOOTI,1 T311 nemat B 06Jiact11, pacnoJJo.ll\eBHoii 

CJieBa OT H30TepM1AeC1<0ii xapaRTepBCTB~ll, COOT

BeTCTBYJOiqeH HaJ(cID1an1:,no .nonycTBMOll TeMIIe
paeype RaTO]l;a T mu °C. l1a p:e:c. 12 BJIAIIO, 'ITO 
C )'BMlI'leHBeM Tenn:osoi llO~OCTH aJieKTplf'le
CK&Sl MO~OCTI,, CHlUlaeJl&.fl C peaJ(TOpa-reuepa

Topa, R ero R. II. A, .ZJ;OJI)f(Bl,l fB0JlH'IHB8Tl>CJI 

H. H. 60HAA.PEHKO ,c al. 

nem1> Jl.O neKoToporo npeAeJia. llp.H CJIBmKo.11 

60JILWOlt TeJIJIOBOH MO!qlIOCTH 06nacT1, gonyCTH

MYX pemnMOB paooTLr CH1II:,BO cyiKaeTCH (cBO)J,}ICl, 

B npe.IJ.ene nnm1> K pe:arn.M)' KopoTKoro aaMHRa
HBH), Pemm,1 MaKCHMa:n,HOll MOrr,;HOCTH OK83lil

BaeTCR'. aa npep;enaMH noii o6JiaCTH, 11 JJ,aJU,Bei
mee yBeJIB'lenne TeilJIOBOH. MOID;HOCTft npBBO)J.ffl 

K neo6XO,'].HMOCTH yMem,memrn IL n. P,. n: CB.IlM.ae
MOft aJieKtpH'ICCROK MOllJ.HOCTH (pnc. 13). 

Bamu1,1:i.c aTano:i.c paapa6oTKn pea1(Topa-npeo6-
paaoBaTe~H .RBJIHeTCH nepexo.n; oT JiaoopaTopm,cx 
HCCJiep;oBannii K HCcJieµ,ouauunM pa6oTLl T3Il 
B YC.'IOBlfHX peaKTOpa (neTJieBue llCIIUT8HR.R). 

TaKHe HCCJ?e,n;oeaHHH npOBO,!l;llJIHCL B neTJieBLU 
Kauanax peaKTopa Ilepsoii aToMuoft aJiel\TpocTall~ 
u.nn n pea){Topa na 6blcTpb1x neihpona.x BP-5. 
CJle,izye-r OTMeTBTh, 'ITO a&cnepmw1eHTl,I Ha 6acTplil 
aunapaTax l{M~HOT HeKOTopoe npeIIM)'ID:CCTBO 
c TO'IKD apenuR pacqera K. n. 11... npeo6paaoea
TeJIJI DBH.IJ.Y OTCYTCTBHH 31J,<{>eKTa 6JIOKlfpOBKJI 
neurpouos s cepp;eqmurn T8II. lleTJieBLIB :KaHaJll,, 
6LlJIH o6opy.n;onamil aaMKBYTOH BaKyyMHoii cu
cTeMoii-, CHJll>HOTO'lHWMH TOKOBLIBOJJ,aMH, cnCTeMoi 

pery:rnpOBKH TeMllepaTypLI ano,n;a ll ROHTpOJUI 

Tenepnypw Naro,n;a, aBOJ\a 1t 'APYrHx TO'IeK, a 
ya&a;e CHCTeMOli ll3Mepemrn xapal{TepllCTIIK npe-
06pa3oeaTeJUt. IlpeoopaaoeaTeJU, naroToBJUJJIC.11 
B BH,II.e 11,HJIHJIApll'ICCl<OH ar,mym,1 C ~eaHeBl>lM Tep
MOCTaTOM B BH)l(He.e: qaCTH, J(OTOpaH nop;coep;HHll

nac1, K BaKyyMHOH H 11pyrHM CHCTeMaM neTJieBOfO 

i<auana (pnc. 14). 
TenJI0B1,1,n;e.il.flJOm;ui'l :meMeBT 11peo6pa3o»aTelUl 

BWDOJIH.RJICJI B pa3JUl'<JBhl.X BapuanTax: B BHil.8 

CTepmmi: Ha TBep;i,oro pacnopa UC + ZrC (ie3 

060.IIO'lKH, B BHJJ,e CTepmneii 03 002 B o6oJJO'IK0 
HJ MOJIU6J(eHa H ,ll.pyrnx MaTepHaJIOB c Haaece
HneM na BBemneii IIOB8pXHOCTH o6oJIO'IKH 9M}IC
CHOBHOrO IIOI<pYTHJI ltJIB 6ea nero. 3aaop M0mro' 
KOJIJieKTOpOM H :::IMBTTepOM 6ml 0,4-0,5 .M.V. 
TeimepaTypa I{aTOJl.a B3M0pHJiaCl> BOJ1i,$paM-pe
nuenoii TepMonapoii. TeMIIepaTypa a«o,11,a pery
JI:npoBaJiacL na1,1eueaReM cocrasa cMecn raao~ 
aaoT - reJIHB. 'B Y3KOM 3aaope Me~y CT0HK0ll 
a1,mym,1 u CTemrnii KaHaJia. Ha eaKyYMHoi JillHlIH 
OKOJIO aMnyJI1,1 npeo6paaoBaTeJUl pacnoJiaraJlCff 

nueuMaTH'IeCKHH J(Jianau, HOTOpHH noanoJ1nJ1 BO 

Bpeirn pa60T1,1 npOH3B0p;HTL nepllO)J;H1I0C}{YIO OT

Ka'IKY MemaJieKTpop;eoro aaaopa npeo6paaoBaTeJifl. 
B peaKTOpe pa6oTa npeo6paao-saTeJIH nccneµ;o

Ba»ac1., B paaJIR"l.mu pemm,1ax: KBaaenaKyyMHOM, 
AIU{><J}yae:oHHOM B JI.YrOBOM. Ha Bf>IXO)'.\BUe xapaK
TepHCTBKH npeo6paaoBaTeJin CHJILHOe JlJIHJJIIHe 

0Kaa1,rnaeT pacnpe}'.\eJiesne TeMIIepaTyp1,1 no J(a
ToJcy, KOTopoe onpe,n;eJin:eTCH crroco6oM Rpenne
HBH i<aTo,n;a n KOMM}'TaquounuMl:l nepexoJJ,aMK 

Mem.u;y RaTo,n;aMH H auo.D,aMll eoc.eJJ,m'IX T8II. Ha 
puc. 15 no1rnaaHo pacupe;[\emmn:e TeMnepaTyphl, 
a Tal(IB0 llllOTHOCTll TOKa H 3. JI.. c. B)J;_OJII> KaTO,Aa 
npe: KperrneHBH JrnToJ:(a no o6onM KoHqaH. Ilo
nyqaeM.Lle B aTllX 3I<CIIepHMeHTaX peayJILT3T1" 

ua-aa 6om,moii: HepaBHOMepaocTH re11me~azyp1,1 no 
RaTOJzy HBJI.RIOTCII ycpe~HeHHHM.H B BeKoTopoi 

o6JiaCTB TeiroepaTyp. 
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PNC. t2. Pac'feTHble sonbT-aMnepHb18 xapaKTepK
CTMKH nm npH pa3Hl>JX nnOTHOCT11X 3H8ptOBbl,l\8-

Jl8HHJI B C8PA8'1HHK8, nnoU,\aAb KaTOAa 15 cM• 

s 

PHc. 14. AMnyna npeotipaaoeanM.11 c qeaweebiM T'epMocTaTOM: 

1 Ne,11sT,----.---..,_.....,.,...,. __ ... 

600°C 

0 j 2 S Qr, 1000 K81' 

PHC. 13. 3a&HCHMOCTb SJl8KTPl1'18CKOA 
MOIUHOCTH peaKtopa-npeo(lpaaoea
Ten11 N 

8 
OT TennoeoR MOU(HOCTK. 

O<h,eM at<THsH<m soHbl 100 ~. 
T IIMIX - MaKCMMaJlbHa.A T8MnepaTypa 

KaTOAa: 
1- pe>1u111 KIU{CID1ani.11oro K. n. ~.; 
2 - pe)l(]D( l(aI(CJlll8./Il>BOi 11'.~00TR 

1aoo,~----1------14 

0,851-------'-----l 2 

1 - TeRJIO.IJI,lJl;emnollUfii cepfl:e<i'.HHK; 2 - KonJLexrop; 3 - I(eaneBNi repvo
crin; 4 - B8R)'y)mall Tpy6xa; 5 - H30JUITOp; 6 - TOK0B8.zy1011\ll8 1DJlll),I 

0,75L-----.L......---=-........ 
L,MM 

P11c. 1~. Pacnp0AeJ1eH118 I, V H T no 
p,11HH8 T::m. nnoTHOCTb SH8pr0BblA8• 
Jl8tfffR 8 cepA8'lHKK8 T3 90 •mJc.-• 
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2 S 4 ~ NT.% 

PMC. 16, 3a&HCHMOCTb TeMneparypbl KaTOAa 
OT T&MOSOA MOLUHOCTH T3n, q - nnoTHOCTb 
SHeprOBWAe.neHHII B CBPA8'4HHK8, NT - MOlJ,\· 

HOCTb peaKTOpa 

01,__ __ ___;_,.__ ___ J.3...3.lL--:-:--1 

V,a 
PKC. 18. BonbT-aMnepHall xapaH.T8pHCTl11<a 11 Bbl• 
XOAHaJI MOl,UHOCTb AJI.R npeo(5pa3oeaT8J\R C Ka
TOAOM H3 t'C+ZrC, TeMnepaTypa 3MHTTepa 

T=1500" C: 
1-P= O 15MMpm. cm.; 2-P = 0,2 ,HM pm. cm.; 

3 - p • 4,0 .If.If pm. ,·m.; JV ,ll;JUI KpHeOii 1 
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,----,----..---....... -- W,aT/c•2 
J, a/cMa \ 

\ 

\ 
\ 

s,o t---'-;--+----1---~-+--~ 1 ,5 

0 .._ _ ___,J __ __;. __ _,1._...ll......J 

0 16 110 1,s V, a 

Pr.1c. 17. BonbT-aMnepHa11 xapaKT8PHCTHKa H 
BblXOAHaR MOJ.llHOCTb AJIR npaoOpa3oeaT8l1R 
C MOnH(5A8HOBblM KaTOAOM, TeMnepaTypa 3MHT• 

repa T' = 1600°C 

W,eT/cM2~-....--..,....-'""T"""--r--,---,-----, 

10-4 10·3 10" 2 13•l 1Q 10' 10 2 

P, MM PT.CT. 

PHC, 19. 3aBHCMMOCTb BblXOP,HOH fdOll,\HOCTH 
npeo(5paaosaTen.R W c. KaTOAOM H3 UC+ ZrC 

or p,asneHHR 4eaH11: 

l ·- T' = 1600° C; 2 - T' = 1550° C; 3 - T' = = 1500° C; 4 - T' = 1250° C 
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Ha puc. 16 npnBeJr,ena pacqeruaJI. H :mc11epn-
11emam,naH aaBHCBMOCTL TeMneparypLI MOJIHO

AeBOBOrO RaTo.n;a npH paam1q11oii: MOII\HOCTH anua
p:n B pemHMe XOJIOCTOTO :xoµ;a (J). Ha aTOM me 
P eye.Ke npn»e.a,eua :up1rnaa 2, 1IJIJIIOcTp.11py10II\aJJ 
U~KTpoanoe ox;ram.n;emre aMHTTepa npu or6ope 
rOEa, COOTBeTCTBOBaBmero OllTIIMaJII,HOH uarpya1rn, 
THllU'IHHe xapaKTepncnmu pa6orLI npeoopaao
BaTeJIR · B peaKrope noKaaam,,1 Ha pnc. 17 n 18, 
r~e npm1eAeH1i1 BOJU,T-aMuepHhle xapainep11CTHKII 
H aa1mcm,1ocrn BIUOAHOii: MO~HOCTH OT nanpH
:memrn npeo6paaoBareJieii c RaToµ;aMH na MOJin6-
A8Ha H UC + ZrC (BapnaJJT 6ea 060J101rnn). Ha 
puc. 19 npuBeAeHa 38BHCUMOCTI> BI,JXO)];JJOJl MOII\
HOCTH npeo6paaoBaTe1rn c i.aro.11,01,1 na UC + ZrC 
or ~aBJHmH11 napoB ~ean11 npn pa:mwm:ux reM
nepacypax RaTOAa, B peaKTopmu :rncnepnMeH
tax na6JI10Aaxuc1, Koxe6auna roKa no xa pa«Tepy 
ll YCJIOBHffM, anaJIOrll'IHLie paCCMOTpeHHHM 
B paa11;.. 5. 

!JaJIH"IHe B neTJieBOMRaHaJie 3aMKHyro:i'rnaKyyM
ROII CHCT8MLI C DHeBMaTU<JeCRIIM KJianaHOM noa
BOJIJLJio npocJie)I.DTb KaR aa BI,[XOJ),OM npoJJ,yKTOB 
AM0BJIH Ha cepµ;e1I1m1t0B T3Il, TaK II aa 
B.lIBRHHeM BaHyyMa n OCl<OJIROB p;eJieHHJI Ha 

pa6ory npeo6paaosuemr. Bwxo~ oc1WJIJWB .n;e
JieHlI11 H3 cepp;e'IHIIKOB C: U02 6uJl aaMeTHO 
Blmle no epaBH0HDIO C cepp;e'IHIJKaMU H3 
UC+ ZrC. 

B Bal(yyMaoii cncreMe uapHJJ.Y c raaoo6paauHMH 
OCKOJIKaMH 6mm: o6uapymem.i II TBepJJ,hle OCKOmrn, 
uanp1n.1ep JiaHTaH II ,ap. XapaRTep11cTHKH T3II 
8 peaKTOpe 6.LtJill )I.OCTaTO'IJIO CTa6HJibllLl npH 
IIep11O.n.H'lec1wii OTKa11Ke Me.maJieKTPOAHoro sa
aopa npeo6paaoBaTeJIH. IlpH pa6oTe c aaKpLITlilM 
KJiananoM :rox r<opoTiwro aaMJ.JKaHnJI aa,,t:eTHO 
H3MeHHJICH, OAHaI<o rroc.rre OTKa•n,H MNR3.TI0RTpo.n;
h:oro aaaopa napaMerpu npeo6paaoBareJIH »oc
CTaaaBJIHBaJIHCL. Pecypc pa60TI,l rrpn: nerneBLlX 
1tcn1,1TaH1uur. cocTaBJUIJI AJIH T3II c cepµ;e11HHK0M 
113 UC + ZrC n cepA0'1HUKOM na UOz necRoJU,KO 
COT 11acOB. 
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· ABSTRACT-RESUM~-AHHOTAL.l~R-RESUMEN 

A/317 USSR 

Theoretical and experimental studies relating 
to the development of thermionic reactor
converters 

By I. I. Bondarenko et al. 

In this paper, the possibilities of using thermionic 
heat-to-power converters in nuclear engineering for 
medium- and low-power nuclear reactors are discussed. 

The results of theoretical and experimental studies 

of basic converter processe~ under various operating 
conditions (low pressure with space-charge neutral
isation, low mean-free-path range, low-voltage .arc 
range) are presented, and the physical and technical 
features of these conditions are described. 

The results of studies of surface ionisation and the 
thermo-electronic emission properties of the principal 
refractory and structural materials are also presented; 
they include the characteristics of the thermionic low
pressure converter with space-charge neutralisation. 
Thermo-emission constants are briefly discussed. 
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The paper also deals with theoretical and practical 
results relating to the. voltage-current characteristics 
of the converter in the low mean-free-path range. and 
to the dependence of the saturation current and 
maximum power on electrode temperature (cesium), 
vapour pressure and the emission properties of the 
electrodes. The heat-flux carried away from the 
cathode by electrons and the converter efficiency are 
worked out. Some physical parameters of the converter 
are derived from a comparison of the theoretical and 
experimental data. 

Studies carried out under low-voltage-arc conditions 
are of especial interest. The dependence of voltage
current characteristics and power output on emission 
parameters.electrode temperature and vapour pressure 
of the cesium. are presented, as is also the dependence 
of the breakdown voltage on vapour pressure and 
cathode temperature. Results are given of probe 
measurements of electron temperature, plasma density 
and potential distribution for the low-voltage arc in 
cesium vapour. 
- The influence of the eitternal magnetic field on the 
thermionic converter and low-voltage arc is discussed. 
The dependence of the voltage--current characteristics 
and breakdown potential in a longitudinal and tran
verse magnetic field is described. The dependence 
of saturation--current and voltage-current characte
ristics or the converter on the strength of the 
magnetic field are also studied, both theoretically and 
experimentally. · 

Results obtained in theoretical and experimental 
studies on current fluctuation in thermionic con
verters are reported. The conditions in which fluctu
ations occur, and the dependency of their frequency on 
different physica\ parameters, are discussed. The cause 
of such fluctuations is investigated theqretically. 

Lastly, the basic scientific and technical problems 
that will have to be solved before thermionic reactor
converters can be used as a source of power are 
considered. 

A/317 UI\SS 

Etudes theoriques et experimentales 
relatives a la mise au point de reacteu rs· 
a conversion thermoelectronique 

par I. I. Bondarenko et al. 

Les possibilites d'utilisation en energetique nudeaire 
d•un convertisseur thermoelectronique pour des reac
teurs de faible et moyenne puissance sont discutees 

dans le memoire. 
On donne les resultats d'etudes experimentales et 

theoriques des processus fondamentaux' intervenant 

~- H. 60HAAPEHKO et al. 

dans le convertisseur pour differents regimes de fonc• 
tionnement (vide a peu pres total, diffusion, arc). 
On etudie les caracteristiques physiques et techniques 
de ces regimes. 

On donne les resuttats des etudes de l'ionisation de 
surface et des proprietes thermo-ioniques des princi
paux. materiaux. a point de fusion eleve. ainsi que les 
caracteristiques du convertisseur thermoelectronique 
dans un regime proche du vide. Les valeurs des cons
tantes de !'emission thermo-ionique sont donnees. 

Les caracteristiques tension-courant du convertisseur 
en regime de diffusion sont etudiees du point de vue 
theorique et experimental, ainsi que !'influence de la 
temperature des electrodes, de la tension de vapeur du 
cesium et du materiau des electrodes, sur le courant de 
saturation et la puissance maximale. La quantile de 
chaleur entrainee a partir des electrodes par ks elec
trons ainsi que le rendement sont calcules. En compa
rant la theorie et les experiences, on obtient \es valeurs 
de certains parametres physiques. 

L 'etude du regime a arc revet un interet tout particu
lier. On pre-sente les caracteristiques de fonctionnement 
du convertisseur thermoe\ectronique dans un tel 
regime, l'influence du materiau de la cathode, de la 
temperature des electrodes et de la tension de vapeur 
du cesium sur les caracteristiques tension-courant et 
sur la puissance de sortie. On donne la relation entre, 
d'une part, le potentiel d'arnon;age de l'arc a basse 
tension et, d'autre part, la tension de va~ur_ du 
cesium et la temperature des electrodes; on mdique 
les resultats de mesures par sonde de la temperat~re 
des electrons de la densite du plasma et du potentiel 
dans l 'espace 'entre electrodes pour un arc basse tension 
dans la vapeur de cesium. 

On etudie !'influence du champ magnetique sur 
l'arc basse tension et sur le fonctionnement du conver
tisseur thennoelectronique. On montre \es variatio~s 
des caracteristiques tension-courant et du potentiel 
d 'amor~age de !'arc basse tension dans un c~am_P 
magnetique longitudinal et perpendiculai~e. On etudie 
theoriquement et experimentalement l'influence de 
l'intensite du champ magnetique sur le courant_ de 
saturation et sur \'aspect des caracteristiques tension
courant du convertisseur. 

Les resu\tats theoriques et ex.perimentaux de l •~tude 
des osci\lations du courant dans le convertisse~r 
thermoelectronique sont donnes. On etudie le_s condi
tions dans lesquelles ces oscillations appara1ssent et 
l'influence de ditferents parametres physiques s~r. la 
frequ.ence de ces oscillations. La cause de \ 'apfar_1t10n 

des oscillations est etudiee du point de vue theonque. 
On etudie Jes principaux problemes scientifiques et 

techniques qu'il est indispensable de res~udre pour la 
construction d ·un reacteur a conversion thermo-

ionique. 
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A/J17 URSS 

Estudios te6ricos y experimentales 
sobre el desarrollo de reactores convertidores 
termoelectr6nicos 

por I. I. Bondarenko et al. 

-~n I?. memoria se analizan las posibilidadrs de 
utilrzac1on de un convertidor termoclectronico en el -
campo de la energia nuclear, para los reacto,res de 
pequena Y de media potencia. 

Se exponen los resultados de los estudios experi
mentales y teoricos sobre los procesos fisicos funda
~entales, que se verifican en un convertidor y de los 
diversos regimenes de trabajo de! convertidor termo
electr~nico (baja prcsion con neutralizacion de carga, 
pequeno alcance del libre recorrido medio y alcance 
~el. arco de baja tension). Se describen las caracte
nst1cas fisicas y tecnicas de dichos regimenes. 
. ~e d~_n los resultados de la investigacion de la 
romzac1on superficial y de las propiedades terrnoemi
soras de los principales refractarios y de los materiales 
estructurales asi como las caracteristicas del converti
d_~r terrnoelectronico de baja presion con neutraliza
cion de carga. Tambien se dan los valores de las 
constantes de termoemisi6n. 

Se consideran, desde Jos puntos de vista te6rico y 
experimental, las caracteristicas voltaje-corriente del 
convertidor en el pequeno alcance del libre recorrido 
medio Y como varian la corriente de saturacion y la 
potencia maxima en funci6n de la temperatura de Ios 
electrodos, de la presion de Jos vapores de cesio y del 
material de los electrodos. Se calcula la cantidad de 
calor extraida del catodo por los electrones, y el 
rendimiento. Basandose en una comparaci6n de la 
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teoda con los experimentos, se han obtenido los 
valores de una serie de parametros fisicos. 

Ofrece un interes particular el estudio del regimen 
de arco de bajo tension. Sc presentan las caracteristicas 
voltaje-corriente y la potencia obtenida en funcion de 
la naturaleza de! material del catodo, de la tempcratura 
de los clectrodos y de la presi6n de los vapores de cesio. 
Se da la relacion que liga el potencial de cebado de 
un arco de poco voltaje con la presi6n de los vapores 
de cesio y la temperatura de Ios electrodos. Sc pre
sentan los resultados de mcdidas, con sondas, de la 
temperatura electr6nica, de la densidad del plasma y 
de! potencial en el .espacio comprendido entre los 
electrodos, para un arco de baja tension en vapores 
de cesio. 

Se considera la influencia del campo magnetico 
sobre un arco de baja tension y el funcionamiento 
de un convertidor termoelectronico. Se expone de que 
dependen las caracteristicas voltaje-corriente y el 
potencial de cebado de un arco de baja tension 
en un campo magnetico longitudinal y transversal. 
Se ha estudiado (te6dca y experimentalmente) c6mo 
varian la corriente de cebado y el aspecto de las 
caracteristicas voltaje-corriente del convertidor en fun
cion de la intensidad de! campo magnetico. 

Se presentan Ios resultados del estudio teorico y 
experimental sobre las oscilaciones de la corriente 
en un convertidor· termoelectronico. Se consideran 
las condiciones en las cuales se producen oscilaciones 
y c6mo varia su frecuencia en fund6n de diversos 
para.metros fisicos. Se analiza teoricamente la causa 
de las oscilaciones. 

Por ultimo, se coris·ideran los problemas funda
mentales, cientificos y tecnicos, que es preciso resolver 
para poder construir un reactor convertidor termo
electronico. 
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BBEJ}.EHHE 

3~1m1Bsoe HCDOJlb30Ba.R~e RJJ,epnoii :meprnR 
B ycTaHoBKax paannqnoro Ha3ua11emu1 CB113aHo 

c noncRaMn n paapa6oTKoii Hosw.x cnoco6ou npe
o6puosanns aeeprnu. Bon1,woii 1rn-repec npe.a;
cra s.11Rer paapa6oTRa peainopos-npeo6paaoBaTe
neii C DpRMLIM npeo6pa30B8HHeM TeilJIOBOii :mep
nm B MeKtpmecKylO e TepMoane1npu'ieCKoM mm 
repwoaM11ccuoeaow npeo6paaouarene. 

O.n.noii 113 T8KUX ycTaHOBOK JIBJIRetcJt :mcnepR
M0RT8.:JLH8R aeeprer,AeCJ<aR ycTaHOBHa «Po
MamJ(U llncntTyTa ar0Muoi1 aneprnn. B :noii 
yctaHOBKe 11cnonb3yeTCR O.ll;Ha na uan6onee npo
crwx no K0Hctpy1<nu1t u uaµ;emm,ix B pa6o-re 
CBCTeM. PeaKtop-Dpeo6paaoBanm1, CJWMilOHOB3H 

B e.t1.nm,ni arperaT, B KOTopoM renno, reuepn
pyer.me B 8KTHBHOii 30B8 peaKTOpa, nepeµ;aeTCH aa 
C'leT Tell.'IOllpOBOJJ,HOCTll MaTepHanoB Ha pacno
JlO>KeHHl,lll na napymuoii nosepxHoCTlt otpama
nm11 tepMOaJJe1<Tpll"lec1rnii npeo6paaouaren1>. 

B peaKTope ncnoJu,ayIOTCR ten.!IOBH,!l;eJIJlIOllf,He 
aJieMeHTial Ha OCHOBe AHKap6ff'Aa ypaHa, KOTOpLiii 

. no CBOlIM CBOllCTBatd. - BYCOKOii pa6oqeii TeMll0-

pa rype H ,IJ;OCTaTO'IHO BhtCOKOH TeilJIODpOBO)l,HO

cm - HBJUl8TCff nepcneKTHBHl,IH MaTepuaJJOM i'VUI 
TB3JIOB. Xopomne TeIIJIOqlH3If<JeCKHe ll Hef1TpOHHO

¢namecKrre oapa11ieTpH peaKTopa 06ecIIe11nea10TCJ1 
aa C'l0T npnMeHeHHJI B ycTaHOBKe B K8'1eCTB0 Ma
Tepna.,a orpamanmn MeTamtnqec1rnro 6epn:tJIHH 
H B Ka'lecree KOHCTPYKUHOHHOfO MarepHaJia aK-

• HucnrryT aToamoi 3eepruu HM. II. B. Hyp11a
TOBa «llD3HKO-TeXBH'leCKBH. IIRCTRTYT focy)l;apcTBeHHOro 
J<Oia:.reTa DO HCD0,1b30BaHHJO aTOMHOH aJleprllR CCCP, 
«llB3BKO-TexruRecKllli HdCTBT}'T AKa,t1;edH nayK Yl<pa.HH
CROi CCP. 
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THBJIOii aom,1 - rpa4>nTa. IlpuMenemte atux :11a
Tep11anoB B peaKTope llO3BOlIUJIO HCfiOJU,3OBaTI> 
B1,1co1<oreMnepatypehlii npeoopaaoBaTeJih 11a oc
HoBe noJJynpoBO,ll.HHKOB H3 KpeMHHii-repMaHn:euoro 
cn.,aaa. 

onHCAHHE PEAKTOPA
nPE06PA30BATEJ1R 

flJI.epm,iii peal\rop (pnc. 1) npeACTa1m1reT co6oii 
HeiiTpOHHo-rl>ualflleCKYIO CHCTeMY, pa60Ta10IJJ,yIO }la 

6HCTpNX Heii:TpOHax. PeaKTop cJiymnT HCTO'lmt
I<OM rennoaoii :meprnH, 1<oropan npeo6paayeteA 
C llOMOW,hIO TepM03Jl8M~HTOB B 3gepnno MeKrpH
'l:eCR YIO, 

Ten;no, B1il,1J,ell.RlOI11.eec11 u aRTHBHoii: aoue peaK
Topa npH µ;eneHHH U235 , IIYTCM rem1onpoBO,ll;BOCTR 
nepe}l;aeTca B paµ,na:thROM HanpaBJieHHR Ha oTJ)a
m:arem, H Jl,aJiee c 6oKosoii noaepxuocm oTpal6a
TeJIR na KOaKcHam,Ho pacno.1oa-eHHLIH, npmu,i:
Kaio~mi K OTpamateJIIO nonynpoBO)l;HffKOBblll upe
o6paaoBaT0Jlb. PeaKTop IJ.Hn.HHJI.lHl'l:0CKoii 4>opMH 
COCTOHT ll3 aKTHBHOii 30HhI H 01pamateJI1I (pap;H
am,Horo H Topn,0B1u). PaenoJiomeene peaKropa 
BepTHl(aJII,:HOe. 

AKTHS:HaH aoHa peaKTOpa no BblCOTC Ha6~paeTCH 
H3 TellJIOBbIA0JHIIOJUHX 3Jl8M0HTOJ3 1 RU«~LUI H3 KO
TOpbIX BLIIIOJIHCH n3 rpa~UTOBoro Kopnyca H 1'0ll
JIHSHLIX IIllaCTHH :ua ,IJ;HKap6nµ;a ypaua c o6ora
lt{8HHeM 90% llO U23r.. 

06~ee KOJill'I0CTBO U23r> B aI{THBHOH 3080 CO
CT8BJIH0T 49 xa. Paµ;naJibHblii oTpaa-areJih peaK
Topa co6paH ll3 KoartcnaJibHO pac~OlIOiK0HBWX 
3Jl0M0HTOB 113 6epHJIJIH.fl H rpa<f,11Ta. 1opUOBble OT

pamaTeJIH H3fOTOB;IeHhl TaKme ll3 M0TiiJ1JIH'{0Cl-Of0 

6epmrnmi:. ,r:(:rn yMeHhwemrn yte'!Klll -renna 11epea 
'J'OPil.fal peaKTopa npHM8HJJ8TCH TellJIOH3OJl.an;Ba. 
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OcHosHwe napaMeTpb1 pea11.Topa-npeo6paaoea1enst q,eKTa oc~eCTBJUl0TCH ABIDK8HH0M HIDRHero TOp
IJ.OBOro otpamareJIJt. ,lJ;J1n aBapuiiaoii aam;1m,1 
peaKTOpa lfCllOJlL3ytOTCS ](Ba aBapuiimu CTepmHH 
A3 B pa~uam,aou oTpamareJie n HIURHHii rop.Qo
BLIB OTpaacarem •• no KOHCTpyKD;HR crep;«HH A3 
aHaJiorwrnLI crepmmo PP. llpuBo,n; Bcex opraHoB 
perym1p0Bamrn, KpoMe crepmua aBT0MaTJI1Iec1wro 
peryJiapoBaHHR AP, oc~ecru.sieTCH c n0Mom;1,10 
rn1J.paBJIH11eCKoii: cacreMLI. IlepeMeil{ea»e crep;rurn 
AP npOH3BO)l;HTCH cepBOIIpHBO,!J;OM C 3JI0KTpil'Je
CKRM llHTam1eM. IlpBBO)\H opraBOB peryJinpoua
HHJJ 11 aa~m pac.uo.11omeu1,1 CHHay no'A Kopny
coM peaKropa. 

M 
U/11 BeJIH'fflRa 

t. Te11J10:teeprem1Jec1me napa>1e-rpw ycTanoeKu , 

-8JieRTp1111eel(a1I MO~- K6m 0,50+o,80 • 
BOCTI, 

2 O6:m;aR Ten.'IOBaR MO~- 1,·6m 40 .. 
BOCTh 

3 lfaxcuwa,n1,11a1I reunepa-
TJ'pa 6epa.n.nHeBoro or-

·c i200 

' 
paacarenR 

J.t a:rccmta • ..,1,ua11 re11mepa- ·c 980 
Typa uapya<Hoft no-
»ep.xD0CTH 6epirn,nre-

5 
»oro 0TpamaTemr 

Cpe~HRR TeMnepaTypa ·c 550 
0CBOB3l1Hll nan y-qaIO-

6 
~ pooep 

llaxclll(aJU,ua11 TeM1Iepa• ·c 1900 
1ypa TB~Jia Ha ~HRap-
6B~a ypaua 

2, Beii'l'pODBo-cJ>eanecru,e xapuTepuCTDJtD peaKTOpa 

f 3~y;n,a u1n 1'8 
2 8 e.kUlBBOCTb crepmH11 ¾ AP 

34J~.t.:rnss:ocn. 
PP 

crepmHR ¼ 
3 3tfl~l<TlfBHOCTL, 

A3 
c-repmnn O/a 

' 8tJite.MTHBHOCTL, 11cex 
CTepa<Heu perynnposa-

&//I 

BUil 
5 8#eKTHBBOCTb DO~»Hm- °lo 

Doro T0p~osoro orpa-
mare1111 

6 06~i noToK Beiirpouoe 
Heiimp 

D n;eBTpe 8RTHBQOQ c.M1 , cei& 

80HLI 

7 06m;nu IlOTOK BeHrpOllOB 
Heiimp 

Ha rpaen~e aRTRBllOH CM1 • Ce1' 

8QHH peaNTOpa 
neump 8 'VT(l'IRa HeiiTpOHOB H<I c.11' • ce,. peaRropa 

• :e 8UIBCH110CTH OT TeJIIIlepaTYPflhlX ycnODBil • 
•• C Y'fl!TOII pacTe<reK, 

49 
0,2 

0,4 

0,4 

1,4 

3,5 

mu 

7 .1QU 

3. f011 

C:e.CTeMa peryJinpoBamrn peaKTopa COCTOIIT Ha 
11eTHpex cTep:maeii, pacnoJ1oil{eHm,1x B paJ,;naJib
BOM 6ep1IJJJ11IeBOM OTpamaTeJie, JI HIDl{Hero TOp
U:0B01'0 OTpa:maTeJUJ. ABTOM3TJf'IeCJWe perymipo
Baane pea1nopa II npon.ecce pa60TI,1 ocym;ecw
m1eTC.R .I\BRmeuneM cTepmHH AP n3 6epmrnm1 n 
01rncn 6epnJI.Jnrn: B o6oJIO'IKe ua ma ponpo-qoo1'i 
Cl'airn:, pacnoJio,«emwro B pa.n;uam,uoM otpama
TeJie. P)"laoe perymrpoBaHne peaRwpa oc~e
CTBJIJleTcll ABIDKe1meM crep)KHJI PP, pacnoJiomeu
uoro B pa,l\HaJILHOM orpamatene. Grepmeu:r, PP 
KOM6mmposamu.zii, on cocTonT na pacceHaarom.eii 
tJ:acm Ra OCHOBe OKHCJI 6epR.'IJIBH JI 6ep11J1Jlll.Sl n 
DOrJIOTU.TeJlbHOii <JaCTJI Ha OCHOBe 6opCO'Aepma
m.ero cnJiaBa. KoMneacau,un TeMIIepaTypHoro aq,-

B Ka11ecrBe TepMoaJieKTpHtiecKoro rrpeo6paaoua
TeJin B ycTaBOBKe UCDOJII,3Y0TCH npeo6paaoBaTeJIJ, 
Ha OCBOBe Rpe:t,IHHii-repMaBneBoro CDJiaBa. Tep
MOaJieMeHm npe~cTaB.11.1nor coooii napy TepMo
croJI6HKOB C n- n: p-rrpOBO,!J;HMOCTJ>IO, coe~HH0HHLlX 
no ropRei CTopoue KOMMyTa~JIOBHOH llJiaCTWI

ROU. llo xoJIO.JlHOii CTopoue oTAe.lli.111,10 napLI rep
MOCTo»6nRoB ,<omiyrapyroTCJJ MeiK,I(y co6oii B e,n;H
Hyro i:,;err1,. B l(eJIOM repM°'oanexTpll'Iecxim npeo6-
paaoBaTeJI:r. ycrauoBKH paa6JIT Ha qerupe rpynm,z 
Tep:Mo:meMeHTOB, Kam]\an H3 ROTOpIU nMeeT He-
3aBHCHMLI0 CHJIOBhle Bl,IBO]\hl, TaKBM o6pasoM, 
ROHCTpyIC~UR npeo6paaoBaTeJIJJ ycTaHOBKll no-
3BOJIH0T npoBO,il;.O:TI. HCMe~oBaBHR xap&RT8pBCTD:H 
Rat{ or]\eJII,HLlX rpynn npeo6paaoBaTeJJH, TaK If 

Bcero npeoopaaosareJIH npn noCJie.n;onareJI1>HoM 
Jrn6o napaJIJieJILHO.M coe~nneuuu rpynn. Bnyrpn 
.KamJt;oii .o:a 11empex rpynn npeo6pasoBaTeJI11 rep
Mmu1e11eum KOMMyr«pyroTCJI JIOCJie~OIJ3T8JlbHO B 

11er1,1pe uapamieJILBhle i:,;enu. Oom;uu: B«p; npeoopa
aon:ire.irn npe~cTaBJieH ua pu:c. 2. 

· OcHoBm.le napaMeTpH peauopa-npeoopaaoBa• 
TeJIH I1pJ1Be~eHI.I B TaoJIJII{0. 

3HCnEPJ.1MEHTAJlbHbIE H PAC4ETHO
TEOPETHYECHHE HCCnE)lOBAHJ.1fl, 

060CHOBblBAIOLUHE Bbl60P 
nAPAMETPOB YCTAHOBKJ.1 

8uepreTII'leCRDe BOSMomnocm peaKTopa-npeo6-
paaoBaT0JIJI 6e3 TeIIJIOB'JCHT(mn onpeµ;eJUUOTCSI 
npe~eJlI,ll.lilMH xapaRTep:UCTHKaMII HCUOJIL3Y8MJ:,IX 
B Helll MaTepHaJJOB,. paalllepaun ero OCBOBBhlX aJie
:MeBTOB H ux KOHCTPYKTHBHLlM o4,oplllJieHH8M, 
Tecuaa B3aHMOCB83b 3THX rrapaMeTpOB noTpe6o
BaJla BhlllOJI;HeBmt mupoKoro Kpyra pac11emo
reo peTII'leCKHX Jl ,mcnep11MenTan1,el,ll rerrJio(Jiu
aWieCKBx, ueiiTpOHHo-4'1I3lf1JeCHJU ll MaTepnaJio
Be]\'leCKllX nccJie,11,oBannii, uaopaB.JJeae~x ua om
c1<auue OilTJIM3JlhBLIX xapa1nepHCTHK ycTaHOBKB'. JI 

o6oC1IOBaBne pa6oTOCIIOC06HOCTH ee 3JieMeBTOB: 

Tenno3HepreTH~ecKHe pac~eT~ 

3JieKTpJllleCR8R MOII{BOCTb ycTaHOBKll B Koneq
HOM c11ere onpe.a;emieren reuJIOBI.IM pemDMoM 
npeo6paaonarem1, napaMerpa1.m ero KOHCTpyK-

11,1m B 4iH3ll'leCKlUUI CBOllCTBaMu A13Tepll3JJ0B. 
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BLlpameuue, ODHCNB8IO~ee BeJIH'IUHY aneKTpu-
11ecKoii MOIJVIOCffl, MOH<HO npeACTaBnTL B BHA8 

Al 
lV = (t +M)1 X 

r"S 2x1S1 f_..,..........;.. ___ .......,. __ _ 
X l(h + Pt) S(,c1 + x1) X 

l '[ 1 Tr l 1 ] 
t+ 2Q"a J'i+i."Tr-Tx 2(.U+t)1 . 

n•m•S(p, + P1Hx1 +xa) 
"• ... 
~ ~ a,a1tQ,Q., 

X t-1.-i-1 

(x, +x,)t ! I n1 (Pu+ Psi)' 
t 

r:s.e Q, - TeDJIOBOU DOTOK 11epea i aoay; 
Qn - DOJIRYii TeDJJOBOH DOTOK 11epea upeo6pa-

30B&TeJ11>; 

X - MO~RilH8HT TeDJJODpOBOABOCTH; 
p - fAeJn,uoe coupomBJJeBne; 
a - KOa<l>4>111{ll8RT TepM0-3,A,C.; 
l - wruea TepMoCTOJIORKa; 

s - ce11ea11e T8pMOCTOJl6U.KOB; 
s, - ce11eene TeDJI0B30JUIIlHR Me)f(J(y CTOJ1611-

l(alilB; 

n. - 11ae110 aoe; 
n -11HCJIO llOCJl8J1,0BaTeJlbltO coep,mteHHHX 

nap; 
m -:-11ne110 napa.nnem,Ho coeJv1neuni.tx nap; 

T,, T.., - teMnepa,,ypa rop.1111ero · H xoJioAHoro 
cnaes DOJlynpoBOAHBICOB; 

r ._ - conpomBJJeane KOMMfT8IlHII OP,HOii Tep-
11onap1,1; · 

M - omomeene coopomBJieenR Bnemaeii ua
rpyaKn K BRyTpeBHeMy conpomeneemo 
npeo6paaosare.n11. 

(lf~eKCH f H 2 OTHOCJITCJI K QOJiyDp0B0JJ;HHK0BLIM 
ll8TepH8JJ8M n- II p-THDa; i H.'IH k- HOMep 30H.) 

HepaBHOMepHOCTL pacnpe;n;eneHHJI TeMnepatyp 
H TeDJJOBWX DOTOKOB IIO BRemeeii nonepxHocnt 
pa;n;nanr.aoro 0Tpa>1<aTeJIJ1 f11UTL1BaeTCJ1 3Toii if>op
MyJioii npHOJIRa<eaao, paa6neuueM upeo6paaoea
"reJIJl no Bwcore Ba Roni.~eswe aou1:.1, a npene.nax 
ROTOpwx TeMnepuypm,1e ycJIOBRR npHHHMatOTCfl 
O)J;HB8K0Bl,DIH. BnRJIHHeM HepaBROMepaocTH Ha 
~Km AmoynR H Ilem,'ti.e npene6pera10T. 

0COOOBBOCT1,IO YCT8JIOBKH JlBJJR8TCff TO, 11TO 
pemmt pa60T1,tnpeo6pa3oaarens, a CJJ.e)I.oBaTeJILHo, 

u nw,n;aaae:11a11 HM aJieKTp1111ecKaJJ MOD.\HOCTL orrpe

A8JIJIFJTCR ;n;onyCTIIHW:" YPOBH8M TeMnepaTyp:Ll oT

;n;eJILHLIX 3J1e11entOB peaKTopa n npeo6paaoaaTeJiff 
H BO3MOiKBOCTRMB c6poca TeUJia 113JJ)"l8TeJieM. 
B cs.11an c ::,mM ,n;JIR llnpe,n;en:eu~a anepreTJ111ec1rnx 
napaMerpoa ycrauonKH ueo6xo.n;mro 61,1no BJ,mo.11-

HRTL TeDJIOBoii pac11eT peaKTopa-npeo6paaosa
renn s ~eJioM. 

3a.1t.a11a o pacnpe;n;eneHHH TeMDepuyp s aKTHD• 
Boii aoue, oTpam:arene H npeo6paaoBareJie CBO· 
Jt.llTCJI I( pemeHHIO ypasueeuii TeDJIOllpOBO]l;HOCTH 

B MHOT030HHOH CHCTeM8 C H8JIUHeiiHLIMH rpauH<I
RHMll ycn:oBHltlifll, OIIHCNB8JOID)IMH n_epeJ{a'ly TeIIJJa 
uanyqeeueM. qHcneeaoe pemeune amx ypaBne
RJIH 6wio npo00Ae11O 11a 8BM. · 

M. A. MHnnHOHl.U.-IKOB et al. 

Pacnpep;eJicmte teMnepaTyp e pa.n;HaJ11,HoM 01-

pamat0.11e ,llJUJ on.uoro na pemnMoB pa6oTLI npeµ;
ctauJieHo Ha pnc. a. 

OJieMeHThl 8KTlt6HOit 30Rbl peaKtopa HaXO)J,RTCK 
B Hanp»meHHLIX YCJIOBIUIX Ral, no ypoBHIO TeM

nepatyp, taK n no ret.mepatypHhtM nepena~aM, 
onpe.t(CJIRIOII\HM tep11m11eCKHe HanpameHHff. B CBR

:m e atnM 61,ma pemeea 3a,n;a11a o emurn1rn BOa
:.1omu1,1x HapymeHuil neJI0CTH0CTJl tenJioBLI,n;emno
m.ero aJieMeHTa Ha llOBbllll8Hlle teMnepa-ryphl B 
aKTHBHOll 30H0. Perneuue 6LIJIO BblIIOJIHe:flO C IIOMO· 

IIJibJO Metop;a 3JieKtpoMo.ctennpouamrn reMnepa-ryp
mu noneii na aneKtponpooo.n;aoft 6yirnre. 

B paccMatpHeaeMof[ CHCTt'MC OTBO)l; tenJia, npo
we,n;mero 'le pea npeo6paaoaaTem,, ocy~ecTBJinerc11 
Jt3Jif11eHneM. M aKcmtaJibHhlil tenJIOOTBO,I{ C no~ 
B8pXHOCTH n pn aa,n;aHHOtt cpe,r{Heii TeMIIepaType 
X0JI0JJ;HLIX CJI0CB npeo6pa30BateJI.FI 06ecne11BBaeT 
nan60111,wy10 3JI8KTplftleCKYIO MOIJVIOCTI, npn npo
'IHX pa BHhlX yCJIOBlUIX. ,nm, OTJ,lCKaHH11 OllTHMaJib~ 
HOU 4>op1,11,1 H3JIY4a10m,eii Jl0BepXH0CTII (11ncn:o pe~ 
6ep, paaMep, npoqmJib) 6LIJia pemeHa cncTeMa 
JIHTerpo-µ;mpqiepeHn.Ham.HblX ypaaueHHH, ODHCLC~ 

B8Jl.)IIJiaR pacnpep;eJieane TeMrrepaTyp1>1 a pe6pax 
e }"letoM B3BHMHOfO o6Jtyqemrn. aneMeHTOB l{ ren
;i:onpoB0Jl:H0CTH. Ha puc. 4 .n;aHa aaBHCH&IOCTf> 

TenJIOOTBO)l;a OT Beca n 'l,HeJia pe6ep. 
C yqeroM peaym,TaTOB temtoBHX pac11etoB cu

CteM:Ll 6i.ma onpe~enena aneKTpH'leCKMI Mom.

HOCTL ycraHOBKH B aaBHCHMOCTll OT TeII:tOBOH MOil(
H0CTH, npoxtJAHIUei1 11epe3 npeo6paaoBaTeJ1b npll 
eapua~HH BeJIH'IHHLI .n;o6pOTHOCTll repM03JI8MeHTa. 

l:-f eihpoHHO-cflH3H\40CKHe pac~eTbl 

HeiiTpOHHO-cpH3HqeCKHe xa paKTe pHCTHI(H pealt
topa 6mm paccq11TaHlil Ha olHI C HCIIOJIL3OB3.

HH0M MHOrorpynnoBOTO MCTo.n;a CTaTilCTll'leCKHX 
HCDWT8HHU (MeTO)J; ~loHTe-Hapno). IlpHMeeeHH8 
3T0I'O M0TOAa B A_aHHOM CJiyqae llO3BOJIHJ1O na
A0mHo y,recTL reOM0TpU'l8CKH8 H qmafflleCKUe oco: 
6eHllOCTH CHCTeMhI, cn;iaaHHbfO c rereporeenoH 
CtpyKcypoii 8KTHBHoii: 30Hhl, H3Jllf1IH8M I<aHaJIOB 

K aaaopon cn:oa<Hoii K0Hif>\lrypan.11n 1 peaKo ueop;
eopop;m.tMH ifinaH'18CKHMll CBOHctBaMn MaTepua
JlOB aKTHBHOll 30Hbl H otpaacateJrn, cneIJ)l4ln11e
CKOH cucteMon pery~nposauna peaKTopa n T. ,n;. 
Ilpl'I pac11eTaX YCIIOllb3OBaJiaCb MHOrorpynnouaJI 
(21 rpynrra) CHCTCMa IWRCTaRT, ICOTopan yqutJ,I
BaeT peaoHaHCHy10 upyRtypy ceqemrn. uus, pe
aK~HIO (n, 2n) Ha 6epHJIJIHH n ueynpyrne nepexoiv.z 
D nepBLIX ;11,ee.atll rpynnax. 13 npo:Q.ecce pac11eTa 
npoene»rnBaJIOClr OKOJIO 50 000 HeiiTpOHBHl'. HCTO

pHii 

SHCnEPHMEHTARbHOE H3Y4EHHE 
XAPAKTEP~CT"1K 3JlEMEHTOB 

YCTAHOBKH 

,D;n11 OOOCHOBaHH.SI 11apaM8Tpos, aaJIO;J{8BBJ,IX 
B npoe~T yctaH0BKU, 6LlJIH DpOB0A0Hbl 3KCnepu
M8BTaJII.Blile TellJIO~H311118CKH8 H MetaJIJIO.pHaINe-
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4~c ~Kl" 

PKc. 4. 3aBKCHMOCT!> TenJIOOTBOAa OT aeca pe(Sep npH pa3.IIH'IHOM t.tMcne pe(Sep 
(T8MnepaTypa OCHOBaHM11 pe(Sep 600.C): 

1-6 pe6ep; 2-9 pe6ep; 3-18 pe6ep; 4-36 peoep 

CKRe nccn:eAOBaHHSI MaTepnaJJoB B Y3JIOB ycTa
BOBKll. 

IlccJie,u;oBaIU.I I<onTaKTHoe Baan:Mo]);eftctaHe ,1l;H
Kap6n;i;a, ypaHa c rpa,jmTOM, ffCIIapaeMOCTb AH
Kap6HJ(a ypaHa u HHepTHOH epe'Ae nu BaKy-yMe 
npu Ter.Jnepnypax 'AO 2000::, C (puc. 5). lfaJ'Ieaa 
Te~uepaTypm,a · aaBHCJfMOCTI, RO::iljlq>JIQH8HTa JIU• 
Bem1oro pacmnpeaun 11 1<oatfnf>J1QHeHTa Tem1onpo-
80AHOCTH J(HKapon,l(a ypaHa B mnpOl<OM HBTep»aJle 
Te.M.1tepaTyp (pHc. 6). 9m n:ccJieJ(oBa1mn, Hapn.n;y 
c nccJiep;oBaR11er,1 Tep1.1onpoqnocnn,rx xapa«re
PllCTHK AlII<ap6R)J;a ypana, HCDLITaHH.IIMH AfaK0T
ewx TeUJIOBhl)J;8JUIIOll\tlX 3Jl8M8HT'.JB H netJieBLCMK 

HCIIUTaH.HJU.fB o6paa~oB na J.\DKap611~a ypaua, no
Kaaaim paooTOcnoco6socn. renJioBJ.1,D;emnom,Bx 
3JleMeHTOB B pa6011u:x: yc.llOBH.HX. 

HcrroJI1>aosaRHe B peaRTope 6epm1.rmesoro oTpa
marena, paooraIOm_ero np11 ooJibru»x' TeDJIOBLIX 

IlOTOJ(aX B OOJiaCTII TeMaepuyp, 6Jll-1'31.0U K TeM~ 

neparype m1asJieana, noTpe6<rnano nposecTir JKc
nepnMeHTaJibHble nccJie~oBamur B331f.MO~eiicrsua 
M8TaJIJlll'teCKOfO OOpllJIJIIISI C pa3JlJt'lHI.Urn: KOH

CTpyKQHOHHLIMll Marep1taJia11111, li3y<IHTb ROaqitJ,n:
.n»eBT -remtonpOBO,ll;ROCTH 6epHJIJIHSI, HCCJ10,l(OBaTb 

~eq,opMnpyeMOCTb u Teptttonp0'lll0CTh 6epuJimrn. 
JJ.;rn }'MeHt.memJH pacre'leK renJia · no Top~aM 
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peauopa II MemAy 1ep?.10aneMeHTaM:1t npeo6pa
a0Barem1 B ·YCTaHOBKe liCDOJlh3Y0TCH BLICOKOTeM
nepnypHaR TellJIOH30JUll\llH. B CB.11311 C 3THM 61,ma 
113yqeaa TeilJIODpOBOJ\HOCTh TeOJIOH30mlD;Irn B pa3-
;lll'IBLIX cpe,n:ax B o6JiaCTH pa6011nx TeMnepaTyp. 

O.;laoii. ll3 BamHLIX CTOpon npoae~eHHLIX HC

CJl8]lOBaumi RBHHoc1, uayqemre pa6oTOcnoco6uo

cm 3JieMeHTOB -repMoaJieKTpwrncKoro npeo6pa30-
Ba-re.1:n B IlOTORax HeiiTpOHHOro U (1-H3JIY'JOHIUI. 
Heo~a0Kparm,1e t.1Horo11acomi1:e uc1u.nanm1 rep-
11oaJieMeHroe B nermn: pea1nopa P<DT npn HHTer
pa.rri.ublx IlOTORax TODJIOBLIX ueii:TpOHOB ,..._,3 x 
X 1019 neump!c.J£2 Il03BOJIUJIH c,n:eJiaTb BLIBO~, 'ITO 
B3Meneane OCHOBHLlX CBOJiCTB TepMO:)JJOMeHTOB 

BU:O~HTCR n AOIIYCTIIMl:JX npe~eJlaX (pac. 7). 

S)TEHJJ,OBblE HCCnEi&OBAH~fl 
HEflTPOHHO-ctJH3HYECHHX H TEnno
SHEPrETH~ECKHX XAPAKTEPHCTHK 

YCTAHOBHH 

HccneAosaHMe 
HeHTPOHHO•$H3HqecKHX xapaKT8pHCTHK 

E1imo ocym;ecTeJieHo n.11Ti. c6opo.K c paanoii: 
1'.onu.euTpai~ueii A0JIHm;eroca Matep:o:aJia. Ha «a
ile,ll;oii COOpKe 6lilJI IlpOBep;eH KOMJIJieKC HCCJIOf\OBa
RHU, OXB3Tlil»aIOm;llii IDHpOKHH Kpyr BonpocoB: 
3aBHCHMOCTb KpHTlf.qeCKHX aarpyaoK OT COCTana 

aKTHBHoii ao:e:u, ::11J,cpeKT1lBHOCTb OTpamaTeJieii H 
opra:e:oB peryn»po»aHHH, pacnpe,u;eJienue TenJio
BLl;J;eJie:e:HH B aKTHBHOH aone, BJIHRHHe Ha peaK
THBHOCTI. KOHCTpyKTIIBHLl:X aaaopoB n µ;p. 

Bo.iu,moe · BHnMaHne 6mro yJJ;eJieHo Hayqeumo 
smrnuua nepeMem_euna mrnrnero Topqoeoro orpa
>Ra_rem1 li npolf>mmpoBaHHH aKTHBHOH 30Hlil na 

Il01;!TPOHBO-!f>H3l1110CKite xapaKTepHCTHKll peaKTOp

HOll cncTeuu, uayqemuo ,11.114>4iepemv1aJibHIU a<J,
c},eKTHBHoc-reii crepameii peryJIHpoeaHHJI n noJieii 

TeIIJion~eirnan11. He.KoTopLie »a noJiyqeaHLIX pe
ayJU,TaTOB ~am,1 ua pnc. 8, r,u;e 110KaaaHo pacnpe
µ;eJienue TOUJIOBMµ;eJieHHH no paµ;nycy H BhICOTe 
aKTHa11oii: 3QHI,I'. lfaMepeHHe peaKTifBHOCTJI BO 

Bcex 3THX CJIY'IaHx rrpoltaBOJ(fI.lIOCI> paaJIH'IHblMH 
MeTO/J:3Mll: no nepno,n;y pa3rOHa, JIMOYJibCHL[M H 
llHTerpaJibHhlM. . 

Cpa:i:memrn peayJILTaTOB n3MepeHHii pea«Tus
BOcTH paaJIH'IHLIMJ{ MeToJJ,aMH D03BOJIHJIO OII;0HHTb 

BB.!Ill'IRHy 3<ptpeKTHBHOCTll aana3JJ,hlBalO°'HX lf>oTO
neiiTpoeos, o6ycJJoBJieHHLIX naJrnqJteM 6epnJIJIHe
Boro OTpamawu1. -YcTaHOBJieao, 'ITO B peaKTopax 
no.a;o6noro THIIa 4>0Toueii1ponu npaKTJf<IeCKll oT
CfTCTByIOT M ll,Jifl o6paOOTfnI :mcnepnMeHT3Jll>HblX 
)J;alnlux MOryr ObITh HCllOJIMOBaHhl xapan:repH
CTJU(IJ mecTn rpynn aarraaALrnaron:vrx neihponoB. 

HccneAOBaHHe Tenn03HepreTH~eCKHX 
xapaKrepHCTMK 

3aKJIIO'IHTeJILHOMY 3Tany HCilLlTamiii peaKTopa
upeo6paaoea rem1 aa aatypuoM ncnLirateJILBOM 

CTeHJJ:0 npe,!{IDCCTBOBaJIH KOMDJI0KCHhle IICIILlTa

HHII IIOJIHopaaMepnoii T0IlJIOBOll M0,!{0JIH peaKTopa

npeo6paaoBa TeJi R na cren.n;e c a.11eKTpoHarpe
BOM. 

II;em,10 yKaaamn,r.t: 11cm,1:Tan11ii: S?BHJiacL npo
nepKa pa60Tocnoco6nocTB Bcei ycTaHoBKH B n;e
JloM H ee OTlf.eJibllNX y:mos, a Tam«e HCCJ10AOBa
HHe pa6oqux napaMeTpon ycTaBOBKH ua CTan;uo
napu1,1x H 'uecTau;aouapm,1x pemIIMax. 

B npo.Qecce RCULtTaauii ycTaHOBKH DOCTOHHHO 
naMepJIJIHCI, teMitepaTypIILIC UO.'lfl B pa3JIB'IHl,IX 
aJ.reMeHTaX ycTaHOBKH. ,IJ;.irn awn n;eJm B peaKTope 

a npeo6paaoBareJie Ohl.llH ycTaHOBJieHLT 53 BOJIL<f>

par.1-peuueaae Te pMona pw H 86 xpoMeJIL-a»10MeJie
BhIX TepMorra p. 

3aMep aJieKTpll'lec«nx xapaKTepn:CTIIR npeo6pa
aom1Te.iIJ1 rrpOH3BO)\HJICH C IlOMOIQ,LIO cnen;naJib

HOro 3JIOKTplT'leCKOrO IlYJII>Ta, KOTOpLiii ll03BOJIJIJI: 
a) lf.JIH ,camAoii HJ qeTHpex rpynn repMoane

MeHTOB n.rraBHO MeHRTb narpyaKy OT 0, 1 )lO 10 OM 

n npon:aao~HTL· HaMepeemI aJieKTpO~B»my°'e:ii 
CHJILI, ToKa KopoT11:oro aaMHRaHHJI, pa6011ero 
TOKa u uanpnmeHHH; 

6) npoH3BO'AHTb aJieRTpmecKHe ll3MepeBHH ue 
TOJH,Ko paa)leJILHO no rpynrraM, no H npn no
c.11ep;osaTeJ1bHOM n 11apam1e.T1LHOM coep;1rnenn11 

rpynrr .. 
3JI0KTpHtICCK3H MOIIJ;ROCTL npeoopaaonaTeJIJI OJI

peA0JIHJI3Cb B pemnMe MaKcm.caJfLHOJI MOIIl;HOCTH. 
Ha HOM]IHaJILHOM pem1rne ycTaHOBKa HCilLITLl83-

JlaCb 6onee 1000 ~-
AaaJina peayJibTaToB pecypcnLix ncm.rTan11~ 

ycTaHOBKH noaBOJIUJI C,!{eJiaTL BLIBO,ll O xopomeR 
pa6oTocnoco6HOCTH Bcex OCHOBHl>IX :meMeHTOB pe

aKTopa-npeo6paaoBa TeJUI. YcrnHoBRa 06.11a,l{aJ1a 
AOCTaTO'lBO CTa6e:JibHLIMK xapaKrepHCTHKaMH B re
qeune Beero BpeMeHH HCUldT3HIIH. TepMoamH,TpO
.I(BHlKyn\aJI CRJia npeo6paaoBaTem1 npaKTH'ICCKH 
ua npor11meHHH ecero pecypca ocTasaJiacL no

CTOHHHoi:. n KOHI\Y lICIILITaHBH OblJIO 33M0'10HO 
neKoTopoe ynenwieune BHyTpeauero conpoTIIBJie
BHR npeo6paaoBaT8JI8, B CBHaH C 'ICM 3Jl0KTpll'IP.
CKaSI MO°'HOCTJ>, CBHMaeMaR C npeo6pa30BaTeJIH 
(B pemHMe M3KCIDf3JJl,JJOil MOIIJ;HOCTn), YMCHLWH-

Jiacr. B cpeAHeM Ha 10%. . 
IlpoBep;eHHLie HCDHTaHH11 II03BOJIHJIII H3}"lHTb H 

noI<a3aTb pa6oTOCIIOCOOHOCTL aKTHBHOH 30HLI:, OT
pa1I,aTeJ111. n npeo6paaoBaTeJ111 B pa6oqnx yc11.o-

1urnx. 
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The high-temperature direct conversion 
reactor « Romashka» 
By H. O. Millionshchikov et al. 

The paper describes a high-temperature. experi
mental nuclear power installation consisting of a 
nuclear reactor and a convertor. combined to form a 
single unit. 

The main stages in a series of studies carried out 
during the construction and assembly of the instal
lation and its individual components are described, 
together with the results obtained. 

Data on the characteristics of the installation. derived 
from neutron physics· and energy studies, are also 
presented, with information about its basic parameters. 

Le reacteur a conversion directe 
a haute temperature Romashka 
par M. D. Millionshchlkov et ol. 

A/873 URSS. 

· Les auteurs decrivent une installation nucleaire 
experimentale a haute temperature pour la production 
d'electricite, composec d'un rcacteur nucleaire integre 
avec un convertisseur d'energie. 

11s decrivent les principales etapes et les resultats 
des etudes qu'Hs ont faites pour mettre au point 
l'installation et ses differents elements. 

Les auteurs indiquent les caracteristiques de !'instal
lation, etablies par des etudes dans Jes domaines de la 
physique neutronique et de l'energie, ainsi que les 
parametres fondamentaux du reacteur convertisseur. 

A/873 UP.SS 

El generador nuclear de conversion directa. 
de alta temperatura, « Romashka » 

por H. D. Hillionshchikov et al. 

La memoria describe un generador nuclear experi
mental de atta temperatura compuesto de un reactor 
nuclear y de un convertidor de energia. 

Se exponen las principales etapas y los resultados 
de las investigaciones realizadas para la construcci6n 
de la instalacion y de sus elementos. 

Se presentan 1os resultados del estudio de las 
caracteristicas de la instalaci6n en la esfera de la fisica 
neutr6nica y de la energia, asi como los parametros 
fundamentales del generador nuclear. 
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Isotopic power sources coupled 
with thermoelectric converters 

By J. G. Mors~ and D. G. Harvey* 

Generation of electrical energy from the decay heat 
0~ radioisotopes has provided compact and reliable 
direct-conversion power sources capable of long-term, 
unattended operation. Feasibility of this technology 
was established under the USA EC SNAP (Systems for 
Nuclear Auxiliary Power) Program, which began in 
1956 and led to the fabrication of a number of systems 
now providing dependable power for satellites in outer 
space, weather stations on land, and navigation buoys 
at sea [1 J. 

This paper describes factors affecting the design of 
these power supplies and the status of technology in 
terms of performance specifications of systems in being 
or in design. Areas of technical growth required for 
broader use of these systems are also indicated. 

DESIGN CONSIDERATIONS 

A thermoelectric generator, as shown in Fig. 1, 
consists o~ a sealed capsule of radioisotope fuel 
encJosed in a heat accumulator or metal block which 
provides sufficient surface on which to mount the 
thermoelectric converter. Thermal insulation is used 
to direct the heat efficiently from the fuel capsule to 
the converter with minimum heat leakage. Uncon
verted heat is rejected to the environment through the 
outer surface of the generator. The environment to 
which heat is rejected and the heat transfer teclmique 
used depend upon the end-use of the power plant. 

HEAT SOURCE 

Since the driving thermal energy results from the 
absorption of radiations emanating from the encap
~ulated radioisotope, proper selection of the fuel and 
its containment are basic to the design of the device. 
Half-Hfe must be compatible with mission objectives; 
high power density (watts per cubic centimeter) is 
necessary to minimize size and weight; the type of 
radiations from the source and its daugthers in secular 
equilibrium will dictate shielding requirements con-

• Srnall Power Sysierns Department, Martin Company. 
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sistent with the foregoing criteria; chemical form of 
fuel must satisfy safety requirements; cost and avail
ability must also be consistent with the mission needs. 

Fuels are obtained by purifying fission products or 
irradiating suitable target materials. Fissioning of 
uranium yields several hundred radioisotopes; of these, 
only four radionuclides are applicable to power gene
rators. These are identified in Table 1. Several predic~ 
tions of quantities of fission wastes in a growing reactor 
economy have been made. One such estimate for 
strontium-90 suggests 109 curies or 5 megawatts of 
thermal power by 1980, indicating large quantities of 
fuel materials for remote power applications [2J. 

The second source of fuels provides alpha-emitting 
radioisotopes which are particularly important for 
certain missions where little or no radiation or shielding 
weights can be tolerated. The problems of shielding 
isotopic power sources for space missions are covered 
in [31. 

Figure 1. SNAP 78. A folly shielded terrestrial generator 
(see Table 3) 
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Certain alpha-emitters undergo spontaneous fission 
and also enter into alpha-neutron reactions when 
combined with elements of low atomic number [3, 4]. 
!bey are perforce more costly than fission products; 
and because of this, various fuel forms of strontium-
90 are under active development for space missions. 
This radionuclide has already demonstrated its utility 
in terrestrial applications. 

FUEL ENCAPSULATION 

The quantities or fuel required for power generation 
normally represent a radioisotope inventory of consi
derable size, and would cause a significant hazard if 
improperly released to the biosphere. Absolute contain
ment oflhe fuel, therefore, must be assured until decay 

. has rendered the isotope harmless. Space generators 
use multiwalled cobalt or nickel-base superalloys in 
cy\indrical geometry with welded end closures. Such 
capsules, with simulated fuel, have been extensively 
tested and found to satisfy the stringent containment 
requirements for aborted missions. Fire and explosion 
of the vehicle on the launching pad (3 200 °C for 
microseconds, falling off rapidly to between 900 and 
1 600 °C; integrated thermal fluxes produced will not 

· melt the capsule or release fuel); blast overpressures 
(700 atm will not breach the fue\ housing and will not 
result in release of the fuel); high velocity impact 
against granite targets at operating temperatures to 
duplicate the environment of an ascent abort show 
that the fuel remains contained within the capsule. 
Testing has also a!.sured containment of fuel when 
the capsule is subjected to high internal pressures. 
This was necessary since alpha-emitters such as 238Pu, 
210Po, etc., release helium atoms upon decay [5]. 

Terrestrial systems have relied on Hastelloy-C, a 
nickel-base a\\oy, for primary containment. Tests have 
shown that the rate of sea-water corrosion of this 
material is less than 2.5 x l0-4/y. Suitable wall thick
nesses will provide containment in an ocean environ
ment for more than 20 half-lives of 110Sr. 

ENERGY CONVERSION 

The phenomenon of thermoelectricity was described 
first hy Seebeck in 1832, who noticed that a tempera
ture difference imposed across a junction of two dissi• 
milar metals will generate an electrical potential [6]. 
Intensive investigations to develop suitable semicon
ductor materials for this end use have yielded Bi2Te~, 
PbSnTe, GeSi, and a few others, each with its attendant 
advantages and disadvantages. The conversion effi
ciency is directly related to the Carnot efficiency and 
to the figure of merit ( Z), a term that is dependent 
upon both materials properties and temperature 171-

a 2 
Z=-

(!K 
where: 

Z - Figure of merit (°C)-1 

e - Electrical resistivity (ohm-centimeters) 
,1 = Seebeck coefficient (volts) (0 C)-1 

K = Thermal conductivity (watts) (0 C)--1 

(centimeters)-1 

ZT,adimensionless number, is plotted in Figs. 2 an~ 3 
for these materials in both "N" and "P" doping 
conditions. For maximum conversion efficiency, mate
rials are selected for highest average values over the 
temperature range determined by the boundary condi
tions; namely, heat source and radiator temperatures. 
Space systems will require higher radiator temperatures 
than terrestrial systems, to economize on weight_ and 
size. Higher power-to-weight ratios are obtained, 
however, at the expense of efficiency [7]. 

Figure 4 illustrates the typical characteristic~ of a 
thermoelectric generator, all of which are predictable 
on the basis of simple theory. The generator beha~es 
as a voltage source and, when connected in ser!es 
with a resistor, yields maximum power at a given p~mt 
of matched impedance. The power curve for a given 
generator is obtained by first measuring variation of 
voltage with current from short to open circuit un?er 
conditions of steady-state performance. Peltier coohn_g 
will affect the hot-side temperature slightly. This 

Table 1. Properties of radioisotopes 

S~ific activity Availability 

(thermal) ~~gacuric~~.--
··--··---·-- --

Nucl;dc Type Half- W/g W,'cm• Curles'W 1964 1970 1980 

chemical form of decay life -------•------ --~-
--·--· --------~· ----·•----•~-----•- ---

"°SrTiO• /J 27.7 yr 0.21 0.7 154 3 25 100 

mes (glass) P.r 27 0.072 0.215 210 1 25 100 
yr 150 

11'Pm.o. fJ 2.6 yr 0.18 1.0 2700 0.1 50 

H'CeQI {J.,, 285 d 2.3 13.8 128 t 200 4000 

211Po (metal) ab 138 d 140 I 320 31.6 0.1 3 30 

"'Cm.o. 162 d 120 1170 27.6 0.06 0.3 
a 

"'Cm.o. 18 yr 2.5 22.5 28.6 0.2 C 

a 1.5 
90 0.48 9.3 29.0 0.1 0.6 ueru (metal) a yr 

· W K E. Ch. · B" l ·g and Medicine meeting 
a AEC Isotopic Fuels Program, division of Isotopes Development, pre'.>entation by . . 1sler to 1cago 10 o Y 

JO January 1964. 
b Gamma abundance is 0.013 ¾ at 0.8 MeV. . 
c Only scheduled production, but quantities could be equivalent to '""PU after 1!>70. 
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F~re 4. Electrical characteriitics of a thermoelectric generator 

temperature is at a maximum under conditions of 
zero current, since none of the heat is converted into 
electricity; it is lowest at short circuit where maximum 
Peltier cooling occurs. The nonlinearity in the '£-/ 
curve )s due to material property dependence on 
temperature. The internal resistance curve also reflects 
this nonlinearity. Open circuit voltage, as well as the 
short-circuit condition, can be computed from the 
~ebeck voltage and the temperature range of opera
t1on. AU other properties can be determined from 
temperature range and property data. 
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These characteristics show how the radioisotope 
thermoelectric generator may be used most effectively. 
The nature of the power curve indicates that the system 
is ideal for conditions of constant, continuous power. 
It wiJI not, however, tolerate significant deviations in 
load voltage from the maximum power point. In 
addition, it makes an excellent battery charger, in that 
its voltage will follow that of the battery and will 
trickle charge without boiling off the electrolyte. This 
provides a technique for furnishing power to systems 
requiring high peak power on a partial duty cycle. 

A further characteristic is that it is a high-current, 
low-voltage device requiring series (or series-parallel) 
connections within each bank of thermocouple pairs 
to increase the over-al] voltage. To match the electrical 
characteristics of the power supply to the requirements 
of the payload, a static, solid-state, de-to-de converter 
is often used. These have operated at efficiencies of 
up to 92 % between 3 and 30 volts. The efficiency is 
largely dependent on the degree of regulation required. 

POWER FLATTENING 

Unique with radioisotope power technology is the 
reduction of thermal input power with time as the 
fuel decays. With radioisotopes of short half-life, such 
as 'll6Po, mcm, etc., a controllable thennal bypass 
is introduced around the thermoelectric elements to 
maintain a constant hot-side temperature over the 
mission life. In SNAP 11, a thermal shutter exposed 
the fuel capsule to space at the beginning of life. 
Figure 5 shows shutter actuation accomplished by 
means of a thermal sensing device operating by the 
expansion of a liquid metal. The SNAP 7 series uses 
a thermally conductive gas, which may be replaced by 
a less conductive gas after an interval of several years 
to raise the hot-side temperature to approximately its 
initial value. However, with generators fueled with 
long-lived isotopes such as 238Pu or 00sr, a small 
initial overload of inventory and operation below the 
maximum power point on · the curve in Fig. 5 will 
provide· essentially constant power ·ror a l 0-year 
period. 

GENERATOR SAFETY 

An extensive discussion of generator safety is given 
in f 10]. Although reliance is placed first on fuel con
tainment, generator systems are tested against environ• 
mental criteria basic to their end-use. These include 
thermal and mechanical shock and vi~ration peculiar 
to the mission. Terrestrial generators have been fueled 
with strontium-90 titanate, a chemical compound that 
has demonstrated extremely low solubility in fresh 
and sea water 18]; good thermal conductivity; a 
melting point that is at Jeast a factor of two higher 
than the centerline temperature of the fuel capsule 
within the operating generator; and no decomposition 
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Table 1. Space thermoelectric generator specifications 

End-o(-Jirc 
output 

Daip Desip 
Generator po-.- life Fud Voltaae current External 

(W(e) (yr) V A load 
Eackit'-life 0 

Modified 
SNAP] 2.7 s .. Pu 2.7 l.l 3.0 
SNAP9A 25.0 6 .. Pu 6.4 4.6 2.0 
SNAP II 18.6",'256 1/4 M'Cm 3.0 8.33 0.42 
SNAP 17 · 25.0 5 '°Sr 6.6 3.8 1.75 

SNAP 19 22.0 3 -Pu 4.75 4.65 1.02 

Undcsignated 6-10 >I .. Pu 
or"Sr 

• Lunar day. I> Lunar night. 

on melting. These generators are fully shielded, using 
depleted uranium to attenuate the radiation flux to 
less than JO millirads per hour at one meter from 
centerline. 

The design of space generators must reflect the 
ultimate fate of the nuclear fuel. Under conditions of 
uncontrolled re-entry from earth orbit, burnup of the 
fuel to micron.size particles must occur at altitudes 
greater than 30 480 meters to achieve dispersal in the 
stratosphere. However, the orbit selected for SNAP 9A 
reflects a lifetime that is equal to about 10 half.Jives 
of 138Pu. Extensive laboratory and flight test pro
grams prior to meeting mission requirements have 
demonstrated the sound technical basis for satisfying 
this philosophy. Alpha--emitters could conceivably be 
designed to re-enter intact, recognizing the weight 
penalty required for the ablator or heat shield mate
rials [9]. 

Launch trajectories are analysed carefully to deter
mine the region of impact in the much less probable 
event of partial burnup. Launch azimuths are selected 
with care to confine these regions to ocean areas of 
essentially zero population density [10]. 

Radiator surfac,, Configuration 

Fim Ho1L1in1 Length Diameter Operation Mission 
m' m• cm cm date 

None 0.055 13.97 12.19 1961 DOD satellite 

0.193 0.154 24.13 50.80 1963 DOD satellite 

0.093 0.151 27.94 45.72 1965 Surveyor 

0.121 0.140 31.75 16.76 1965 Communication 
satellite 

0.095 0.094 24.76 13.56 1965 Interplanetary 
monitoring 

Lightweight 
demonstration 
device 

OPERATIONAL SYSTEMS 

With the launching of the modified SNAP 3 and 
SNAP 9A systems, illustrated in Fig. 6, the first use 
of nuclear power in space was achieved. Toe initial 
satellite was orbited in June 1961. Although the first 
units shared the power load with companion solar 
cells, after less than a year of operation the SNAP 
system was the only source of power. It continues 
to provide power at this time. The second, launched in 
November 1961, failed suddenly six months later. 
Analyses of telemetry data indicate the failure to be 
external to the generator. The SNAP 9A systems are 
providing design power to the load. 

Projects IMP (Interplanetary Monitoring Probe), 
Nimbus, Surveyor, and ComSat (Communications 
Satellite) will use advanced generator technology_ t? 
provide higher performance systems. ComSat ant1c1-
pates using 90Sr, which will necessitate further safety 
development, · particularly the ability to handle the 
fission product at the launching pad with min;mum 
perturbations during the countdown procedures. Data 
on these systems are listed in Table 2. 

Table 3. Terrestrial thermoelectric generator specification 

Nuclide fuel 
·---

Design Desiiin Quantity Weight Length Diameter Operation Mission 
GeflttUOr power life Kind (kc) (lb) (cm) (cm) date 

(W) (yr) 

SNAP3 2.5 1/4 ttop0 2 4 13.97 12.19 1959 Proof-of-principle device 

U ndesignated 4.5 2(min) tosr 18 1 680 50.80 45.72 1961 Weather station, Axel Heiberg 

SNAP 7A, 10 10 ••sr 40 I 870 53.34 50.80 1962 Navigation buoy 

7C 
1962 Weather station, Antarctica 

SNAP7B, 60 IO "Sr 225 4 600 87.63 55.88 1963 Fixed light station 

1964 Barge weather station 
7D 

SNAP7E 6.5 10 "Sr 31 8 ()()Ob 162.54 80.01 1964 Undersea beacon 

SNAP 15A" 0.001 4 ""Pu 2g 12.70 6.35 1965 Control systems 

SNAP 158" 0.001 4 u•Pu 2g 1 8.92 7.62 1965 Control system~ 

SNAP 21" 10 5 "Sr 
1965 Deep sea generator 

a Preliminary design. b Special pressure vessel for deep ocean mooring. 
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Figure 5. SNAP 11 rest unit, showing thermal shutter 

. The first operational terrestrial system to use radio
isotope power is seen in Fig. 7. It sensed and transmit
ted weather data at three-hour intervals in an unattend
ed, remote Arctic weather station for more than two ' 
years [I I]. After exceeding its design life by several 
~onths, _a failure in the electronics system required 
dis~antlrng the station. The generator is awaiting 
re-installation this summer, with electronics equipment 
commensurate with the inherent reliability of the 
generator. The SNAP 7 series, as noted in Table 3, 
represents improvement in power and design over the 
earlier device. Modularization of the thermoelectric 

Figure 7. Axel Heiberg weather station, artist's concept 

figure 6. First nuclear power plant in space 
(modified SNAP 3 on left, SNAP 9A on right) 

elements has contributed markedly to the ease of 
assembly. _Advanced systems will employ internally 
shielded thermoelement modules and more efficient 
thermal insulation, yielding lighter and higher per
formance devices. 

Advanced development will focus on improved 
thermoelectric materials, as well as more effective use 
of existing materials. The latter relates to Figs. 2 and 3, 
in which the most effective use of the compositions 
noted is restricted to a narrow portion of the tempera
ture range. At present, thermoelectric configurations in 

figure 8. SNAP 7D, powered weather barge in Gulf of Mexico 
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operational systems are composed of "P" and .. N .. legs 
of a single composition. Significant advantages will 
accrue when· elements are constructed as composite 
materials, operating over a wider temperature range. 
A temperature profile along the axis of such an element 
would indicate the transition of one material to an
other, corresponding to the intersections of their ZT 
curves. The highest average ZTfor each material would 
be obtained, thus maximizing the potential efficiency. 
Although values of about 20% are theoretically pos
sible, practical considerations, such as heat sink, source 
temperature, and thermal lealcage for a given applica
tion will tend to reduce this value. Other such factors 
as material interface problems, compatibility, etc., will 
likewise impose limitations; but the approach is none
theless worthy of intensive investigation. 

Further considerations for technological improve
ment will include efficient high temperature thermal 
insulation, heat source, cladding, and encapsulation 
materials, all of which will provide a basis for the· 
designing of truly advanced generators. 

CONCLUSIONS 

The advantages of isotope power sources are many. 
They are compact, light in weight. without moving 
parts~ and reliable for a long term. In space, these 
systems are completely independent of the sun, elim
inating the need for reliance on vehicle placement, 
orientation, and complex solar acquisition mechanisms. 
They are insensitive to radiation belts, and they 
obviate the need for energy storage in batteries. They 
lend themselves to long-lived satellites and to lunar 
and planetary probes exploring environments and 
surfaces where reliability is a major consideration. 
Their useful power range extends to the low kilowatt 
region, offering a power capability to satisfy a number 
of manned mission requirements. 

Terrestrial systems have demonstrated continuous, 
reliable performance which recommends their use in 
barren, inaccessible places for unattended applications. 
These have already included automatic weather in 
palar regions and at sea. navigation aids, and ocean
bottom signal devices. A barge weather station, using 
SNAP 70, is seen in Fig. 8. These applications wiH 
soon encompass networks of remote weather stations 
providing data to computation centers, radio-naviga
tion aids for aircraft, telephone repeater power sup
plies, and precise, undersea markers for shipping and 
transportation. 

The growth in usage of radioisotope power systems 
has developed with caution and responsibility, with 
respect for the inherently hazardous nature of the 
materials themselves. Each mission was adjudged to 
be safe only after extensive testing peculiar to the 
mission profile; this effort will continue for each 
operational system. 

Although the cost of fuel materials is the dominant 
factor in the cost of the power supply, it is more often 
a smaller factor in the over-all mission cost, parti
cularly in space, where long-term reliability and low 
weight must be considered along with other ways of 
providing power. Terrestrial radioisotope units reduce 
considerably the logistics of resupply and will be truly 
competitive when (a) the equipment requiring power 
has both life and reliability compatible with those of 
the power source, and (b) fission products become 
available in massive quantities from the now planned 
USA EC production facility [l ]. 

Radioisotope fueled thermoelectric generators ha~e 
already shown, arid continue to demonstrate, their 
utility and practicability to provide reliable, long-term 
power for missions involving all regions of earth and 
outer space. 
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ABSTRACT-RESUME-AHHOTALV1J1-RESUMEN 

A/217 E~ats•Unis d'Amerique 

~ources d•energie isotopiques couplees 
a des convertisseurs thermoelectriques 

par J. G. Morse et D. G. Harvey 

~s generateurs thermoelectriques alimentes par des 
radaoelements fournissent maintenant sans aleas de 
l'energie electrique a des engins spatiaux ou a des 
sy~temes terrestres isoles. Cette technologie, mise au 
point dans le cadre du programme SNAP (Sources 
d'electricite auxiliaires nucleaires), s'est revelee utili-
5:lble en 1959. La premiere application pratique a eu 
lieu en 1961, quand on a choisi cette technique pour 
fournir de l'energie a un sate1Ilte et a une station 
meteorologique automatique situee a I 100 kilometres 
du pole Nord. Chaque systeme a maintenant A son 
actif plus de deux ans de fonctionnement continu 
sans incident. 

Dans ces·systemes on obtient l'energie par absorp
tion de l'energie de decroissance du radioelement 
choisi et de la chaleur provenant de la degradation de 
cette energie. L'energie thermique est ensuite transmise 
a une machine thennique,. par exemple un convertis
seur thermoelectrique, qui produit de l'electricite. 
La chaleur non transformee est eliminee du systeme 
generateur par un moyen adapte a }'utilisation du 
systeme, par exemple par rayonnement dans l'espace 
et par conduction et convection dans les applications 
terrestres. Cette technologie, bien utilisee, donne une 
source d'energie electrique extremement compacte, 
silre et legere, d'une duree de vie de dix ans ou plus 
et dans un domaine de puissances allant de moins de 
1 W a quelques kilowatts. Pour les systemes spatiaux 
on a deja obtenu des rappos:ts puissance-poids de plus 
de 1 W par livre (454 g) avec la possibilite de doubler 
ce chiffre au cours des prochaines annees. 

L'etude du generateur d'energie exige que l'on envi
sage son mode d'utilisation (spatial ou terrestre) et sa -
duree de vie, les conditions de surete, le choix du com
bustible (ernetteurs alpha ou beta-gamma), les mate
riamc thermoelectriques, l'isolement, la protection 
radioactive, les mecanismes d'elimination de la chaleur 
et le conditionnement de 1'energie. 

Les combustibles isotopiques utilisables ont dew: 
sources: les produits de fission separes et purifies et 
!'irradiation neutronique de cibles (par exemple 
curium 242 prepare par irradiation d'americium 241). 
Les criteres du choix sont la demi-vie, la puissance 
specifique (watts thermiques par centimetre cube), la 
forme physique et chimique, le cout et la disponibilite. 
Les quantites d'isotopes necessaires a la production 
d'electricite pourraient presenter un danger non negli-

geable si elles etaient dispersees accidentellement 
dans la biosphere. La surete est done un facteur essen
tiel pour decider de l'utilisation de cette technique, 
et il faut s'assurer pour chaque application que l'emploi 
de la sourced 'energie n 'aura pas d'effets nuisibles pour 
l'homme. En.fin, une caracteristique fondamentale du 
convertisseur thermoelectrique est qu'il constitue 
un systeme a haute intensite et basse tension, necessi
tant le montage en serie des elements thermoelectriques 
pour augmenter la tension aux., bornes. II faut condi
tionner l'energie pour adapter la puissance fournie 
par le generateur a la demande. Des appareils de 
conditionnement statiques, a elements a l'etat solide, 
ont ete construits et fonctionnent a".ec des rendements 
atteignant 85% entre 3 et 30 V. Les combustibles 
isotopiques sont 90Sr, 137Cs, 144Ce, 238Pu, 242Cm, 210Po 
et24<1Cm. 

Plusieurs de ces generateurs sont a des stades varies 
de mise au point aux Etats-Unis. On peut mentionner 
les Transit 4-A et -B (2,7 W, ll38Pu), SNAP 9A 
(25 W, 238Pu), SNAP 11 (25 W, 242Cm), SNAP 13 
(12 w, 232Cm), un generateur pour station meteo~olo
g1que (4,5 W, SOSr), le SNAP 7A et C (10 W, Sr). 
SNAP 7E (6,5 W, 90Sr) et SNAP 7B et D (60 W, 
oosr). On decrit !es resultats obtenus avec quelques-uns 
de ces generateurs actuellement en service, notamment 
le niveau de puissance, le rendement, les durees de vie, 
la fiabilite et la silrete. On decrit les perfectionnements 
escomptes dans la technologie et les utilisations spe
ciales de ces appareils. 

A/'217 CWA 

HaoronHble HCTOl.4HHHH 3HeprHH C Tep• 
MosneKTpH~ecKHMH npeo6pasoeate• 
J'IRMH 

,lJ,H<. r. Mopse, Jl. r. XapeeH 

TepawaJ1eKTpH1JeCKJ1e reuepaTOpLl c pa~eouao
TOilllhIMn ltCTO'lHIJJ<aMH 311eprnu B HaCTORll(ee 
.npeMH ycneurno cua6maIOT :meproeii Kai{ KOCMH~ 
'l('CKlte CHCTeMIJ, TaK ff ycTaHOBKH, pacnoJIOiKeJ1-
m,1e B Tpy,n!fO,l\OCTYUllblX paii.onax aeMJJH. ilTOT 
MeTo~. paapa6oTannuii no,!{ pyKoBo,nCTBoM KA3 
ClllA o paM1rnx nporpaMMbl SNAP (Systems for 
Auxiliary Nuclear Power), To ecTh nporpaMMY 
no paapa6oTKe BcnoMoraTeJu,HLrx nµ_epuo-:mepre
Tn•rnc101x ycTaHOBoR, 6wJI noepBLle uay'lno o6oc
uoBaH u 1959 ro;i,y. IlpaKTR'lec1.oe J.JCJ10J11:,aoBa
HHe <)T0f0 MeT0)\a 6blJIO Ra'laTO B 1961 ro,l\y, KO

rp_a HaoTormue reuep:nopLI 61,um ycTaeou~emJ. 
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Ila HCK)'CCTBeHHO)l tnyTHJIKC 3eMJIH H MeTeopo

.:tOfH'lecKOM CT8HU.HH, pacnOJlO>KeHHO>l B t 120 K.\C 
OT Cesepaoro IloJnoca H pa6on10meu 6e:,. o<kJ1y
>KH&a10ll\ero nepcouana. Yme 6oni.tue auyx J1eT 
o6e 3TH ycTaBOBKH ycnemno pa6oTa10r, 6ecnpe
pwano reuepspyn 3JJeKTpHlfeCKHii TOK. 

Tennoaan aeepr11R e raKux ycrauoBKax no.'ly
~aeTcR B peaynbrare nornomenHR 3Hepruu pac
nana pa;\BOa'K'TllBHLll( M30TODOB. ~ho Ten.:ro 3aTeM 
B tem10BOR Maru11ue - B aaunoM cJ1y-tae B Tep
Mo3JleKTpH'Cfe(KoM npeoopaaosaTene - npeo6pa
ayeTCR B :,JU~KTpH'leeTeo. He11cnona.aosauuoe e re
ueparope Ten.110 OTBOlllfTCJI Jt3 CRCTeMhl mrnOOJJ('e 
00;\XO;{IIW.HM ,1lJ1R Jl.3HHoro np11Me11emrn CDOCOOOM, 

HanpHMep H3JIYlfCPHeM 8 YCJJOBH.RX KOCMOCa H.JUf 
>Ke trpoBO;tlOfOCTLIO H KORBeKrtffeit B ae11111,1x yc
J10BHRX. npn COOTBe'l'CTBYIOuteii KOM6UU8Jt)tll Ta
K8R CHCTtMa MOlKet naTt, O'ICIU, l(OMnaKTHLlii, 
JJerKHii R ua~e>KHLlii HCtO'IHIU( 3.'let<Tp03Hepruu, 
cnoco6111,1it paoorat1, cewwe necRtH ner II nanar1, 
MOIL\BOCn. OT t er .llO necKOJll,KHX KlfJJOBaTT. lbo
tonewe reneparpw KOCMH-«ecKoro 11a311a11em1n 
ya<e Jl.OCTHfJJH OTJlomeUHJI MOU\HOCTH K oecy 60• 
aee 2 dT/Ki, H npe;,.nonaraeTcR, "ITO B Te•1e1rne 
WIHHCaiimux neT ato COOTHowe1rne 6y,aer yiJ,noeno. 

Ilpa npoeKTnpoaannn llo;l,o6noii anepret1t'fe-
CKoii CHCTeJfl>I neo6XOllHlf0 f'IHTLIB3TL nem.iii Pff.l 
coo6pamenaii, eanpnMep naaua'lenoe ycraaoBKJf 
(J<OCMH'leCKOO HJIH aeMHoe), Tpe6yeMLIU cpoK cny
arow, 6eaonaCHOCTL, BLIOOP T0DJJHBa ( a-~- UJJH ;·
H3JIY'f8Te.ne), BL16op repMOJJieKtpn11ecKHX MaTe
paaJlOB, CDOCOOOB M30JUIIJ.Ml1, a1<paHHPoBK8, Mexa
B83M ono;i.a renJta H aaepretnt1ecKne napalletpt.l. 

IlOAXO;(~He p8J1.HOB30TODHltle HCTO'CfHHKJI H3-
l'OTaJI.JJHBalOTCJI .t(BYMJI cnoco6a11n: neoo B3 pa3-

AeJ1eBHLIX Dp0JlYKT0B neneens, JIH6o nyteM 06-
JI)"leBRJI 11ameeeii 11eiirpona11u (11anpu11ep, Cm242 

DOJJY11aercH o6J1}"leaeeM Am141). HpH-repm1Mu 
~ft BY6opa B30T0llll0f0 BCTO'IHRKa JlBJIJllOTCJI: 
nepHO~ DOJtypacnan.a, YAeJlbRaH TeilJIOBast MOll.\• 
BOCTL (eT/CM3), 4laan11ec1<aJ1 H ,rnMH11eCKaJI cllopMa 
M8Tepnana, a TAIDl(e ero CT0BMOCTL H noeTynaoetL. 
Pa.1n1oaKTBBBLl8 B30TOOLI B Te:< ICOJIH11eCTBaX, 
1<otopwe symeu nn11 npaKTB11ecKoro npouaBo,ncr
ea aeepntH, xoryr npencraBJJJtTL 6oJii.myio onac
BOCTL B tJI}"lae BX uenpaBMJlbHOro c6poca JI 60.0-
ctlJepy. BeaonaCHOCTL RBJIReTCR caMLlM BaH<RhlM 

(flaKTOpoM B HCDOJIL30B3HBH T3KHX CRCTeM, nono
MY _uymuo uMeTL nonoyJO yeepee110CTL, 111'0 ua-
6paJJBwn HCT011HHK 3ReptHH Ue oy]\eT IlPCACTaB
JiffTh onacuocTH WI.A 11enoeeKa. Bamnoii xapa1<Te
pRCTR1<oii TeplfO3JieJ<TpR118Cl<HX npeo6pa30BaTeJieii 
JlBJUleTCJI TO, 'lTO OHR npeJ}.CTaBJUllOT co6oii CHJlh
HOTO'IBYJO H BH'3I{OBOJlbTHYIO cncTeMy. 11,JIH DOBLl
menttR o6ll\ero nanpmKeBHR npeo6paaoBaTem1 

tepxoaJieMeJITJ,1 ,noJUKJILI coe;l.llHHTl>Cff nocne,!J;o
BaTeJILBO. Ann cornacoeanua 11omnocru reuepaTo
pa c narpyaJ<oii Tpe6yeTCR cnen;nanLHLiil perymJ
Top. B IC8'1eCT88 TaKOBNX ynoTpe6JJfflOTCR IlOJl)l'
npoBO]tHHRH C tjnrn.cHpoB3HHUM.H napaMe~paMlf, 

HOTOJ)Lle ~atOT J(034l<l>n~lleHT IlOJl03HOfO J);ellCTBHJI 
JJ.O 85% B nurepeane Hanpm1<eHu.R o-r 3 ,11.0 30 e. 
06Ll'IUO HCflOJfb3YJOTCff CJI0AYJ0ll\H0 pa!lH08KTHB-

HLle H30TOObl Sr00, Cs137, CeU4. Pu138, Cm141, 
Po2l0, cm2•• . 

B HaCTosu~ee npeMR n ClllA necRoJJ.hl(O'faRBX 

ycTaH080l( Haxo;t.RTCR Ha paaffl>IX CTa.ll,RJlX paa
paoOTKlf. Cpe,11.u HHX cJJe,Ityl()n.vte Transit 4-A u B 
(2,7 tJr, Pu 238 ), SNAP-9A (25 Br, Pu238, SNAP-It 
(25 6T, Cm242), SNAP-13 (12 6T, Cm242

). Me
TeopoJJOfff'ICCKaR ctaHl\H11 ( 4,5 BT, Sr90), SNAP-
7 A, C ( 10 er, Sr90), SNAP-7E (6,5 Br, Sr9()), 
SNAP-7B, D (60 6T, Sr00). B ;J,OK.J1a)].e Oill1ChlB3-

IOTCR a1-cnnyaTaU.1tOHHt.te xapa~repucTHI<H ne1m
TOpl>lx 113 3THX ycTaHOBOK, B '13CTHOCTH pa6o11a11 
MOJ.UHOCTI>, Ko~<J>ipnl\HeHT noJJeJHoro )'.l:eitcTBBR, 
cpoK cnymflLJ, na,!l.emuocTb 11 6e3onacaocTL. 

On11ca111,1 ra1<me nnaoupyeMwe ycoBepOieHtT· 
BOB8RJIJI TeXHOJlormt ff YHHR3Jlhllhle npnM.e1lelUUI 

3THX yCTaH0BOK. 

"/217 Estados Unidos de America 

Fuentes isotopicas de energia acopladas a 
convertldores termoelectricos 

por J. G. Morse y D. G. Harvey 

· Los generadores termoelectricos alimentados ~n 
radionuclidos se emplean ya como fuentes de energia 
en los vue]os espaciales y en sistemas terrestres 
situados en zonas remotas. En 1959 se demostr6 que 
esta tecnologia era posible y se ha desarrollado 
gracias al programa SNAP (Systems for N~cl~ar 
Auxiliary Power) de la Comisi6n de Energia Atomica 
de los Estados Unidos. En 1961 comenzaron a fun~ 
cionar los primeros dispositivos para suminist~ar 
energia a un satelite y a una estaci6n meteor?l6gica 
situada a 700 millas del Polo Norte; ambos s1stemas 
funcionan desde hace mas de dos afios sin haber 
suf rido avcria. 

La electricidad se obtiene per absorci6n de la 
encrgia de desintegracion del radioisotopo elegido, 
su transfonnacion en calor y el empleo de este en un 
convertidor termoelectrico. El calor no convertido se 
elimina de manera adecuada al uso que se haga del 
dispositivo, por ejemplo, p9r ·radiaci6n ~n el es~acio 
y por conducdon y conveccion en las m~talac_l~nes 
terrestres. Empleados debidamente, estos d1spos1ttvos 
constituyen una fuente de energia sumamente corn• 
pacta, ligera y segura, capaz. de operar durante IO 0 

mas anos a potencias desde menos de 1 W hasta 
atgunos kilovatios. En los sistemas utilizad~s en Ios 
vuelos espaciales se ban logrado ya relac1ones. de 
potencia a peso superiores a I WJ•b y parece pos1ble 
duplicar esta cifra en los proxin1os afios. . 

Al proyectarlos se ha de tener en cuenta do~_de 
se van a aplicar (en el espacio o en tierra), su duraci_on, 
el analisis de su seguridad, el tipo de combustible 
(emisores alfa o beta-gamma), los materiales t~rmo
elecricos de aislamiento y blindaje y los mecamsrnos 
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de eliminaci6n de calor y de transformaci6n de 
potencia. 

Los radionuclidos empleados proceden bien sea 
de pro<luctos de fisi6n separados y purificados o de 
la irradiacion neutr6nica de materiales blanco (por 
ejemplo, curio-242 procedente de la irradiacion de 
americio-241) y para su selecci6n se debe considerar 
el periodo, la densidad de potencia (vatios termicos 
por centimetro cubico), la forma fisica y quimica, 
el coste y la disponibilidad. Las cantidades de radio
is6topo que se requieren constituirian un peligro 
bastante grave si se liberasen incontroladamente en 
la biosfera, por tanto, uno de los primeros factores 
para establecer la viabilidad de esta tecnologia es la 
seguridad completa en cada caso de que su empleo 
no ocasionara peligros para el hombre. Finalmente, 
una caracteristica fundamental de un convertidor 
termoelectrico es que constituye un sistema de elevada 
intensidad y baja tension que requiere la conexi6n 
en serie de elementos termoelectricos para aumentar 

la tension; se precisa, pues, un acondicionador para 
que Ia producci6n del generador sea adecuada a la 
demanda de carga. Se han construido acondicio
nadores estaticos de estado s6Jido que funcionan 
entre 3 y 30 V con rendimientos de hasta el 85 %
Entre los radionuclidos que se emplean como com
bustibles se cuentan el 90Sr, 137Cs, 144Ce, 238Pu, 242Cm, 
210Po y™Cm. 

En los Estados Unidos existen hoy varias de estas 
fuentes de energia en diversas fases de desarrollo, 
entre ellas, Transit 4-A y -B (2,7 W, 238Pu), SNAP 9A 
(25 W, 238Pu), SNAP 11 (25 W, 242Cm), SNAP 13 
(12 W, 242Cm), Estacion meteorol6g1ca (4,5 W, 90Sr), 
SNAP 7A; C (10 W, 90Sr); SNAP 7E (6,5 W, !IOSr) y 
SNAP 7B,D (60 W, 90Sr). La memoria describe el 
funcionamiento de algunas de eIIas, y en especial la 
energia producida, rendimiento, duracion, la seguridad 
de operaci6n y la eliminaci6n de todo riesgo. Describe 
tam bien las mejoras que se espera lograr en la tecnologia 
y.'en las aplicaciones de estos dispositivos. 

l 
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Reactor direct-conversion units 

By H. M. Dieckamp. R. Balent and J. R. Wetch • 

The significant and peaceful utilization of space will 
demand large quantities of reliable and long-lived 
power. The first six years of the space age have seen 
an ever-increasing number of satellites and space 
vehicles of growing complexity and sophistication. All 
spacecraft require electrical power for instrumentation, 
electronic data handling. guidance and communica
tion. To date, the electrical power has been supplied 
by batteries, solar cells and radioisotope systems. 
The power level has been of the order of a few watts 
up to a few hundred watts. To solve the power require
ments of more advanced missions, the United States 
Atomic Energy Commission initiated the SNAP 
(Systems for Nuclear Auxiliary Power) program to 
develop compact, high-powered and long-lived elec
tric power units for utilization in space through the . 
application of nuclear heat sources. The current SNAP 
dc\'.dopmcnt program encompasses both isotopic and 
fission heat sources. The fission or reactor-powered 

...anits employ both direct and dynamic power conver
sion and cover the subkitowatt to megawatt range of 
electrical power. The first space demonstration of a 
reactor powered unit is scheduled for 1965 with the 
developmental flight testing of SNAP 10A which is a 
500-watt unit employing thermoelectric power conver
sion. 

The difficulty of supplying power for the needs of 
-space technology and the unique energy density 
advantage of nuclear fission were recognized in the 
early 1950s. Atomics International, a Division of 
North American Aviation, Incorporated, conducted 
studies on the ,.relative merits of radioisotope and 
fission hea~urces in 1953. It was immediately recog
nized t\lat--5ignificant power, greater than a few hun
dred -watts, in space would require a reactor heat 
source. System conceptual design studies identified 
the mutually dependent reactor heat source and power 
conversion requirements and concept _selection crite
ria. By 1955 these studies had resuJted in the identi
fication of a reactor and power conversion concept for 
the 0.5 to IO kW(e) power range. Uranium-235 fueled 
and zirconium hydride moderated reactor with liquid 
metal coolant was chosen on the basis of minimum 

• Atomics International. 

reactor weight, applicable operating temperature, and 
a reasonable extrapolation of reactor and materials 
state of the art. A mercury rankine cycle power con
version subsystem was selected on the basis of mini
mum radiative heat rejection area requirement within 
the temperature constraint implied by reactor heat 
source development cost and schedule. 

These studies formed the basis for the establishment 
of the SNAP program by the Atomic Energy Com
mission in May 1956. Specific objectives for a reactor
powered 3 kW(e) mercury rankine system, SNAP 2, 
were established in 1957 and system development was 
initiated. Reactor concept verification by means of a 
critical assembly was achieved concurrent ~th the 
start of the space age in October 1957. The develop
ment of a mercury rankine cycle system capability for 
large amounts of power in space is a continuing 
objective of the SNAP program. 

Interest in thermoelectric power conversion for space 
systems was initiated in 1958. The specific objectives 
of the SNAP IOA 500-watt system were established in 
December 1960. Since this system has now progressed 
through the complete development cycle from concept 
identification to flight readiness, it has been chosen as 
the principal subject matter for this paper. 

SNAP 10A 

The specific objective of the SNAP IOA program 
is to provide a SOO-watt reactor power sourc~ for 
space application. The power unit weight includmg a 
shadow shield for the protection of a semicondu_ctor 
payload is 950 pounds. The unit empl~y~ direct 
thermoelectric conversion of heat to electnc1ty. The 
reactor heat source is controlled by the inherent 
negative coefficients of reactivity. As a result SNAP 
lOA requires no dynamic control or moving p~r~s 
after start-up in orbit. The system lifetime in space is 
specified as one year. 

164 

Reactor 

The reactor heat source for SNAP IOA is actually 
a temperature and power-derated version of the reactor 
concept chosen for SNAP 2. The basic criteria for and 
the requirements of a heat source for a reactor thermo-
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e~e~tric power system for space confirm the applica
btltt_y of tha_t concept. The extreme cost of delivering 
equ1pm~nt mto space, about $1 000/lb, provides a 
st~o~g incentive for minimum weight. In addition to 
mmn1:1um heat source weight, the reactor concept 
se~e~t1on must be compatible with a total system of 
mmimum weight. The radiative heat rejection require
ment of a space power conversion ·system contributes 
a rapidly decreasing element of the system weight as 
sourc~ temperature increases. Thus, the reactor concept 
select10n must provide the lightest weight and highest 
temperature heat source within the constraint of 
attainable reactor and power conversion technology. 

Early in the reactor concept selection, fast reactors 
were eliminated because of the extreme cost of the 
uranium inventory, about $1 million, and because of 
the more complex control problems of fast reactors. 
Furthermore, the use of a fast reactor employing a 
compound of uranium (U02 or UC) applicable to the 
required temperature would offer no weight advantage 
over the current SNAP hydride reactor. 

The homogeneous reactor provides the most efficient 
utilization of the fuel and thus the smallest thermal 
reactor. Similarly, maximum enrichment of a uranium 
reactor leads to minimum size. The critical size of a 
small reactor is dominated by Ieadage considerations 
wherein the moderator slowing down distance is the 
controlling parameter. It is apparent that a high tem• 
perature, high density hydrogenous material could 
provide the basis for a small reactor. Zirconium 
hydride, ZrHx, has sufficient thermodynamic stability 
to provide hydrogen at the density contained in cold 
water at I 200 °F (652 °C) with a dissociation pressure 
of less than one atmosphere. Thus, a homogeneous 
reactor of fully enriched 235U and ZrH..- can result in a 
reactor with dimensions similar to those of the aqueous 
homogeneous reactor. Since the density of the U-ZrHx 
fuel moderator material is about 6, a bare reactor will 
weigh about 200 pounds (90 kg}. To utilize the metal 
hydride concept a positive means to restrain the 
thermal dissociation -of the zirconium hydride is 
required. This is accomplished in the SNAP reactor 
by canning individual fuel moderator elements in a 
cladding which incorporates a hydrogen diffusion 
barrier. 

The SNAP hydride reactor fuel moderator material 
contains IO wt% 285U in zirconium metal which has 
been hydrided to a hydrogen density of 6 to 6.5 x ton 
atoms/cm2

• The resuhing core material has a hydrogen 
to uranium ratio (H/U) of about 50 which results in 
a mean fission energy of about 0.2 eV. 

The weight of a small bare reactor can be reduced 
by replacing the outer region by a material of lower 
density but high neutron reflectivity. In the case of 
the SNAP reactor the weight is minimum at a beryllium 
metal thickness of about 2 to 3 inches. The addition 
of a reflector region reduces the minimum weight 
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reactor's critical mass to about 4 kg of 236U. The 
reflector region allows two significant practical results: 
(a) the reactor can be rendered far subcritical by 
removing the reflector region without modifying the 
core geometry or integrity; (h) the reactor can be con
trolled by varying the reflector thickness or eff ec
tiveness. 

Finally, the reactor must employ a high temperature, 
low pressure, and low neutron cross-section coolant 
for the required source temperature range. The alkali 
metals meet these requirements. The eutectic NaK-78 
is specifically chosen because of its wide liquid range. 
Thus the reactor concept chosen for SNAP l0A to 
provide the lightest weight high temperature reactor 
for the thermoelectric power conversion system is 
homogeneous, 235U fueled, zirconium-hydride moder- , 
ated, beryllium reflected, reflector controlled and 
liquid-metal cooled. 
. After verification of the reactor physics with the 

correlation of analysis and experimental results from 
a critical assembly in October 1957, the next major 
program objective was the power, temperature and 
life demonstration of the reactor concept. The final 
feasibility of the concept rested on demonstrating the 
required hydrogen retention ability of the fuel cladding 
under the reactor conditions of power, temperature 
and radiation. The SNAP Experimental Reactor, 
SER, began operation in September 1959 and was 
operated until the conclusion of the test program in 
November I 960. During the test program the SER pro
duced an integral energy output of 225 000 kWh(th). 
Of the 6035 total test hours, 3 300 were at temperatures 
in excess of 900 °F (482 °C) and l 900 hours were at 
l 200 °F (652 °C) coolant outlet. 

The next step in the SNAP reactor development was 
the fabrication and testing of a second generation 
design which more nearly approximated the detailed 
requirements of a space reactor. This reactor. the 
SNAP Development Reactor, _SOR, began operation 
in April 1961 and the test program was completed in 
December 1962. Of the total 11 300 test hours, 6 900 
were at temperatures in excess of 900 °F (482 °C) and 
2 100 hours were at 1 200 °F (652 °C) coolant outlet. 

In addition to forming the basis for the reactor 
heat source for SNAP I0A, the SER and SOR pro
vided the necessary fuel, physics and reactor operat
ing experience to design the high power and high 
temperature reactor for SNAP 8 which is a joint 
AEC-NASA program to develop a 35 to 55 kW(e) 
space power system using mercury rankine cycle 
power conversion. The SNAP 8 Experimental Reactor 
{S8ER} is now operating at design conditions. From 
3 April 1964, the S8ER has operated. for 48 days at 
450 kW(th) and 1 300 °F (704 °C) and has produced 
an integral power output of over I 000 000 kWh(th). 
This reactor also constitutes an available heat source 
for large thermoelectric power systems in the 10 to 
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Table 1. SNAP hydride reactors 

Fw/-moderator elements 

Diameter (cm-in) • 
Length (cm - in) . • 
N 8 (H alomlcm• x 10-1• . . 
Wt %U fully enriched •u . 
No. or elements . . . • • . 
Total snu (kg) ..... · .. 
Cladding thickness (mm - in) 

hartor 

SER 

2.54- 1.0 
35.6- 14.0 
6.0 
7 
61 
2.9 
0.25 -0.010 

S2DR 

3.18- 1.25 
33.0- 13.0 
6.S 
JO 
37 
4.3 
0.33-0.013 

SSER SNAP IOA 
design 

1.42 -0.56 3.18 - 1.25 
36.8 - 14.S 33.0-13.0 
6.0 6.5 
10 10 
211 37 
6.56 4.3 
0.25 - 0.010 0.38 -0.01S 

Core vessel diameter (cm - in). 24.1 - 9.5 22.8 - 9.0 24.8 - 9.75 22.7 - 8.94 
height-nominal (cm - in) . . 40.6 - 16 40.6- 16 53.4- 21 39.6-15.6 

Be reflector thickness-nominal (cm - in) . 
No. of control drums-safety clements • . 
Core volume (m1 - ft') • . • . • . • • . 
Weight with rell. control assc:mbly'(kg- lb) 
Fuel element spacing-triangular matrix 

7.6 - 3 5.8 - 2.3 7.6 - 3 5.1 - 2 
3-3 l-2 6 4 
0.74 X 10-1 -0.26 0.68 X J0-1 -0.24 1.59 X 10-1 -0.54 0.85 X 10-t-0.3 
159 - 350 137 - 300 250 -550 114-250 

(cm-in). • • • • • • • • •..•. 

Opna1ing rltor«rerisrirs 
Coolanl flow (1 s- 1 - gpm). . . . . . 

Inlet temperature (°C - 0 F) • • • • 
Outlet temperature (°C - 0 F) • . • 

Maximum fuel temperature (°C - "F) . 
Power (kW(th)) . . . . . . • • . . . . . 
Power density-avg {MW(th)1-1 -MWCth)ft-•J 
Heat flux-avg (kcal m-•h-1 - Btu fc•h- 1) • 

Neutron flux-avg (n/cm1 s) • • • • • • • • 

2.58 - I 01S 

1.7 - 23 
S38 - I 000 
649- 1 200 
702-1295 
50 
0.00675 - 0. 192 
35 000- 12 800 
3.1 X 1011 

20 lc.W(c) power range. The basic design conditions of 
the three test reactors of the SNAP hydride concept 
are shown in Table I along with the design parameters 
of the SNAP JOA reactor. 

The specific reactor for SNAP I0A is illustrated in 
Fig. I (a-d). The core consists of 37 cylindrical 1.25 in 
(3.18 cm) diameter fuel moderator elements (see 
Fig. la) on a close-packed triangular matrix contained 
within a 9 in (22.7 cm) diameter core vessel (see 
Fig. lb). The ,NaK coolant flows axially through the 
core in the intersticial region between fuel elements. 
The region between the resulting hexagonal parallele
piped and the cylindrical core vessel is filled by beryl
lium metal. The bulk of the radial reflector is located 
outside of the core vessel. The reactor control elements 
are four half-cylindrical sections of the radial reflector 
region. Rotation of these sections changes their proxim
ity to the core and provides reactor control by neutron 
leakage variation. The complete radial reflector control 
subassembly is split into two integral sections and is 
completely removable from the core vessel without 
modifying the integrity of the sealed NaK coolant 
system (see Fig. le). These sections are held in place 
by a retention band which can be severed by command 
or by re-entry heating. Stored energy in springs ejects 
the reflector halves when the band is released. 

During startup. release of the control elements by 

3.20- 1.26 

1.7- 23 
538- I 000 
649-1 200 
693 - I 280 
50 
0.0073S - 0.206 · 
48 000 - 17 600 
3.2 X 1011 

1.45-0.57 

8.8-140 
593 - I 100 
704-1 300 
788-1450 
600 

0.0378 - I.II 
150000-55000 
2.3 x 1011 

3.20 -1.26 

0.83 - 13.1 
482 - 900 
543-1010 
58S -1 085 
34 
0.0040 - 0.1 I 3 
28 000 - 10 200 
1.7 X 10'1 

means of an explosive pin puller by ground radio 
command allows the elements to move inward to add 
reactivity. Two elements are driven in rapidly by spring 
energy. The remaining two elements are driven in 
slowly by electrical stepper motors. Reactor power 
responds to provide the system temperature increase 
necessary to offset the slow ramp reactivity insertion 
by means of the reactor temperature coefficient of 
reactivity. The reactivity insertion is stopped when 
design temperature is achieved. 

The thermomechanical performance of the SNAP 
JOA flight reactor hardware under simulated condi
tions of checkout, launch and orbital operation has 
been. verified by means of a Development Reactor 
Mockup. ORM. This assembly (see Fig. ld) was 
successfully tested for 90 days of continuous opera
tion with electrical heat at the SNAP IOA temperature 
conditions in a vacuum of t0-6 torr. 

Power conversion 

The direct conversion of heat to electricity was dis
covered by Thomas Seebeck in 1822. For over 100 
years the approach was considered to be of no prac
tical significance because of the low efficiency of 
known materials. The efficiency of a thermoelectric 
power conversion device is a function of the material's 
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Figure 1. SNAP 1 OA components 

(a) Fuel element; (b) Core; (c) Reflector; (ti) Reactor, top view; (e) Thermoelectric converter module; (f) Thermoelectric pump 
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figure of merit, Z, which is defined as s'-{eK where s is 
the Seebeck coefficient in V/°C, e is the electrical 
resistivity in ohm cm, and K is the thermal conduc
tivity in W/cm °C. The development of semiconductor 
materials in the late 1950s resulted in the identifica
tion of a number of intermetatlic compounds and 
alloys oflow thermal conductivity that could be doped 
to provide a carrier concentration leading to a maxi
mum z. For a semiconductor material with a Z of 
2 x 10-*°C--1, the ideal efficiency is about 10% at a 
temperature difference of 200 °C. This is still. a low 
efficiency. However, the large energy content of a 
reactor minimizes the significance of this inefficiency, 
and the disadvantage is further off set by the inherent 
realiability of direct conversion with no moving parts. 
In practical large space power units, the high heat 
rejection temperature required for minimum radiator 
area and weight will result in converter net efficiencies 
of 2 to 3%. 

Of practical importance are the identification of a 
converter design capable of capturing a maximum 
fraction of the available theoretical materials efficiency 
and the degree to which the physical and metallurgical 
properties of a given thermoelectric material control 
the design. The design of a practical thermoelectric 
converter must provide the following: (a) the individual 
thermocouples must be electrically isolated to allow 
a series connection to provide a useful output voltage; 
(b) the transfer of heat from source to radiator must 
have minimum thermal impedance in series with the 
thermoelectric material because any Joss of available 
temperature difference directly diminishes the converter 
efficiency; (c) the electrical impedance of all inter
connections and contact junctions in series with the 
thermoelectric material must be minimal because all 
extraneous electrical losses directly diminish the con
verter efficiency~ and (d) all shunt heat transfer from 
source to radiator must be minimal. 

The physical and metallurgical properties of the 
thermoelectric material can greatly influence the con- · 
verter design and efficiency. For example: (a) the 
extraneous converter resistance is strongly influenced 
by the ability to make metallurgically stable minimum 
resistance electrical contacts to the thermoelectric 
material; (b) any requirement for a coating or barrier 
on the thermoelectric mater~al to suppress sublimation 
provides a shunt heat path; (c) the physical strength 
of the thermoelectric material can determine structural 
or thermal stress limitations. 

The SNAP JOA converter has to operate for one 
year in space at about 1 000 °F (S58 °C) with an 
efficiency degradation of less than 10 % and must 
survive, without loss of electrical integrity, the ro~ket 
launch into space which imposes 10 g acceleration, 
SO g shock, and 5 g vibration in the range of a few to 
several thousand cycles per second. 

In the case of the SNAP l0A converter, the contend-
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ing thermoelectric materials were PbTe and SiGe 
alloy. In the final selection, SiGe alloy was chosen 
despite its lower figure of merit because: (a) SiGe is 
stable to above l 800 °F (980 °C) whereas Pb Te 
sublimes at temperatures above 800 °F (426 °C) and 
would require an encapsulant; also the potential of high 
temperature operation of SiGe provides future per
formance growth; (b) stable low resistance electrical 
contacts can be made to SiGe by metallurgical bond
ing, whereas experience with PbTe indicates unstable 
higher resistance mechanical contacting only; (c) the 
mechanical properties of SiGe alloy are more uniform 
and less restrictive. The specific SNAP IOA converter 
design is illustrated in Fig. le and Fig. 2. 

Figure 2. SNAP 10A system design 

tllElldlf(1IIC -

The full 500-watt SNAP JOA converter is divided 
into 120 sections caUed modules. The module is the 
basic end product of the converter fabrication process. 
The effective heat source is translated to the NaK 
tube portion of the module by the flow of NaK-78 
from the reactor heat source. Twenty-four cylindrical 
pellets of N and P doped SiGe alloy thermoelectric 
material are alternately spaced along the length of each 
module NaK tube. The pellets are electrically insul~ted 
· from the NaK tube by means of thin alumina disks. 
The pellets are electrically connected in series ':ith 
copper straps at the hot end and aluminum com?ma
tion strap radiators at the cold end. Each al~mum 
radiator platelet is electrically insulated from adJacent 
platelets by a clearance gap. All material inter~aces 
from the NaK tube through the aluminum radiator 
are metallurgically bonded. The basic SNAP. JOA 
module captures a maximum fraction of the available 
material efficiency and utilizes the available hea~ to 
maximum advantage as a result of the follow~ng: 
(a) the 100% metallurgically bonded structure provides 
minimum thermal and electrical jmpedance and an 
assembly strength which is a factor of 100 greater than 
the anticipated launch loads; (b) the use of clearance 
gaps between radiator platelets eliminates the _thermal 
impedance of one electrical insulating barner that 
would otherwise be required; (c) the completely self-
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supporting structure of the thermocouple radiator 
sub~~semb)y eliminates the shunt heat paths of 
aUXIh~ry structural members; and (d) radiative heat 
shuntt · · · · ng is m1mm1zed by low emissivity surfaces on 
both ~he NaK tube and the radiator back side. The 
electrical and thermal performance of the SNAP lOA 
converter is summarized in Table 2. 

Table 2. SNAP 10A thermoelectric converter 
performanc:e 

Thermoelectric material 
Figure of merit (Z) . . : : : : .' : 
Average source temperature .... 
Average radiator base temperature . 
Materials efficiency (.,11,.). • • • • • 
fiT total (J.T.}. . . . . . . . . . . . . 
AT_thermoelectric material (ATte) . . . . 
Series thermal efficiency ('IJts = ATte/ATc) • 
Thennoelectric material resistance (Rt,} . 
Converter resistance (Re) . • . . . • . 
Electrical efficiency (lJe = Ri,,/Re). . . • 
Heat radiated (Qr) . . . . . . • . . . . 
Heat through thermoelectric material (Q10) 

Shunt heat losses (Qp) . . . . . . . . : 
Shu~t thermal efficiency (l'ltp = Qie/Oa) . 
Device efficiency ('l)d = 11• x ,-,1P x 'l'Jis) . 
Carnot efficiency (1Jc) . • • • . . • . 
Over-all efficiency (1j = lJ• x 'IJd x ,;m) 
Power='IJXQR .•....... 
Total thermoelectric couples. . . . . . . 
Open circuit voltage per couple . . . . . 
Converter open circuit voltage (720 in series) 
Converter working voltage 
Cun-ent. ....... . 
Emissivity ('l)c) • • . • . • . . . . • 
Fin effectiveness ("11) • • • • • • • • 

Fraction of theoretical power density . 

SiGe alloy 
0.58 X 10-I 0C--1 

935° F - 502 °C 
600 °F - 315 •c 
9.4% 
335 °F - 187 •c 
30s •p - 110 ·c 
90% 
1.41 ohms 
1.60 ohms 
88¾ 
33 kW 
30kW 
3kW 
91% 
72% 
24% 
1.63 ~; 
540W 
1440 
0.084 V 
61 V 
28.5 V 
19 A 
89% 
90% 
58% 

In the complete 500-watt converter three module 
NaK tubes are welded together to form one converter 
leg. Forty legs are mounted on the surface of a trun
cated conical structure with all legs forming parallel 
NaK circuits between inlet and outlet headers. The 
total weight of the 120 modules is 150 pounds (68 kg) 
and the total converter radiator surface area is 62 ft1 

(5.8 mz). In order to eliminate the possible loss of the 
complete converter power output due to one element or 
interface fracture, the converter is electrically arranged 
into a series parallel circuit, i.e., the converter fs made 
up of a series connection of parallel pairs of thermo• 
couples. The converter delivers 500 watts into a 
matched load of about l .6 ohms at a potential of 
28.5 volts. 

The demonstrated failure rate of the thermocouples 
is such that the launch survival probability for the full 
converter is 99.6% at 90% confidence. The program 
to date has fabricated in excess of l 000 modules. 
Some modules have been on test for in excess of 
12 000 hours. The total integral of test modules times 
test hours at design temperature is about 500 000 
module-hours. 
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System 

In order to integrate the reactor heat source and the 
thermoelectric power conversion into a complete 
useful space power system, it is necessary to consider 
spacecraft integration and operational criteria. The 
most important of these are: 

(J) Thermal isolation from the spacecraft payload; 

(2) Operation in the space environment of vacuum 
and micrometeorites; 

{3} Remote startup in orbit via radio command; 

( 4) Capability to operate without su"jecting the 
spacecraft to excessive disturbing torques; 

(S) Design and installation to permit efficient low 
weight shadow shielding of payloads; 

(6) Minimum interference and interaction with 
basic booster and payload subsystems; 

. (7) Configuration within vehicle structural and 
flight stability criteria; . 

(8) Capability to withstand the severe shocks, 
vibrations, gravity, pressure and temperature 
transients during vehicle launch; . 

(9) Pre-launch installation and checkout with 
maximum safety and minimum vehicle and 

. facility interference; 

(10) Capability of low cost quantity production 
with maximum reliability. 

The basic thermodynamic coupling of the reactor 
heat source and the thermoelectric converter {see 
Fig. 2) is accomplished by a pumped liquid metal loop 
of NaK-78. The objecti~·e of no moving parts is main
tained by the application of a de conduction pump. 
The SNAP 1 0A pump derives its high de current (700 A) 
from two "large" parallel PbTe thermocouples with 
the output "shorted" directly through the pump 
throat. The pump's integral Pb Te current source 
derives its power directly from the liquid metal flowing 
through the pump. The necessary heat flow and tem• 
perature difference are imposed by rejecting heat 
(700 W) to space by extended aluminum radiator fins 
attached to the cold junction of the thermocouples. 
The required magnetic field (2 400 gauss) is provided 
by an Alnico V permanent magnet. The SNAP lOA 
pump (see Fig. 1/) weighs about 20 pounds (9.1 kg) 
and produces a pressure rise of about 1.4 psia 
(0.95 atm) at 13 gpm (0.821/s). The net pump efficiency, 
heat to fluid power, is about 1 %-

In addition to the thermoelectric pump, the NaK 
circuit, which is completely sealed, contains a bellows 
device which absorbs the thermal expansion of the 
liquid metal inventory while maintaining the NaK 
circuit pressurization above the cavitation limits of 
the pump and below the limit of piping creep. 

The system configuration is virtually dictated by 
minimum weight shielding requirements. The shielding 
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specification for SNAP JOA is to limit the radiation 
level at the power unit-spacecraft interface to about 
S x 1011 nvt fast neutrons and 4 x 107 r gammas in 
one ye~r. Beyond t~is level semiconductor payload 
harderung causes difficulties. The critical shielding 
pr~blem is the elimination of neutron scattering from 
m1sccUaneous components and structural members. 
The most efficient . shield results when the required 
payload shadow shield serves the additional function 
of eliminating unwanted scattering. This is accomp
lished by locating all components and structural mem
be~ within the c~nical shadow of the basic payload 
shield. The result 1s a conical configuration with a base 
diameter dete~ined by the payload, an upper dia
meter detemuned by the effective projected area of 
the reactor source, and a height determined by the 
total radiator area requirement. SNAP tOA is S feet · 
(1.5 m) in diameter at the base and about 12 feet 
(3.65 m) high (see Fig. 3 and Fig. 4). 

_., 
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Figure 3. SNAP 10A $~tem «>nfiguradon 

The basic structural member of SNAP 10A is a 
truncated cone constructed of corrugated titanium 
with internal stiffening rings. The complete NaK 
circuit and the 120 converter modules are mounted 
to the surface of the conical structure. The reactor and 
shield are independently mounted to the upper load 
ring of the structure thus allowing the shield to be 
removed and installed without breaking the liquid 
metal circuit. The shield weighs 225 pounds (98 kg) 
and consists of a thin steel casing filled with cold 
pressed lithium hydride. The shield provides about 
four decades of neutron attenuation. . 

The initial system development phase included 
static and dynamic structural testing of mass mock ups, 
simulated electrical system testing with a spacecraft 
mockup, and thermal and hydraulic testing of a 
developmental system design. In order to avoid the 
complexity of nuclear radiation, much cf the system 
development has been accomplished with the aid of 
electrical heaters located in the core vessel. 

The final preflight qualification of the SNAP IOA 
power unit consists of two electrically heated tests and 

Figure 4. SNAP 10A nuclear preflight qualification unit 

one nuclear test of three prototype systems. Each of 
these units is subjected to a reference .factory-to-flight 
sequence including the simulated shock and vibration 
of launch. The units are subsequently operated in a 
vacuum environment. The vacuum provides a proper 
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heat transfer regime but does not simulate the ultra
vacu~m of outer space. One of the electrically heated 
prefl~ght qualification units completed 90 days of 
contmuous testing during January 1964. This unit 
operate_d in a vacuum of 10-3 to 10--4 torr after launch 
simulation and produced 400 W of electricity. When 
correc_ted for the difference between the outer space 
heat stnk conditions and the water cooled walls of the 
ground test chamber, this test demonstrated that the 
SNAP lOA unit will produce in excess of 500 W in 
sp~ce. The testing of the second preflight qualification 
~'.t of the SNAP I0A program, i.e., the nuclear test, 
ts 1n the initial phases of its complete test sequence. 
A phot-0graph of this unit is shown in Figure 4. 

The development of SNAP IOA will culminate in 
the verification of the system design and operation in 
the actual space environment. The flight test is sche
duled for 1965. Successful space operation of SNAP 
lOA will provide a basis for the application of reactor 
P~wer systems and for the future development of 
higher performance reactor power units for space. 

Safety 

Throughout the design and development of SNAP, 
s~fety has provided the basis for many design deci
sions. In order to satisfy the objective of maximum 
safety of the SNAP space reactor systems, a set of 
safety design criteria for SNAP reactors was for
mulated. System safety has been maintained without 
compromise to the operational characteristics of 
reliability, simplicity and weight. 

In order to evaluate the worldwide significance of 
contributing fission products to the earth's environ
ment through re-entry burnup and dispersal of SNAP 
systems, the resultant buildup of 00sr has been con
sidered. The analysis indicates that the equilibrium 
level of 90Sr resulting from the annual re-entry dis
persal of 100 SNAP IOA units would add about one 
tenth of one per cent to the dose received from the 
earth's natural radioactive background. The design of 
the SNAP l0A unit incorporates both ground com
mand and "on-hoard" shutdown devices such that a 
decay period in space can be provided prior to re-entry. 
Orbital lifetime and thus decay time in excess of 
250 years reduces the total SNAP IOA fission product 
inventory at re-entry to less than l curie. The SNAP 
lOA capability of orbital startup and the design shut
down devices can be coupled with long-lived orbits to 
provide an added margin of safety until complete 
re-entry burnup and high altitude dispersal has been 
proven. 

In general, radiological considerations need not 
limit the use of nuclear power in space. The prelaunch 
and launch period safety can be 'controlled through 
operational procedures and appropriate facilities and 
equipment. Re-entering systems can be used in large 
numbers without appreciably contributing to the con-

tamination of the earth's surface or atmosphere. The 
use of high altitude orbits and orbital startup can 
enhance safety by allowing long decay times prior to 
re-entry. 

Reactor-thermoelectric system performance 

The specific power level of SNAP lOA, 500 watt, 
can be supplied in space by solar cells. The comparative 
performance of these two space power approaches is 
shown in Table 3. SNAP IOA at 500 watt is heavier 

Table 3. System perf?rmance comparison 

Clltrcnt Advanced 

SNAPIOA reactor 

(SOO wand Solar cells thermoelectric 

I 000 °F (1500W and 

-5J8 °C} I 300 °F 
--704 °C) 

~~- ---
Weight, W/lb ½ 1 1.5 
Arca, W /ft' . 9 2 to 5• 27 
Cost, S/W. 2000 I 000 to 8000 700 

• Vnoriented-orientcd. 

than an equivalent solar cell power system. The area 
and cost differential are probably insufficient to bias 
power system selection in the direction of SNAP IOA. 
However, there are other operational advantages to a 
reactor power system. These advantages include; 
(a) no requirement for sun orientation; (b) no need 
for long-life bearings and attitude control systems; 
(c) insensitivity to the radiation environment of near 
earth space; and (d) no limitation by the cycle life of 
secondary batteries. 

The exact degree to which these considerations can 
dominate the selection of a power system depends on 
the detailed objectives, limitations, and allowable 
design tradeoffs in the intended mission. Because of the 
temperature dependence of the area and size <;Jf the 
power conversion, the thermoelectric power system 
performance improves dramatically with temperature. 
For example, if the SNAP IOA unit is operated at the 
reactor· outlet conditions of SNAP 8, I 300 °F 
(704 °C), it can produce 1 500 W at essentially the 
same radiator area, 62 ft2 (5.8 m2), and weight, I 000 
pounds (455 kg). At these conditions the performance 
has improved to that shown in Table 3 for the advanced 
reactor thermoelectric unit. This performance is at a 
level sufficient to incur no performance penalty over 
solar cells while gaining the other operational advan
tages of the reactor system. 

The reactor power system performance must offer 
sufficient advantage to overcome the cost and difficulty 
associated with the radiation environment imposed by 
the reactor system. The use of an advanced design 
employing an extendable structure for more reactor
payload separation and a reduction in the effective 
reactor source size can reduce the imposed radiation 
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environment to less than 1011 nvt/year and 106 r/year. 
At this level, there is no significant payload hardening 
problem as long as there is not a unique sensor inter
ference problem. Direct extension of the SNAP IOA 
concept to higher temperature and more a~vantageous 
geometry can produce a reactor thermoelectric space 
power system that offers a significant cost, area and 
reliability improvement with no significant radiation 
complications and incurs no weight penalty over solar 
cells at power levels above 1 kW(e). The advantages 
other than weight are probably more significant in the 
over-all system design and will lead to reactor power 
system acceptance in the subkilowatt power range. 

The availability of the improved thermoelectric 
system capability is determined by the reactor and 
conversion materials technology necessary to allow 
reliable and long-lived system operation. SNAP 
hydride reactors have already been demonstrated at 
temperatures up to 1 300 °F (704 °C). The SNAP IOA 
modules are currently being extended into the l 300 °F 
(704 °C) operating capability range. Si Ge alloy thermo
electric materials have been tested extensively at tem
peratures up to about 1 800 °F (982 °q. The techno
logy necessary to provide a long-Jived and reliable 
reactor thermoelectric space power system that is 
competitive with solar cells at less than I kW(e) is 
well advanced. The same technology will provide 10 
to 20 kilowatts of power at about 3 lb for more ambi
tious space objectives. 

CONCLUSION 

Reactor direct conversion units are an attractive 
source of power for locations of extreme remoteness 
and for applications requiring high reliability. SNAP 
JOA is the first reactor direct conversion unit and it 
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has been specifica\\y developed for the remoteness and 
reliability requirements of space. As such, the design. 
development and testing experience on SNAP lOA 
will form the basis for future higher power and high 
performance systems employing direct and dynamic 
power conversion. 

As the utilization of space increases and as man's 
exploration extends beyond our own planet to the 
outer regions of our solar system, reactor power 
systems will assume a role of increasing importance. 
Experience on earth has clearly shown that techno
logical advancement always requires more power. 
This same experience will be even more valid in the 
hostile environment of space. Thus. the availability 
of large amounts of reliable and long-lived power 
will control our space aspirations. Future communica
tions satellites broadcasting several channels of tele
vision direct\y to the individual home from a syn
chronous orbit will require power levels up to about 
100 kW{e) with three to five years lifetime. A large 
twenty to forty man orbital space station will provide 
a base for space research and for earth oriented 
services like communications, navigational aids, meteo
rological observations, etc. The power demand of such 
a station can readi\y ex.ceed SO kW(e). A probab~e 
future objective will be the establishment of a se~l
permanent base on the moon. Studies of the reqmre
ments and problems of such a base are already under 
way and revealing power needs of 50 to 1 000 _kW(e). · 
Beyond the moon, the exploration of Mars will pro
bably be accomplished before the end of this century. 
The power system will have to use a reactor source, 
and lifetime and reliability will be extremely demand
ing requirements. In conclusion, the technology of the 
" atomic age " will play a major role in the future 
accomplishments of the "space age". 

ABSTRACT-RESUMt-AHHOTA~"1~-RESUMEN 

A/218 Etats-Unis d'Amirique 

Reacteurs a conversion directe 

par H. M. Oieckamp et al. 

Le programme SNAP (Sources d'electricite nucle
aires aux.iliaires) de la Commission de l'energie atomi
que des Etats-Unis a pour but de realiser, en utilisant 
des sources de chaleur nucleaire, des generateurs 
d'electricite compacts, de grande puissance, de longue 
vie utile, pour les utilisations spatiales. Le programme 
porte sur des reacteu~s a conversion d~energie ?irect: 
aussi bien que dynarn1que pour des pu1ssances electrl· 
ques allant de moins d'un kilo~~tt _au mega~att. 
Les conditions spedales des ut1hsat1ons spatiales, 

c'est-a-dire resistance au lancement, vide pousse, ape
santeur, elimination de la cha\eur par rayonnemen_t, 
micrometeorites poids minimal, fiabilite, tongue durce 
de vie et surete.' imposent au reacteur et a l'ensen_ible 
de conversion d'energie des caractcristiques exception
nelles pour ce qui est du choix des systemes, de la 
conception, de la mise au point, de l'aptitude au vol, 
et de I 'integration aux utilisations prevues. 

L'un des premiers objectifs importants du ~ro
gramme SNAP est d'etudier et de realiser un ~ste~': 
thermoelectrique de 500 W, le SNAP JOA. elw-ct 
utilise un reacteur de 114 kg (250 lb) avec un creur 
homogene en zasu tres enrichi et de l'hydrure de 
zirconium comme moderateur (H/U = 50), et . un 
mince reflecteur annulaire de 5,1 cm (2 in) en beryllium 
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dont on peut faire varier la geometrie pour controler 
le reacteur. Apres son demarrage sur orbite, le reacteur 
.se controle pratiquement lui-meme durant toute sa vie 
grace a son coefficient de temperature negatif de re
activite. La puissance du reacteur, de 35 kW (th) a une 
temperature de sortie de 540 °c (1 000 °F), est coU:plee 
au oonvertisseur thermoelectrique par une boucle de 
transfert de chaleur a NaK-78. La puissance de 
pompage (6,5 W) est fournie par une pompe electro
rnagnetique a courant continu alimentee par thermo
couples. Le convertisseur thermoelectrique se compose 
de 1 440 couples en alliage Si-Ge dope (Z = 
0,65 X 10-3/deg C), relies electriquement a un 
circuit serie-parallele de fa~on a foumir 500 W en 
courant continu a 28 V. 

La soudure chaude des thermocouples est electrique
ment isolee, mais thermiquement liee au tuyau conte
nant le refrigerant NaK-78 a une temperature moyenne 
de 510 °C (950 °F) environ. La soudure froide des 
thermocouples est formee par 1 440 plaquettes indi
viduelles en aluminium qui servent de radiateur. 
L'elimination de la chaleur vers l'espace a partir de 
la surface integree de rayonnement de 5,8 m2 (62,5 ft2) 

que constituent ces plaquettes maintient les soudures 
froides a une temperature moyenne de 325 °C (615 °F). 
L'ensemble du SNAP l0A pese 450 kg (950 lb), dont 
98 kg (215 lb) d'ecran en LiH pour reduire la dose 
de rayonnement a l'interface avec la charge utile a 
moins de 1013 n/cm2 et 108 rads par an. Le systeme 
est de forme approximativement conique, de 1,5 m 
(5 ft) de diametre et 3,65 m (12 ft) de haut, le reacteur 
etant au sommet et }'ensemble forme par le convertis
seur thermoelectrique et le radiateur situe sur la sur
face externe du cone. Le programme en est aux 
etapes finales d'essais au sol et de preparation au 
vol. 

Les premieres etudes conceptuelles pour I 'utilisation 
spatiale d'electricite d'origine nucleaire ont commence 
en 1953. On a choisi en 1955 le concept de reacteur 
a hydrure SNAP en tenant compte de son poids 
minimal, de la possibilite d'atteindre les temperatures 
utiles, et de la technologie existante pour les reacteurs 
et les materiaux. Le programme a ete mis en chantier au 
debut de 1957 et la verification du principe meme du 
reacteur obtenue en octobre 1957 a l'aide d'un assem
blage critique. La conception initiate du SNAP utilisait 
un cycle de Rankine a mercure pour la conversion 
d'energie. L'un des objectifs permanents du programme 
SNAP est de mettre au point la technologie du reacteur 
et des machines tournantes de fa~on a pouvoir bene
ficier des avantages que donnerait le cycle de Rankine 
a mercure. A ce jour, deux reacteurs prototypes ont 
fonctionne a 50 kW (th) et 650 °C (I 200 °F), ce qui 
correspond a un systeme Rankine a mercure de 5 kW(e), 
et un troisieme reacteur fonctionne a 450 kW(th) 
et 705 °C (1 300 °F), ce qui correspond aux conditions 
d'un systeme de 35 kW(e). 
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A/218 CWA 

PeaKTOpH~e ycTaHOBKH C HenocpeA
CTB8HH~M npeo6paaoeaHHeM 3HeprHH 

X. M. JJ,Mt<aMn et al. 

~eJJhIO nporpaMMLI SNAP KA3 CillA HBJU1er

c11 paapa6orKa BCllOMoraTeJU,HMX KOMIIaKTHLIX 

IJCTO'IHHKOB :meprHII .AfIHTe.liltHOro l(eikrBJUI C HC

Il0Jll,30B8HHeM a,a.epuoro peaxTOpa KOCMH11ecRoro 
Ha3Ha•u~u1rn. flporpaM.Ma BKJJJO'laer ·paapa6on,y 
peaKTOpHLIX 3nepreT1'1'1eCKHX CBCTeM RaK C Heuo

cpe~CTBeHHbIM, T3K If C ;rJ;HII3MH'leCRHM npeo6pa-

30B3BHeM aHeprBH B HHTepBaJie OT ~eCROJlbl(HX 

BaTT JI.O MHJmBoHa BaTT. HcnOJib30B3HHe T3KHX 
YCT3HOBOR B KOCMB'leCJWM: npocrpaHCTBe HMeeT 

pa;:\ cnef\Hq>u11ecKux oco6euuocreii, uanpuMep: ne
perpya«H rrpu aanycKe, swcoKnii B3KYYM, neseco
MoCTb, copoc Temra HaJiy'l'eHHeM, MHKpoitereopn
TLJ, MHHHM3JlbHMU nee, na~emHaR pa6ora, cpoR 

c..1ym6u H 6eaonacuocr1,. Peam·opm.ru »cTo'lllH.K 
rem1a H Bw6paHHaH cucreMa rrpeo6paaonamrn 

~OJiil(HLI y,1J;oBJ1eTBopHTh aTHM Tpe6oBaHHHM c 

TO'IKH apeHHJI ROHCTpYKI\HII H rrpHrO}\HOCTH ,!(JUI 

IIOJiera fl COBM:8CTHMOCTH C /\PYfHMU 6opTOBblMH 

ycrpoiicTBaM:u. 
Ba»moii Ha'IaJll,HOH aaAa11eii nporpaMMLI SNAP 

HBJIHeTCH paapa6orRa H ucmuaaue repMoaneK
rpHcrec1mii: cucre&n,1 SNAP-fOA :meKTpu1Jec.1wir 
)fQll(flOCTLl() 500 er. Y«aaaHHaR CHCTeMa BKJIIOI.Ja~ 

CT peaKTOp BeCollf f i 4 ISZ C roMoreHlJOff 3KTlfBJlOir 

:JOHOii, COCTOJnqeii H3 llOJIHOCTblO o6orall\8BHOf0 
U235 C 33M8;\JIHTOJI8M H3 rH,IJ;pU~a q»pl<OBHH ( OT

HOIIIeHHe BOAOPO,IJ;a I( ypaey 4 : 50) H H3 TOHKoro 
( 5, 1 CM) 6epaJIJI1t:eBoro KOJibqeeoro o'tpamaremt. 
PeryJI0poeauue peaRTopa ocyll\ecrBJIBercn nyreM 
11aMeuemu1 reoMeTp1t:u orpamare.1111. IlocJie nyci.a 
peaKropa perynnpoBaune ero ea op61ne oc~e
CTBJ1J18TCH aBTOM3TH'leCKH B Te<JeHIJe BCero aep.lfO

,:ca pa6oTbl 6.narop,apll HaJlH'IHIO 0Tpm-'aTeJll,H0r0 
Teimeparypnoro HO:)q,4>n~Henra peaKT»BBOCTH
Ten.110BaB MOII\HOCTh peaKropa 35 ~ttT nepe)laerc.11 

B TepMO:>JICKTPM'leC1mii npeo6paaoBaTeJlb C 1)()

MOIULIO rerrJIOHOCRTeJJJl Ha COJJaea H3Tpl1H H Ramm 
(NaK-78), IJ.HPKYJIHpytoll\ero B Koerype. TeMne
parypa TCtlJIOHOCHTe.JI.11 ea BLJXOAC H3 peaKTOpa 
540° C. Mo~aocr1, ea npoKa•rny (6,5 6T) o6ecne
'IHBaeTcH ;meKTpOMarJIHTHblM uacocoM llOCTOHJl
HOro roKa. Hacoc rrnraerc,r oT TepMoa.11eKTPH'lec

Ko11 oaTapeH, pacnoJlomemwji aa ero xopuyce. 
TepMoa»eICTpn'leCICJJii npeo6pa3ouaTeJII, cocTo

HT H3 1440 nap TepM03JleMeHTOB, c,neJiaBHLIX )13 
cnnana HpeMJnrn n repMaHHH (z = 0,65 · 10 - C). 
TepM03.JieMeHTl,l coe.D,UHJIIOTCJI B u;enb IlOCJieAOBa

TC.JlbHO u napanneJJhHO. C npeo6paaouareJ1J1 cua-
11rnercJI nOCTOJIHHblU TOK MOfi\HOCTblO 500 6T, na
npnmenneM 28 6. 

fop1111ne cnae _ TepMOII!P• pa60Ta10~ne npn 
cpe)J.Beii reMIIepaType 510 C, 3Jl8KTpn11eCKH H30-
JIHPOB3Hl,I. K xoJIO)J.HLIM cnaHM TepMo3JteMeHTa 
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np11sq>enJ1eHL1 1440 OTAeJILHblX amouuunein.ix. 
H3JJ)'11aJOUVIX rutaCTH!IOI(. Tino~a,1E, nosepXHOCT;l 

R3Jlf11H>~Bx nnacTHR pauua 5,8 M2, a cpe,!'.\H.Rfl 
Te1mepaeype c6poca Tenna 325° C. IToJJmJu Bee 
CBC_!eMLl SNAP-10A 430 KZ, BKJJJ0<1a11 aam;»T..
HYn 3Rpau BecoM 98xt H3 rHJJ,pu.na JIHTH11 (LiH). 
3Rpaa npe~uaimnaeTen ~Jiff caumeHnR Jl.03hl o6-
11Y'leBHII nOJ1e:moro rpyaa ;i.o 1.013 HeuTp/cM2 n 
1018 paa/zoiJ. 8KpaH HMeeT llO'ITK ~OHH'leCKYlO 

4>op:wy ;,.naHeTpoM 1,5M K BLIC0T0ii 3,65 M. PeaK
Top Ba:tO~JITCR B Bepxaeii '18CTH i.onyca, a TepMo
:>.JJeKTpu'leCKHH npeo6pa30BaTeJJL " H3JJytiaTeJJb 
paeno.'lomenlJ ea euewueii noBepxuocTu Kmiyca. 
Bc11 ODRCaBB8H annapaTypa B H8CTOR~ee BpeMR 
HaXO;J;HTCR~ B CT8;J;HK 38KJJIO'IHTeJJbllblX uaaeMHLrX 

IICOLITaJlJUI H DO;J.fOTOBKII K noJJeTy. 
Ilepawe HCCJll\J.oBaHKH, CBJl3aHuwe c B03Mom

m,n,1 npBMeHCHfteM Sl;J.CpHOH aHeprmt B KOCMoee 

uLIJIH Ha1taTU B 1953 rony. ltcxo;i,R Ha oGll.\ero' 
ypoBIIR 3R8HHii B ou..iaCTH peaKTopa H MaTepn

anoe. a 1955 ro;zy 6w.n BblOpau peaKTOp c fllAPll;l.
ffLI)( aaKc,VIHTeJJeM 6naro;i;ap11 ero ue6oJJLlllo1t1y 

eecy II cnoco6nocTH 06ecne<1 HTb Tpe6yeM1.1e TeM
nepaTypu1.1e napurerpw. Paaaun1e pauo-r no npo
rpaMMe SNAP c H&11ana 1957 roii.a nonrno 60.nee 

OLICTpLIMH TeMnaMH, n s OKTR6pe 1957 ro;i;a 61,rna 
coopymena KPHTH'lecKaH t6opKa, TIO;J.TBep)l.HBWllff 

npaett.:n,HOCTb BL16paHHOH KOHCTPYKl\HK peaKTO

pa. B nepeona'faJthHOM npoeKTe cHCTeMLl SNAP 
,VIB npeo6paaoeaHHR aueprHII HCfiOJ1h30BllJlC.FI 

PTYTHLlit URK-"I Pemrnna. UenbJO nporpaMMbl 
SNAP 6wno ycoeepme11cT.eoea1rne KaK peaKTopa, 
TaK H spaiua1011.lnxc11 y3Jloe cncTeMLI, 1wTopaa 
lt0JBOJJHJJa 61,1 HCUOJIL30B3Tb Bee npeHMYJJ.\eCTBa 
PTYTH0rvo Q.HKJJ8 PeHKlfH8. B C00TBCTCTBHH C npo
rpaMM.0)1 coa;,,aHo ;,,Ba :)KCnep»1,rnuran1,n1,1x. peaK
To~a 1ennosor, MoUJ.HOCTLlO 50 ,;er n Te,.mepaTY
pon Ha BYXO;J.e 650° C, Heouxo;i.RMoii ;lJlR pTytHoii. 
CHCTeMLI C Q.,HK.'IOM Pe1tKJ1Ha 3Jlel<TpH'lecKo.i MOU\· 
HOCTJ>JO 5 1'8T. TpeTRii 'peaKTOp TeDJJOBOit .PofO~
HOCThlO 450 1'6T pa6oTaeT B H3CTOH~ee BpeMH C 
Tewnepnypoii na ehlxo;:ie 705° C, neo6xo;:iuMof1 
;J.:JH cncTeMhl c ~nK.10M PeHinJHa a:ieHTp111rncKoii 
HOIQHOCTl,IO 351'6T (3.'I,). 

A/218 Estados Unldos de Am,rita 

Unldades de reactores con conversion di re eta 

por H. M. Dieckamp et aJ. 

El objetivo del SNAP (programa de sistemas para 
reactores nucleares de potencia auxiliares) de la 
Comisi6n de Energia At6mica de los Estados Unidos 
es hacer fuentes energeticas compactas, de potencia 
elevada y de gran duraci6n, que puedan utilizarse en el 
espacio mediante el empleo de unidades termicas 
nucleares. El programa abarca unidades impulsadas 
por reactores con conversion de energia, tanto directa 
como dinamica, en la zona de en~rgia electrica desde 
el subkilovatio hasta el megavatio. Los objetivos 
especlfi.cos en el uso del espacio, es decir, violencia 

del lanzamiento, vacio elevado gravedad cero, 
disipaci6n del calor de radiacion.' micrometeoritos 
!'eso minima, confiabilidad, vida 

1

larga y seguridad 
1mpo~en condiciones muy severas al disefio, desarrollo, 
capac1dad de vuelo e integracion de las demandas 
de la unidad termica del reactor y del concepto de 
conversion de energia. 

Uno de los principales objetivos iniciales de! pro
grama SNAP es el desarrollo y presentaci6n de! 
sistema termoelectrico de 500 W, SNAP IOA. Este 
sistema em plea un reactor de 250 lb (I 14 kg) que 
tiene un nucleo homogeneo de uranio-235 totalmente 
enriquecido, moderador de hidruro de circonio 
(H/U = SO)· y un anillo reflector de berilio de 2 
pulgadas (5,1 cm) de espesor con posibilidad de 
variar la geometria del mismo para el control de! 
reactor. Despues de la puesta en 6rbita, el reactor es 
esencialmente autocontrolado durante su periodo por 
su coeficiente negative de temperatura de reactividad. 
La potencia del reactor, de 35 kW(t) a una temperatura 
de salida de I 000 °F (540 °C), es acoplada al con
vertidor termoelectrico rnediante un intercambiador 
de calor de NaK-78. La potencia para bombeo 
(6,5 W) es suministrada por una bomba electro
magnetica de corriente continua accionada por un 
par tennoelectrico. El convertidor termoelectrico 
consta de 1 440 pares de aleacion de . Si-Ge con un 
aditivo (Z = 0,65 x 10-a 0c-1) que estan conectados 
electricamente en un circuito serie-paralelo para 
suministrar 500 W a una tension continua de 28 V. 

Las soldaduras calientes de los pares tennoelectricos 
estan aisladas electricarnente. pero no tennicamente, 
de los tubas que contienen el refrigerante NaK-78 
a una temperatura media de unos 950 °F (510 °C). 
La soldadura fria de los pares terrnoelectricos esta 
fonnada por 1 440 laminillas disipadoras individuales 
de aluminio. La disipaci6n de calor al espacio desde 
los 62,5 pies cuadrados (5,8 mZ) de superficie disipa
dora total de estas laminiUas mantiene a las solda
duras frlas a una temperatura media de 615 °F 
(325 °C). El sistema SNAP IOA completo pesa 
950 lb (430 kg) en donde estan incluidas las 215 lb 
(98 kg) del blindaje sombreador de hidruro de litio 
para disminuir la dosis de radiaci6n en la superficie 
de separacion de la carga util a menos de 101

3 
nvt Y 

108 rad por ano. El sistema es practicamente conico, 
de 5 pies (1,5 m) de diametro por 12 pies (3,65 m) 
de altura, con el reactor en el vertice y el disipador 
inherente al convertidor termoelectrico situado en 
la superftcie ex.terior del cono. El programa esta en 
las etapas finales de presentaci6n en tierra y habili-

taci6n antes del vuelo. 
Los estudios iniciales de disenos basicos para 

energia nuclear espacial empezaron en 1953. La idea 
del SNAP de reactor de hidruro se eligi6 sabre la 
base de peso minimo, capacidad para soportar tem
peratura y estado de los conocimientos sobre reactores 
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Y materiales. El programa empez6 su fase de desarroUo 
a prindpios de 1957 yen octubre de ese atio se realiza-

. ron comprobaciones del concepto con un conjunto 
critico. La idea inicial del sistema del SNAP utiliza 
un ciclo de Rankine de mercurio para conversion 
de energia. Un objetivo subsiguiente del programa 
SNAP es desarrollar la tecnologia del reactor y del 
mecanismo rotatorio necesaria para mejorar el ' 
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rendimiento de sistemas con ciclo de Rankine de 
mercurio. Hasta la fecha, y dentro del programa, han 
funcionado dos reactores experimentales a 50 kW(t) 
y 1 200 °F (650 °C), requisitos necesarios para un 
sistema de 5 kW electricos con cido de Rankine 
de mercuric, y un tercer reactor esta funcionando 
a 450 kW(t) y 1 300 °F (705 °C), requerimientos 
necesarios para un sistema de 35 kW(e). 
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TepM03neKTPM"leCKMe reHepaTOpb1 c M30TOnHblM 
MCTO"IHMKOM Tenna 

A. H. BopOHHH, M. r. raepAqHTeAH, P. 3. rpMH6epr, 

IO. A. ry6aHOB, B. A. )KapKOB, B. CS>. >KyKOB, B. K. Koswp3HH, 

B. M. KoAIOKOB, H. n. KopoTKOB, P. SI. Ky'iepoe, C. n. AaAWKMH, 

A. M. Par03MHCKKM, r. M.. Cl>paAKMH, 6. A. WHHAepoa, c. SI. 3pMOH * 

3a nOCJieAHRe r0ALI 6om .. moe BBUMamrn y11,e
J1HeTCH C03)1;8HDI0 M8JI0M0JIVILIX aBT0H0MHblX 

BCTO'IHBKOB aJle1np1111eeKoi1 aeeprnH na 0CH0B8 
p~uoaKTUBHLn:: D30TODOB, TaKHe HCTO'IBIIKH Ha
::S.O;J,RT np1n1euenee µ,nn mnanHR npn6opoB n an
napazypw:, pa6oraJOm,ux B TPYAH0A0Crynehlx n 
Beo6eJlymH.B8eM.hlX YCJIOBUHX, llOCl<OJU,KY onn 
cnoco6m.i pa6oraTL 6ea no.a;:1apR.a;1<H a Teqeene 
J{JIBTem,Boro »peMenn. 

B eacTOff~CM JJ;OKJia.a;e 1IpHB0A.RTCII OllllC8HDJI 
ABYX repM03Jie1npu<1ec1rnx reneparopoe c H30Ton
HLIMlt BCTOtJBnKaMH ren.:xa, paapa6oraeaux B Co
setcHOM Co103e, B KatJecTBe ncroqnnKa remia 

B nepaoii yctaBOBKe npnMeHHJICR an1,4'a-aKTHB
lll,lU llOJIOBnii-210, BO BTopoir - 6eTa-aKTDBBLIU 
nepnii-144. 

H3OTOnHbl~ HCTOYHHK TOKA 
HA nonoHHH-210 

3a noCJie,IJ;une necK0JILK0 neT a m1teparype 
II0HBlL.'IRCL onucamrn MHOro1mCJ1eHHLIX l{OHCTpyJ{
nni1 ane1<Tpore11eparopoe M0JIVI0CThlO 1-100 em, 
OCHOBaBm,ix Ra UCilOJlb30Bamnt paµ,noaKTilBRLIX 
D30T0D0B. B l\a<!CCTBe TepM03JieKTpu11ecKoro cmia
»a 06H11no ucno.:n,ay10Tca ceJ1eHH~H nm1 TeJmy

pn.zv.r CBJIBQa, 06Jiap;aIOII\J1C uan6onLmHM cpe,IJ;H 
ll3BCClBblX M:nepna.'IOB 3ga<ie1rneM µ,o6poTROCTl{. 

O~11a1<0 ,no6pOTHOCTb He HBJIHCTCH e;:i;mlCTBeHHUM 

noKa3are:ieM, xa pa1:nepnay:iom,nM npnro,o.11ocTh Tep
Mo:meKTpn1Jcc1wro MaTepm.rna. Ilepexo~ K BLICOK0-
TeMnepazypnuM cnnanaM, xoTH n Mem,meii ;JJ.OO

poTuocTn, no3eoJI11eT, coxpamrn K. II. JI.. aa c11eT 
YBCJilltJCHIIH paJHOCTlt TeMIIepaTyp rop.sl'lero n 

XO.'IO)];HOfO JiOHQOB TepM03JieMCHTOB, DOBblCltTh 

reMnepaTypy ua.:iytJaTC:I.fl n reM caMUM yJiy-qmnn, 
neconue xapaKTepncTllKH np116opa. 

Bi.mo H3fOTOBJICBO uec1WJILKO Tep:r.torenepaTO

pOB C aaqa.lJbllOii 3.'leXTpll'ICCIWH MOII\HOCTbIO AO 

• <IlH3li'IKO-Tel.H!AeCKnii:. llHCTHTYT, IIHCTBTYT pa~a
nuomJOii: TeXBHltll rocy,11apcTeeHHOfO KOIOITeTa 110 JICilOJJh-

30B3HBIO aTOWHOU a11eprun Ct:CP. 

10 om C O;J,HOTHDRhlM TepMOaJieXTPH'leCI<HM 11pe-
06paaoeaTeJieM, OT:Ul"JaBllIHXC1l R0pnycoM-B3.lIY
'l:aTeJteM It crroco6oM npnmaTnH Tep1,m6aTapeii 
K rop.1111eii: noeepXHOCTH. Ha naroTOBJieHHLIX 06-
pa3~ax C IlOMOIU,hlO aJieKTpHtf.eCKOro lIMBTaTopa 
naoronHoro ncro'lmrna renna 6hlJJH onpe.n;eneHW 
pecypc yc1au01mn, aneKTpRqec1rne napnrnrpLI :o 
pacnpe,II,eJieHne reMnepaTyp no yaJiaM ycraeoBRB. 

Bbl6OP OCHOBHblX nAPAMETPOB 
YCTAHOBKJ.-1 

IlpeJJ,BapHTCJlbHOC paccMOTpemie pa3llll'IHiU Ba
pnaHTOB K0IJCTPYKQHH ycTaRODKH II0KaJaJI0, 'ITO 
Han60J1ee npOCTOll B naroTOBJleBHH npn ]J;OCTaT0'4B0 
M8JILlX ll0TepHX Tenna JIBJI.HeTCH KOHCTpyR~HJJ, 
B KOTOpOH IIJI0CKaH aMnyJia aam:nMaeTCH MeaQJ;Y 
ropwrnMII CTOpOH8MH )l;BYX TepMo6arapeii, XOJI0~
Hhle JWHIJ,hl KOTOphlx ym1pa10TCH B RopnyC-H3JJy
'13T0JIL. 

Ho rexeoJ10rn:11ecliHM coo6pamemun.1 awyJJa 
6i.wa naroronJiena e cfiopr.10 np11Moyro.11i.eoro 
na pa;xJieJiemme;:i;a paaMepoM 60 X 60 X 13 ~- Tex
HoJiornJI naroTOBJieHirn n ycnomrn :mcmryaTaQBH 
ycraHOBKH HaKJJ8AhlBaJOT pH,o; orpaen'IeHni't Ba 
BOJMOmaue auaqennn ee napaMeTpoB. B 1JacT-
11ocTH. ,ll;JIJI. o6eCD81J0HUJI npOqHOCTH aMnynu B 

ycJioBirnx BhlCOl(OfO A8BJICHH'1 (,n;o 200 am.M ), C03,All

BaeMOro remreM, oopaayJOm;HMCH npn pa,n;1rnaKTnB
no111 pacna.u.e, TeMnepaTypa ce noBepxHOCTH ,n;o.rr;J{
na 6LlTb ue Bhlme 850° C. TeMnepaTypa Kopnyca
naJiyqaTeJIJI orpaHH'IHBaCTCH TepMOCTOHIWCTblO 

pcaneu, nc11om.3yeMOH ,n;JI.n BaKyyMHoro ynJio~ae
HH!l ycranoBirn, n ee ll,omima npeeumaTL 250 C, 

,Ll;JIHHa IJO.i'IyIIpOBO)J;HHKOBOJI qaCTH TepM03JIC

MeRTOB l 6lilJia Bhl6paHa paeHOII 3 c.;,i na TeX coo6-
pameHHH, •JTO IIpH MCHbIDCli nx ;:i;mme reHepn

pyeMaH aJie1<Tpn11ecKa» Mom.11ocTI> cemHaeTCfl na-aa 
B03p8CT8lIH11 )J,0JIH 3.llCI(TpoconpoTHBJlCHHJ:{ KOM

MyTa~nn n o6m,eM corrpoTHBJlemm TepMo6arapen 
U )];O.i'Ifl conpoTllBJieHirn 3JieHTpOH30JIHI~llOBHlilX 

miacnrn B TCilJ10BOM conponrnJieHHII TepM0CT0Jl-
6nKOB. C µ;pyroii cTopoHW:, yeemiqeene ,n;JIHHLI l 
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BWtle 3 c.- ynemAnnaex Bee ycTaaoBNlI npn ueaua-
1J1ITC.1I.LH0~ ynyqmeHHll ee aJieRTplP!:eCKlIX xapaK
TepHCTH«. IlpnMeHnBmHiicJI n ycnaoBKe KpeMnnii
rep.l{aaueBLni cnnan HMen n mrrepaaJie TeMIIepa-

~p 3~~800° C, cpe,rraioro ,11.06po1nocn, z = 
- 4 · 1.Q 1hpaiJ II Roa,p,J>nn:neHT remzonpono](
HOCTB X = 1,5 • 1Q-2 1'a.t/C-'t,ce,c.2pa!J. 

nyro RpLim11y Kopnyca aana.11KL1 ,i;sa MeTaJIJnPie
cKnx aJieRTPOAa c RepaM]fqecRoii: uao,11J1queii. Tipo
<pHJIL M0ABOii RpLimRe:-glJlalll\a D0,!\06pan TaRlUI 
o6paaoM, 'ITO aa ClJeT 'A0c}>OpMaQBH RP.hlmKH BOa
MOffiHO nepeMem;eHHe ee ~OJflJOH 'laCTH no OTHO
meunro H 4mann;y na 2-3 .&Je. repMeTH"Inocr:r. 
coe;I;IfHennH Kpblmlm H II.HJIHBp;pa o6ecne•rnBaercR 
YlIJIOTHHTeJU,Hl:JM lWJILI{OM IL'l TCpMOCTOUKOO: _pe-
3HHW. · 

Ilpoae,11.enm.ze pac'Ieru noJBOJIHJI.U Bb16paTL oc
!:BHYe napaMerpu: ycrauomm, a TaIOKe o~eHHTI> 

'teMUepa1ypm,1e xapaKTepncTHKH JI K, n. Ji;. 
lioJiyqeam,ie peaym,TaTI,i( npnBeAeBH n Ta6JI. 1. 

ff opuyca yc1aa-0Box J'-.~ 6 u 7 Blil:DOJIHelD,I qeJI:e:
KOM Ha ~IOpamoMHHHJI, 'ITO YB0;Jl:H'IWIO meCTKOCTL 
Kopnyca, IIO3BO;JJ:HJIO YCB.IIIIT!, npDlliHM TCpMo6a- -
Tapeii K aMTiy.ne H30TOIIHOro HCTOlJHBRa TenJia H 

Ta(;11H4a 1 
TenJJOBOe conpOTHB.'leBHe H80JIJI

IUIB, epaiJ • cer.:/-ita.11,. , •• , •••• 
Teil.lIOBO:ii: DOTOJ( 'lepea H30JlRCµuo 

6m. ' 
Hnan~na~. ~~,"I~~a·11 · . r.;o~~c~~ 

n 8MDyJJI.l, 9,n , . . • • . , . • , . • 
onepxnocri, B3JJy1IaTe.,H, c-+i' .• 

'IHCJIO TepM0SlleMeHTOB (»3 paC1JeT8 
Hanpsmemt11 11a BBenme-A ua-

Ce
rpyaKe 1,8 s) ..........•. 
'leHHe TCpM0CT0JJ6lrna c..K2 

Te1mepacypa ropinero 'cna11, -.(·: · 
TeMneparypa xorroABoro cna11 ·c 
R. n. '3· TepMoreHepaTOpa, o;o' 
Ilonmu x. n. ](. ycra.110nR«, 0/0 

12 

49 

320 
900 

32 
0,8 

760-775 
300--3.30 
3,5-3,9 

3-3,3 

5aTapeR TepMosneMeHTOB 

Hpe:.rnnii-rep)tauuenun CUJiaB 6L1JI BHopaH 
B Ra'lecT.ae TepMos.n:eRrpITTecKoro MarepnaJCa npe
o6paaoBarena B cHJiy Toro, 'ITO 011 o6Jia,a;aer cJie
JzylO~HMIJ UOJIOmHT0JlhlU,IMJI CBOHCTBa:r.rn: a) Bbl
COico.n: palfoqe:ii TeMnepaTy poii (CBhlIDe 1()00"' C)· 
6) Bll3Koii ynpyrocTLro napon npu T = 1000°C; 
fl) XOpOlIIHMH llpO'lHOCTHLIMB CBORCTB3Mll; 2) yCTOH
'IHBOCTJ:.IO TepMO3Jl0l{TJHfll0CKllX CBOHCTB K paµ;no
aKTB:UHOMy B!3JJY'J.eHlllO; {)) M3Jll,lM y,n:eJII.HLlM De
cou. Ra»tAaH GaTapeJJ TepMoreuepaTopa cocTODT · 
lla 16 nocJie,n;oBate.in,no coe,1r1rnennL1x TepM03.ile
ltleBToe (8 - TepM03JieMeHTOB p-Tnna H 8 - n 
Tlma), yKpenJieHHWX BHHTaMH Me;«p;y P:BYMH 

lleTa.n:Jilf'IeCKIIMH IIJIHTa:r.rn. IlJIHTa ropff'leii CTOpo-
Hl,l BUIIOJlHeHa .113 yrJiepoµ;HCTOH CTam1, KpenJIJqHe 
BJmTw Ba M.OJinGAeHa; IlJIHTa xoJIOAIJOB c1opoH1>1 
TepMo6aTapeH a Rpemrn:~He BHHTJ,l BhlilO.IIHeHbl 

B3 MC)'\H. TepMOalleMeHThl, yKpeIIJieHHlrrn BHH

Ta:r.111 M0»<AY CTaJILHOH H Me;n;noii IIJIRTaMn, coe;n;n:
BJIIOTCJI Me:mAy co6oa nyTeM ROBTaKTHOH CBapRB 
IIOJIB6,Ae110BL1X BLIBO,I{OB T0pMOaJieMeHTOB 11epea 

BlIKM:eBylO qioJILry TOJJIItRHOH 0,02 .M.K. 

06e 6napen YC'l"BHOBXll coe,n:HlIJIIOTCH noCJie,I{O
BaTeJU,Ho, na ycTanonKe M 5 Taxoe coe,ll;»Henne 
ocy~eCTBJleHo Me!l;HI.ZM KOHT8f<TOM B 1<epa~m11ec1wii: 
lfaOJIJJII,Irn, Ha ycTaHOIIKax ,;'\& 6 n 7, B Ra1teCTBe 

COeAHHHTeJILHOro npOBO~HHKa HCIIOJJL30BaH ROp
nyc yc1anoB1rn. 

HOPnYC-H3JlY4ATEnb YCTAHOBKH 

Kopnyc-mmyqaTeJIL ycTaHOBRH .M 5 BWIOJIHell 
Ba J:lIOpaJitoMBHUJI B BH)\e ~UJIHH,I{pa C ,J.lHHD\eM, 

cna6meHHYM Q).lJann:eM ,J.lJUI llaKyyMBOil-10THOro 
coeJ1;1memrn e MeAHOii irp1,1mKo.li xopnyca. B Me;q-

P11c. 1. 015UJ,HH BHA reHepaTopa Ha n0l!0HHH-210 

CHR3HJIO Bee ycTaHOBKH. Ilpnm.HM repM06aTapeii 
R aMnyJie B30TOllHOro HCTOqBHKa Tenn:a Ba ycra
llOBKe ~ 6 06ecne1JJ1BaJJCJI Tapen::r.'l:aTLlJ,fH CTa.111>
IUtlMR npymmi:aMH, Ha;\eBaeMbIMH Ha 00.Trbl, CTR· 
rHBaIOIIVl0 o6e DOJIOBRHKll Kopnyca, ,l(;,rn: coa.a;a• 
mrn xopomero TenJIOBoro ROBT&KTa Me~y :urn• 

, MeUTaMH ycTaHOBirn .M 7 o6e DOJIOBBBbl Ropnyca 
cmrurn10Tc11 cTpy6Q1rnoii, aaKpemrne:r.1oii sa tf>JiaB• 
~ax. Hummui .11acTL Kopnyca nMee'l' pe6pa mecT
ROCTH. . Bepxmrn 'IBCTb i.opnyca H3fOTOBnena 
TaRHM o6paaoM, 1110 .n;onyc.KaeTCH nporn6 ,J.lBa no 
omoruenmo :K 4>.'lallll:y .Q»Jinn,qpa na 2 M.M. Rop-
uyca ycraHOBOK cua6mem.:r OTBepcrneM Ji;JJH sa• 
llOJIHeJilrn BHyTpeH:aero 06-wMa TellJIOll30JIJID;HOH• 
HOU aac1,nrno:ii MapKK ~nepJIBT» H 11.JIR y11,aneHHR 
B03;\yxa H3 o6'beM:a ycraROllKK. J],JIJI ll0BLJmeHHR 
Ko:,qi<fi11qHellTa qepIIOTbl Kopnyc ycTalIOBKII DOKpLlT 
TOHKHM CJIOeM TepMOCTOHKOii KpacRn C K03!f,q>R

~R0BTOM 'lepuOTbl E=0,85. 06~ii BlJA ycTaHOBKR 
.M 7 noKaaau na pnc. 1. 
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PecypcHbl8 McmuaHHR reHepaTopa 
C sneKTpM~8CKMM MMHTaTOpOM 

P/318 

8neKTpMec.KBi iu&HTaTop naoTonnoro HCTO'l
BJIJ(a TeDJia DpeACT8BJIJl0T co6oii rpa-iiBTOBLIH 
MOK paaMepou: 60X60X13 MM c J,IOJIH6AeHOBOH 
cnapaJILI'.>. Mo~ocn uarpeeuenH onpeAeJiaJiacL 
D)'T8H DOAKJIJO'l8HIUI B 1(8DL uarpeB&T8JIJI B8TT

H8Tpa nepeMesnoro TOKa. llcmuaHDR DOK83RJIH 

1 

\200 Q,8m 
PMC. 2. 3ne1npt1'18CKaff MOU4HOCTb H K. n. A, yCTaHOBKH 

a paanM'IHwx rennoawx pe>KHMax 

CT86Hm,HOCTL CBOUCTB 3TBX YCT8HOBOK B pa6011eM 
pemnMe a re11eune 1000 "· Pe3yJU,TaTH ncnwrannu: 
ycTauoeoK .M 5, 6 n 7 npeACTasJieB1,1 e ra6JI. 2. 
Ha Tep11oreaepaTope .M 6 c HMBTaropoH H30-
TOnuoro HCTO'IHBKa 'Tenna onpeJJ;en11nnc1, ram«e 
K. n. ;:t. H aneKTpnqecKaH MOII\IIOCTL npn pa6ore 
B paaJIB'IHLIX renJIOBLix pemu11ax. Peaym,rarLI 
HCDUTaBHH npeJJ;CT8BJl0HLI Ha pnc. 2. 

H30TOnHbllll HCT04HHK TEnJlA 

llaoronBLiii ncTO'IHHK Tlmna npe~cTaBnJIJI co-
6oii np1nmyrom,n1.1il napanJienenH11ep; ua Hepma
oeIOm;eii CTaJilf C IIJITLIO KaMepaMB ));Jiff paaMem;e
HlJH aMnyJI c noJionneM-210. lla npo1InocTHlilX 
coo6pamenuii: HHKeJieBaH 3MIIYJI3 C IIOJIOHHeM-210 
(1000-2000 1.NJpu) noCJie,noBareJI1,HO nmrnm;aJiac1, 
B 'ABa ~HJIHD,ll;pa H3 Hepmaeerom;eft CT8JIH. nu
JIBHJ:tpl,I cna6m:enu npo6i<aMB ua pea:r.6e. B 11po
I\ecce c6opKH npo6KH IJ,IIJ11IffAPOB aaBapBBa
JIHCL. 06m;nii BRA H30TOUHOro HCTO'IJIHKa 'J'eIIJia 

A.H. BOPOHHH n al. 

H ero JX,eran:eii noKaaaa na pne. 3. Temrnnaa 
MOII\BOCTL DCTO'IJ:Hlrna onpe,11;eJIHJiaCb RanopHMe
TpH'!eCKH. 

PHC. 3. AMnyna H30TOnHoro HC'TO'lHMKa renna Mee 
A9TanH 

HCn~TAHHHTEPMOanEHTPH4ECKOrO 
rEHEPATOPA C H30TOnHblM 

HCT04HHHQM TEnJlA 

Ha ucnuTaHBH 61,1n: nocraBJieH reaeparop .M 7, 
CoopKa repMoreReparopa c 11aoron11H~ ncTo'IHB_: 
ROM TenJia Ha DOJIOHHH-210 c naqaJII.HOH TellJIOBOB 
MOIIJ,KOCTLIO 244 em npop;omKaJiaCb B T0'10HH8 

UV,a 
3 

2,9 
2,8 
2,7 
2,6 
2~ 
2,4 
2,3 
2,2 
2,1 

2 
1,9 
1,8 
t7 
1,6 
1.~ 
14 
,'.3 
1,2 
1, f 
1 

0,9 
OfJ 
o, 
0,6 
OJ> 
0,4 
0, 

7 

3 

.R, 
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'·''" ~,,.._ 
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' ' 
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0, 1 

0 

~..P:•111:--Ru• rpy~~ OTbl 
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PHc. 4. BonbT-aMnepHble xapaKT8PHCTHKH 
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.,11,'i n ·u 

1 

2 

3 

4 

5 

6 

7 
8 
9 

10 
11 

12 

M11/n 

1 
2 
3 
4 
5 
6 

7 

8 

-------
T al:S11H l\a 2 

HOMt'Jl SCTaHOBl(ll 
Ilara1.1n1•h1 

:; fl 

PaaMephl, .u.u: 

BHCOT,l 128 126 ,tHaMeTp 195 196 
Bl'c (oca aMny;n,1 It30T0!IH0f0 HCT0'llllfHa Tcmrn), ~·i 3,1 2,7 
Ten.1011an M0U(H0cTl, HM.11:Taropa Q, am: 

a'IUllfBa.'ll'!IT TCll:!Onoii: AWIJJ,llOCTH H30T0JIH0I"0 HCT0'IKJll(a 320 320 
Ha Po"'" aKTlfBH0CTl,IO 10 000 i·1op1t 

3KBkBa:tcuT Ten;ionoii M0JI\H0CTH lI30'tOIIR0f0 HC'tO'IHHKa 205 205 
H K0lni.y tpenero Mecnua e.1yffi6hl 

3.,('J(T(lll'ICCKa n M0IJJ,II0CTb yc.raH0flKIJ, em: 

npn Q=320 om 10.15 J0,9 
upu Q=205 11m 4;35 4,67 

K. n. Jt, npJJ Q = 320 om, '•/,.: 
TCpM03.:Je1'Tpn•1ec1O1ii 3,75 4 
noaq,<f>H1.tncnT tem1011oro 11c110.:u,aoea111rn: 85 85 
o5m;uii . 3,t8 3,4f 

I~. n. 1\. npn Q = 205 em, °!,J: 
-repMo3JICl(TpHtieCJUIH . 2,5 2,7 
k03qJ~•Hll,UCllT Tcm1011oro Hcn0.:Jb30BalHlll 85 85 
061JJ,nii 2,:14 2,29 

3. /l.. c. npn Q=320 em, a 3,9 3,6 
3. /l.. c. npn Q = 205 am, o 2,42 2,24 
Mal{CJU.t:a."IJ,Hafl T(>M0C!paTypa ropg11eii JJ;IJJTJ,l (>,'IO.Ka TepMo- 861 840 

3:I(>MCIIT0B npH Q = 320 am, 'C 
l\.fa.1rcmraJH,Han: rnirnepa1ypa na.11:rraTe.r1a npH Q = 320 «m, ·c 2-U 250 
MaRcm.iaJJLHa11 teMneparySa roptttJeii: mrn:11,1 6.-toKa .TepMo- 670 650 

3JleMCBT08 npB Q= 2{J em, 'C . 
l\la~cm.ram,HaH TeMuepatypa HJllY'laTe;Jff npH Q 205 11m, ·c 190 t96 

Tal'l111-1qa 3· 

llpeM~ pa!iOThl, ., 

ITapaM4.'1'phl 

TeUJIOBaH MOII(IIOCTJ, ll30TOOIIOfO HCTO'JHJrna Tenna, 6/n 
3. )l. c., e 
HanpnmeHne ua uarpyaKe 0.34 o..tt, 11 

Duxo;~li&II .9.'ICKTPif'lecKafl M0fi\HOCT&, 11m 
H. n. )I. ycta110BKH, °lo 
TelolnepaTypa ropwmx n.1nt TepMo6aTapei1 npn paoote Jta 

earpyaity o,34 o.u, ·c 
TeMnepatypa 1mp11yca-H:i.1yqarl',m, •c. 

AHTBBIIOCTI, naoTonuoro JlCTO'IH.l'IKa 110 110:lOHJfJ0-210, Kl<>pll 

244 
2,85 
1,4 
5,8 
2 36 

759' 
746 
230 
216 

7700 

1000 

200 
2,3 
114 
:1)9 
1,91 

63.'i · 
542 
202 
190 

6300 

uoo 

185 
. 209 
t'.04 
3;24 
i,75 

600 
503 
!!}2 
178 

5320 

7 

i10 
t90 

2,8 

320 

205 

9,65 
4,15 

3,56 
85 
3,02 

2,38 
85 
2,02 

3,8 
2,36 

817 

240 
633 

195 

2000 

163 
1,88 
0,92 
2,52 
1.55 

545 
440 
163 
157 

5140 

179 

50 Jlf.un, nocne 'Jero ycTaHoB11:a t'im1a noµ,KJIIO'leHa 
I( HaMepnTeJILHLIM upH6opaM. CorJiacuo nporpaMMe 
cwn.u;OBLIX 11cm,ITam1ii reaepnopa J\'~ 7 aenpepLie
no 1wutpoJIHpo11aJinc1, CJieµ,yrom;ne napaMeTpLI: 
nanpRlkeune, C03,lJ;aBaeMoe TepMoreuepaTopoM na 
narpyaKe 0,34 OM; TeMnepaTypa rop11"IUX CTOpOH 

Tep.MOOOTapeii (2 TOtIIm); TeMUepaTypa Ropnyca-
113JiyqaTem1 (2 TO'IKU); raMMa-q>OH Ha paCCTORHlll-1 
0,3 JII, OT HCTO'IHUKa. Pe3YJibTaTbl ucm,rraenii npn
Beµ;em,z B ra6JI. 3. 

l-1CT04HHK anEKTPl-14ECKOH 3HEPnt1-1 
HA OCHOBE LlEP"1Fl-144 

RpoMe Toro, ::)UH30,rtn'lec1<11 (11epe3 5-7 cyToK) 
CHHMaJIHCI, BOJihT-aMnepBhle xa paKTepHCTlflUJ tep
t.toreaepa ropa, npHeeµ,elJH1,1e ua pnc. 1. 

CoepeMeHnLln yp0Be111, opraun3aq1m mua1m 
'JCJIOBe'ICCTBa HeMLICJIHM 003 R3,l:J;0il<HO H 6ecnepe
OOHHO paootarom;eii Meteopo.r10rn'lec«oii CJiym6w, 
CTaHIJ,H1f JWTOpoii paCIJOJiaraIOTC-JJ .KaK B o6urae

MLIX, Tai{ II B OT)J.aJieRHhlX, TPYJJ.lIOAOCTyDHhlX 
panoaax, r)'l,e OTCYTCTBYIOT IIOCTO.HHRLie llCT01l8IlRH 

a.11eKrp1r•iec1wii :mepnm. Cymecrsy1011:vre ncroq
im1m nntaHn.R o6Jia):\aIOT P.IIAOM Be)l;OCT3TKOB, 
Kotopwe aatpYAH1llOT nx 3KCnJiyaTa:qmo u ue o6ec
neqnaaror Ha):\elRHOD n 6ecnepe60HHOU paooTY. 
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lfaoTODHhle IICTO'IHJIKII 3JieKTpH'leCKOii :mepr1m, 

B KOTOphlX l1CllO.:th3yeTCH Tepi.maJleKTpll'leCKUii 

np11nn11n npeo6paaoea1111.R rem10uoi1 3Hepr1rn · 

B 3.1eKTpn11ecNy10, 06J1a]talOT 13},ICOKOii Ha)l,em

HOCTLIO JI D03BOJUUOT nonyqau. AOCTaTO'IBO BLI

COKUe 3.1ei.rpuqecK11e napaMeTphl. 
PaccMatpueaeMhlii reneparop HBJJHeTcn npoTo

tnnow uctO'IUJIKa 3JieKrpu•u~c1rnic :meprun JtJrn 

8BTOM3Tll'ICCKIIX paAUOMeteopoJJOrU'ICCIUIX CTaR

nnii. If aroroeneenuii 3KcnepnMe11Tan1,u1,1ii ou
paael{ C TeD.10BLIM 6JJOKOM 11a l\Cplln-144 ll03BOJIHJJ 

ODpeJ{CJJHTb TeIHU'ICCKJle B03M0if(ff0CTU reeepa
TOpOB, pa6oTat0m,ux Ha Gen-pa)\H08KTHBHYX 1130-

TODax C 1.opOTKHM nepUOAOM DOJiypacuaJ{a B pe
ryllnpyewov. (ewxonaaR MOID,ROCTb nocto11eea) 11 

Beperyn11pyeMOM (BNXO)l,H3.R JdOlll.HOCTL ll8A8eT) 

nepeo~e. 

XapaKTepMCTHKa reHepaTopa 

llaOTouuwit TepMoaneHrpore11eparop na u.cpmt-
144 JIXeJI aKTJIBBOCTL Jl30TODH0f0 UJIOl(a Ha aa
'laJIO eepery.1Hpye11oro nepuo}la, paeeyK> 17 300 
K10pu. 06uv1ii BDJl reaepnopa npeJJ.cTaBneH 1t1\ 
pee. 5. 

JJ1eKTpH'leCK8JI BllX0)].11811 IIOlll)IOCTL B pery
J1Bpye1u,di nepno~ 5,0-;j,U em, nanp11menue 

3,5 8, ,.:. n. )];. ucefi ycrauoBKH 3,j-4%. B Ha-
11ecTBe npeo6paaonateJIH -renn0B011 auepnm B 3JieK
TpH11ec1<y10 IICDOJJl,3yeTCH 6arapeH TCpMOaJieMeR
TOB ua OCHOBe TBepJJ,~X paCT80pOB BBCMyTa; 

m,Te
3 
+ BiiSe:. (0Tpu~nem,11aa ueTB_L) u 

Biz Te,+ Sb
2
Te3 (noJJom1ne.nbHan). 3a]J.amum ypo

seHL MOlll.HOCTH o6ecnetJHBaeTC11 cne~uaJJLHLlM 
aBTOMatn<JeCKHM ycrpoi'rcTBOM. IloTpe6RTCJieM 

aeeprun cnymnT aJrnyMYJI.RTopaa.R oaTape.R eM
KOCTLJO 12 a/'l, KOTopaR IlHTaeT pa)l;llOMeTeopOJIO
ru~eeKYIO craunmo, pa6oTaIOIIO'IO s HMDYJibCHOM 

pemm,1e np11 uanp.1u1<e1nm 26 e If ToKe 6 a. 

A. H. BOPOHHH d al. 

Pa]lua~noanan 3an\nTa B1>1noJim.rna n BH.!{e )(Byx 
KOuTeimepos - pa(ioqero n TpaHcnopTnoro. 3a
m.ura pa(foqero .KOJITeiittepa pacctJHTaIJa na ycno
BHii o6ecneqemrn MOlll.HOCTn JJ.03hl ne 60J1ee 1,0 p/Y. 
Ha paccTOJJHIIU t M OT nonepXHOCTll reaepaTOpa. 
IIpn pa:n.tem,emm pa6o'lero HOHTeiiuepa B rpan
cuopruoM MOlll.ffOCTh A03LI cm1maeTcJJ ,n;o ypoatur, 
ue npeBLrrua10m.ero 10 .Mp.!y_ ua paccto11mrn: 1 .'ll 

OT noeepxnoCTH nocne,n;nero. Pa6011u.ii KOHTeiiaep 
t1MeeT C'LN,moe ope6pemie, rpa11cnoptHLii1 -· no
cro,rnaoe ope6penue. l'etteparnp MO:meT pa6own, 
KaK B pa601JeM, TaK H B TpancnopTHOM IICilOJI
HCHIUI. B J<a'leCTBe 3all\HTHl,1X MaTCpHaJIOB DpH

MeHeH BOJibcf,paM u cB1men:. Oum,ni:i Bee renepa
ropa B paoO'leM UCllOJJHCHlllf 400 Ki', Bee rpan
cnopTIIOro Ko11re1inepa 1200-HO0K,'. 

8b160p OCHOBHblX napaMeTpOB H HOHCTPYKL\H.fl 
rettepaTopa 

lleouxo)l.llMafl :meKTpnqecKaK MOW.HOCTb re
Heparopa BU'IHCJJ.ReTC.R 113 YCJIOBHU paBeHCTBa 
Cy'l'O'IHOfO KOJilt'ICCTBa norpe6m1eMOH 11. BHpa6a
TU83eMOU :meKtp11qeCKOi1 aneprHH. ;\KTJfBHOCTL 

uaoTonuoro uJJOKa onpei'1,eJU1erc~ :rna'lemieM ne: 
o6xo,n;nMoii TCilJJOBOil MOII\HOCTII n BeJJnqmmH 
:meprom,r)J.eJieHHSI na 1 pacna)J, c y'leToM norno
,memrn raMMa-HaJiyqeena B npenapaTe, a)fllyne u 
TeJIJIOBOM 6JIOKe. 

Ilp11 paapa60T1-e KOHCTpy1<11.11n oco6oe seuMa
nue 61,1J10 o6pam.eao na 06ecne1Jem1e aeo6xo}l.u
MOii paAHaI(HOHHOii aan\llTLI, MllHUMaJJLHOrO teM
nepaTypeoro nepcna,Aa or xom>,AHoro cna,r repM0-
6arapeu JJ.0 01,pymaJO~ero B0:1)1.yxa, c1rnmeeue 
eeca n rafiapnroa ecero ycrpoiicrsa a u.eJJOM. 
BWJlO pacCJ.lOTpNJO H("CKOJl~Jrn napuaHTOB J(OH

crpyKl~ltll ll3JteJUI.R npu paaJ1111JHI>IX coornomeun11x 
TOJllll,ltHbl BOJih<IJp,HttOBOfO renJJOBOfO 6JIOK3 II 
CJJHHl.{OBOH pa;:t;na~nouuoii: aau~11r1,1. RoecrpyKTHB
Hble Ba pHaHTbX OTJUtqaJIUCh cnoco6aMII aaMeHLI 
repMoGarepen; cnoco6oM renJioBoro perynnpoea
mrn (na.:iy'leune, Tem10Boii myHr, rcm1onpoeo)J,
uocr1, naonnu;nn); .KOMilOHOBKoii o MatepnaJIO)I 
pa)J,Ua:Q11oaaoi1 aam,urhl {c(J}epuqec«a.ll n 11,unnnµ.pu
qecKaR reoMetpn.R); B K31f8CTB8 aaJ:qlfTBLIX MaTe
puaJIOB paccMarpn:aaJIHCb cu1rnen,, »0J11,qipa111, o(>ei'J.-

neHHNii ypaH. 
KoacTpYKTUBH0 reHepnop BblllOJIHeH ua cJie

AYIOlll.HX yaJIOB: a) TCIJJJOBOfO JI ll30TOilHOf0 OJJOK3 : 
6) repMo6arapeH; 11) TenJiosoro pcrynaropa, 
e) ycTpoiicroa gJJH 06ecne1reun11 neperpyaK! 
TepMo6awpeu; o) 1wpnyca; e) 6HoJiornqec«ou 
aam.Hrw. 

Teu.'JoBoii oJIOK npe.ivmaHa•1e11 .Z(Jif.l pa3r.1em,eHn~ 
B HeM naOTOOHOrO 6JJOK8 H npe;i:cTaBJUJ0T co6ou 
BOJILqipaMOnt,Jii ~HJIHimp )J.ll3MC1'p0M 100 ~ C TOJl-

11\HHOii 6oKOB0ll cTeHKll 20 .M.M n p;H»ma 40 ~. 
QHJIIUIJ(p aal<pLIT JIOJJycqiepn'ICCKOH 1ipblmKOl1, 

KOTopaa RpermTCH l( QllJJJlHJtPY Hatrn,rJ;HLI~ ROJ(~
"OM IfaoTom1Liii 6mm npe,n;crnBJIHeT co6011 A:B01~: ~. . ~~» ay10 aMnyny, nunoJIHeuuyro ua nepmaue ..... , 
cram1 X18H9T B BnJJ;e ABYX 1rna.KcnaJ1LllLIX :QU
JIHH~poB, nRyrpn «orop1:,1x noMernaeTc11 cTaKan, 
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3~~:_'He1In1,1ii paCIIJiaBOM MOlIH6,n;arn ~epmt. Ra
~ 11 IJ;lIJIIIB~p 3a1<p1.rnaeTCH KpLiruKoii, aaBapn
uaeTc11 aprono-,D,yroBou cBapKoi'1 » npoBep.aeTCH 

,BT ,BT Q P. 

220 11 

200 10 

180 9 
r---.. ['...._ 
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.......... r--.... 140 7 

120 -;--- ......... 

100 15,.,. 
~r--. 
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80 4 f'\..._ 

60 3 
r-,... r-- ,-p 

402 

20 I 

't AH 

0 20 40 60 80 100 120 140 

-Per. peJtCHM Hoper. pem••--

PHc. 6. Tennosa.R (Q) H BblXOJJ.Ha.R sne1npw-1ecKa11 (P} 
MOL,4HOC'TH B 3aBHCHMOCTH OT epeMeHH 3KCnnyaTa4HH 

reHeparopa 

Ha repMeTH'IHOCTh. TeDJIOBOU 6JI01' ycraHOB.'leH 
Ha TepMo6arnpee, COCTaBJieUHOH H3 97 nap TepMo-
3JieMeHTOB. TepMo6arapea xpenurc.a B cne11;nam,-

A. N. VORONIN ec al. 181 

1tec1rn:ff Kopnyc c np1rnapHhlMH narpy6KaMH ,!1,JIJI 

paaMe1I1;eHn:11 neHaJia c repMooarapeeii. CBepxy 
Kopnyc aaKphl:T KphTIDKOii co CBHHI(OBLlM Hano11-
HHTeJieM. feneparop HMeer 6noJionPi:ecKy10 aa
~ITY, BhlIIOJIHeHHyJO B BH,!1,0 pa6o11ero H rpau
cnopTHoro l<OHTeiiHepoe. CncTeMa T0II.IIOOTBO,D,a 
OT :KOBTeiiaepa I\ OKpymaro~e.My- B03,!1,YXY BhT
IlOJIHeHa B BHJ).e paaBHTOll ope6peHHOH IIOBepx
HOCTH B3 3JIIOMllHUeeoro cmraaa. IIoeepXHOCTb 
opeopeHIHI COCTOIIT na 64 npHMoyrOJibBhlX pe6ep 
lf i.peUHTC.8 Ha paooqei,( lWBTeiinepe npn IIOMOlil;H 
CTJnKHLIX 00.llTOB; ope6peeue Il03BOJI1leT o6ecne-
'lHTb rpe6yeMblll TeMrrepaTypHhTii nepena~ OT 
oKpymaro~ero noaµ;yxa R ocuoean1110 repMooa
ra pen. B paa'heMHLIX aJieMeHTax J<OHCTpyKl~KH 
ocy1I1;eCTBJiena BhlCOKaH crenee1,, o6pa6orKu co
np11raeMLIX noaepxuocreii: II o6ecnetJeno ~ocra
TOlJBOe yp;eJihHOe ~aBJI0HHe B Mecre KOBT3KTa. 

TEnnocnH3HYECKHt1 PACYET 
YCTAHOBKH 

IIone TeMneparyp n ~HJIHff'APH11ecKoM rem10BoM 
6JioRe onpeAeJI11Jioc1, na pemen:n11 µ;nip!f,epeH
n:naJII>Horo ypaBHBHHJl remrnnpoBOAHOCTH. Onpe
AeJIHJIOCb TaKme pacnpeµ;eJienne TeDJJOBblX IIOTO
ROB no OTµ;eJU,HLIM 3JieMeHTaM KOHCTpym~Im reae
paropa. 3ro pacnpe}\eJienue aaeHCHT or pemuMa 
pa6on.r repMooarapen, BCJreµ;crene t1ero OYJJH pac. 
CMOTpeHhl: pemHM XO.'IOCTOro XO)l;a, HOMHH3JlbHLIH 
pemm,1, pemnM 1rnponwro aaMhl:KaHHJJ. 

Peay.7IbT8TLl TBIIJIOBOro pacqera ycraHOBKH 
cnep;em,1 B ra6JJ. 4 · 

Penmr.t 
TeMJ1epaTypm,11t 

m\penaa fla 
TCPMOtiarapee 

Te,mOBOil DOTOR 
'fepea Tepr.to

CiaTapeio, 

Te.nnoeolt DOTOK 
qepea ocram,ehle 
9/leMeHTt,I l<OH- Teo.nosolt K. II. jl. 

CT!>Yl<I(lfll, 
em 

Xo.1ocTOH .xo;( 
HoM1rna:u,H1,1ii 
Koponwc aaMhl.Kamn· 

225 
J90 
i70 

6Ul 

112,5 
119 
121 

22 5 
w' 
14 

83,4 
88 
89,6 

n P ii M e 'I a 11 11 e: TeMnepaTypa xo110;'1111,1x crraee npHHRTa paeeoll 0' C, TeMneparypa 011py111aioll(el 
cr•c.thl +w· e. :Jnem-p11'lec1<a11 MOU\HOCTL repMoOarapeH npH aro11 paeua fl,~ nn. 

ROM neHaJie u onupaerca na ocaoBaHue. B BH,1.l;e 
l(UJIUH~p1PiecRoii Me,D,noii npo6trn. C ll;MbJO llOA
;o,epmannn HOMHHaJI1>Horo TeMrreparypHoro pe
il<nMa pa6on,1 repMooaTa pen n. ROHCTPYKJl;HII rene
paTopa npeµ;ycMoTpeHbl opraHLI Terrnoeoro pery.nu
J)OBaaun, COCTOHDJ,He 113 cnennaJU,Hhl:X 3KpaHOB 
}f npnaoµ;a peryJIJJTOpa C pe.n;yKTopoM. ITocTOHHCTBO 
Temrnnoro IIOTORa qepea repMooarapeJO (npll no
lln~emrn MOiqHOCTH ll30TOIIHOro 6JIOK3) 06ecne11H
BaeTCJl yMeHhIDeHUeM H3Jiyqa101I1;eii IIOBepXHOCTH 
Temrneoro OJJOKa nyreM If3M0HeHHH DOJIOiKeHJ{JJ 
3Kpana. fpacfnrn U3MeHeHHH TeIIJIOBOH MO~HOCTH 
co npeMeHeM npep;cranJieH na puc. 6. Ilpn»o;o, 
!.{examrnMa TenJioaoro perynRTopa npymnHHLlii, 
c :meKrpn'!eCKHM no,a;aaBoAoM, TenJioBoii 6JI01< 1 

-repr.io6aTape11 u yctpo11cTBa 1vrn o6ecneqemrn ne
perpyaI<n TepMo6anpen aaKnroqem,1 B qmrnu,a;pu-

onPE)tEnEHHE TEnnOBbl,D,EnEHHH 

TenJIOBhT,!l,eJienne B 6JioKe ua 11;epnH-144 onpe
,a;eJIHerc,r 6era-11aCTHJl;aMn n,epu11-144 + npaaeo
~HMa:..144 u raMMa-na.n:yqeuueM, nonro~aeMiilM 
B ll30TOllHOM If T0DJIOBOM OJIOKax. 

IlpocrpancTBeanoe pacnpe,'\eJJenne· y;o,e.111,uoro 
TeDJIOBH,D,eJJeHua aa cqer 6era-nanyqenn11 MO>KHO 
C'!HTaT.b pann0Mepm,1M no 061>e.MY aMnyn1i1. 'Yre11-
l(OR T8IIJla C TOpM03HhTM H3Jly<l0HHeM MO)l{BO npe
ne6pe11.b, raK .Ka.I< aneprmi ropMoaaoro HaJiyqemrn 
cocraBJIReT t-2% or noneoii ::meprnu, npn'leM 
anaqureJibHa.R ee 'l3CTb norJio~aeTCR B H30TODHOM 
u renJlOBOM OJIOKax. ITpocTpaacTBeHHOe pacnpe,a;e
Jieane y.!{eJILHoro Ten.noBLl,D,eJieana aa e11er raMMa
nany1Jeuu11 (aro oco6eHHO uameo ,t{JIJI uaoronou rima 
qeami-137) onpe,'\emiercJJ coornomeau11MH BIJAa: 
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AJIH ra1111a-11anY11emrn, norJiom,ennoro 8 ee. 
IQ.etTae umynw, 

Q 3.7 • tOIO ~ 
Yl (r) = 41' Kq i,. En (E) µ 11 (E) X 

J:; 

J e-1&(1:lir-,'1 
x v (, _ ,·,• Ba 111 (E) \7 -7' I J d,'. 

3AeCi. Q(r) - TeD.l'JOBLl~e.1em1e B C,AllHIIUC othe
Ma OJ<0..'10 TO'IKII C KOOPA11Hatoii r, em/cM,3. K = 
- 1,6 · 10-u em,cel'.!AI.HJ; q - YAMLHan ~KTne
HOCTb npenapaTa, 1'10pu/c.M.3; n. (E) - 'IIICJIO f8MMa
KB8HTOB Ba 1 pacna~; V - ou1>eM aKTIIBROii 'laCTU 
umy:r1i1; E - aueprn11 run.m-11any•1emrn· µ (E) 
D µ0 (E) - Roacp4>111\ne11T oc.,a6.'lemm rai:lMa-ua~ 
Jl)"leRUff n K0:>4>4}11u11e11T :),'le"TPOIIIIOfO npeo6pa-
30B8HII.R B ll8Tep11ane paAHOaKTIIBHOro BeIQ,eCTea 

COOTBeTCTBCHHO; Ba Iµ (E)'r - r'1] - l)aKTop 
na1eon.1ee1111 norJJOIQ.ennoii aneprnu JI.Jin raMMa
JJ3Jif'fe11nJ1 B ee~CCTBe npenapata. 

AH&JIOfJl'fllYC COOTHOWemm IIMCl()T MeCTO ]J.JIJI 
ruu,a-nany'femrn, nor.1om.e11noro e cteua.ax aM-

nym,1 Qy,(r) II B TemJOBOM u.'IOKC Qy.(r). . 
no.1eoe ten.,oew~e.,ennc onpe~e.1111ctcn m11er

p11po!au11eM ewpaa-ennii ;.{.'JR Qv, (r), Qv. (.r) n 
Q,, ( ) no o61.4lMY npenapan, ar.mym,111 temrnnoro 
6.'JOKa COOTBeTcTBenno. J(.11t HOMl1Ha:11,11oro pe
JKIIH8 (Koeel( pery.·mpyeMoro uepno,na) nomroo 
TellJJOBW)leJJeune COCTaRH:10 13.) cm ( 17 500 K,opu). 

TenJJo&aR MOJUHOCTL uaoTonnoro u.'loi.a 61,JJJa 
U3Mepeua Ha cnel(nanr.110 IIJfOTODJICHIIOltf .KaJJO
pm.1e-rpe, .i.aeIUeM xopowet- c0Bna:1em1c ·c pactteT
Rlil.MH A8HHJiMII. 

A. H. BOPOHHH et al. 

Heooxo;i;nMaR TOJillI,UHa rernporeHHOii aall\DIH 
onpe,!leJJSJJiaCL 113 COOTHOIIICUJIR BH,n;a 

[;I = q ~KvliBi, (1} 

rite [ P] - aua•remre npe,n;em,no ,Ao11ycT11:r.1oii MOII\
HOCTn J\03LI; K - npllHHThlii B paC'ICTe HOa<l>tfm
l(UCHT aauaca; ,, - y,n;eJit.Han a1-tuBHOCTb npena
para; Kyi - nap1t11a.11,uan raMMa-nocronuHa.11; 
L1 - 4>yuKu_1111 113:1y'lemrn JJ.HJJllH,n;puqecKoro 
llCTO'fHnKa aa aallI,uroii, yq11Tw1Ja10l1l,a11 re0Me1pu-

11ec•rnii 4>aKrop, caMonor.10UJ,enne B ncTO'IBllfie 
n oc»a6ne1me B aa1D,nre 6ea yqera paccenHHoro 
naJiyttemrn (pac'feT 4>ymo~1111 11aJiy1Jem111 B1,mo:i-
11e11 Ha a.1CHTpOHl10ii Bhl'HIC,1IIT0JILHOii 1,1amuue}; 
8 1 - JJ,030Bhlii qiaKTOp u~1rnnJ1emrn, yq11t1,1aa10-
D.\llii MnoroKparnoe paccenuue raMMa-11a.11yqemrn 
B Bem;ecrne pa,n;uoaKTnanoro npeuapara II aa~1nLl. 

~:rn .a:oaonoro cpaxTopa na1-omreHirn B rerepo
remroii cpep;o ucno:n,aonaJIOCb nhlpamem1e 

N " N ri.-cl 

/J1 = ~ Bn ( ~ IJ-ikdk )-~ Hn ( ~ l1u1dh), (2) 
tl=I 11=1 II=:! h=t 

rJJ,c 1\' - 'IUCJIO cJioeu o rereporeHHOii aa~nre; 
µi/1 - 1rnJ(Jlq>m~11enr ocnau.'le111rn B K-cJtoe; d,. -
To.1m:1ma c.r,011 K. 

BLrpamemrn Bt1):\a (1) ll (2) IICUO.'lb30BaJIIICb Tal.
me p;JIJI onpe.a:eJiemrn r.io~HOCTn ,n;oaLI ua nonepx
noctu aallI,nThl. Cne,'\yet aar.ieruTL, 'ITO onpe~t!
neum,ie aTnM MeTO;iJ.OM ronn~nub( aal1l,UTLI cor.:1a
cy10rc11 C ToJim;IIH8Mlf, DOJI.Y"ICHHhIMII pac'leTOY no 
MeTop;y ~loure-HapJio. Pacqernble BeJUt'IIIHhl ,n;JI_,r 
.a;eyx napuauton aam;11Thl npnseAeHbl B raei.,. J. 

TaC5nMl.,la 5 

Blt:J. HOHTelluepa 

Hanrae:1e111m Ua1•naHT 
PaOO'llllt 

Ocraoc I 
2 

l'h--12. c.~ l'!J-!1,8 e.ir 
l'b--ll,9 c.v JY - 1 CAI+ Pb-10,1 ,·.11 

I 
2 

Pb - 11.8 {'Al Ph .IJ.8 C.11 

Pb-· !1,9 1·.11 W · - 2 C,U + Pb - t<,2 (",II 

ll pH Me 'I a II He: OGUUlll 8h"fllBHOCTb HCTO'IHHK8 no Cc• II r,aeHa 30 000 '·••1••1; MOll\llOrih ;i.om,1 tta 
paCCT'lflBIIII t ... or paUO'lero KOHTellHepa t pf~. OT TpaucnopTIIOl'O IO "'Pl~-

Pac~eT paAHat.tHOHHOH aa114HTbl 

fl pH paC'ICTe 3aII\UTbl UCilOJil:.308aH MHOrorpyn
l]OBOJI MeTo)(, r)].e BHaqa.'le oupe)(eJI11Jiuch nap
l(llaJihHLle raMMa-llOCTORHHLle, COOTBCTCTBYJOID.He 
raJ.tr.ta-JIHHHIIM npenapaTa Ce144 + Pr1u. BoaH11-
Ka10m.ee TOpMOJHOe ll3JIY'ICHHe Y'IHTLrnaJIOCf> ny
TeM 33MCHl,1 uenpepL1BJI0£0 cneKTpa )J.IICKpeTHhlM, 
JVIR J<3>K,A0ll JIJIHHII IWTOporo onpe)l.eJUIZiaCh COOT
DeTCTBYIOID;all raMMa-11ocT011nna». IloJiy<rentta» co
BOKynHOCTL 113 Pl\lI3JlhHLJX raMr.13-IIOC'fO.JIHHLIX 06-

pa6aTJ.1BaJ1aCL 110 MeTo)(y .KOHKY pnpy10m.ux mmuii, 
111'0 IlO:JBOJIIIJIO cym.ecTBCHHO CO.KpaTllTb 11po[\ecc 

pactJeTa. 

T epMo6aTapen H npeo6pa3oaarenb 
Hanpm+<eHHH 

B 1-a11eCTBe TepMoanei-rp11'1cC1<oro npeoGpaao
BaTCJIH IICIIO.'lb30B3Jl3Cb 6arapell 113 97 TepM03Jie
MCHTOB ce<renueM 5 x 5 MM n BhICOTOii 20 M.Y. 

B I<a'leCTBe MaTepnana TepM03JJeMCllTOB l!C~0-'1b-

30BaHbl TBCp)].hle paCTBOphl na OCHOBe TpOIIHLIX 
cnnaBOB Sb2Te3 + Bi2Te3 11 Bi2Te3 + Bi2Se3 • noM

MyTal\UH OCYil\CCTBJieHa npnnoeM, J103BOJ1l1IO~IJM 

pa6oTaTh n Te11meparypuoM nttrepnaJic ,no 300° C. 
,[(JI11 npe,!\OXpaHCHIUI TepMOaJl.eMeHTOB OT OI<HC.'Ie
Hll11 npu BhlCO}{HX TeMnepaTypax ropH<rne cnalf 
llOKphlThl TOHKHM CJIOeM cne~naJlhHOII 3MaJIIf. 
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Ten.JIOBLie IlOTepn 1Iepea uaoJrnn;mo TepMo6aTapeu 
H KOHCTpyR~HOHHLie 3JieMeHT.hl Y'UIThIBaJIIICI, npu 
pac'leTe o6m.nx TenJioBLix · yTe'IeK reHepaTOpa. 
Ilcm>ITanrrn reneparopa, npoBe~eHHI,Ie c aJier<TpH-

2 

J, a 

PHc. 'l. Harpyao1.1HaR xapa1nepHCTHKa reHe
paTopa a perynHpyeMOM pemHMe: 

1 -.n•MnepaTypa 011pymaJOmero eoa,'l,yxa 
+ 10 C; 2 - TeM11epa1ypa 0Kpyma10n1ero eoa;iy

xa +no• r, 

'IecmtM JtMuraropoM renJioBoro 6JioKa u B ycm1-
Bn11x :mcm1yaran;nu, noKaaaJin xopomee corJiacJte 
pac'IeTHLIX lf 3KCnepm,teHTaJII,HLIX ,i:aHHLIX. Ha 
pnc. 7 npuue~em,r HarpyaotJHLte xapa1trep11cTnKu 
reeepaTopa B pery;ni:pye~wM nepuo1-1,e, a Ha 
pnc:. 8 - B neperymi:pyeMoM nepuop;e nocJie 50 
AHeu pa6orLI n aroM pemnMe. 

j(Jrn Il0JIY'I0HHJI IlOCTOHHHOTO H8DpJimeHJUl: 26 C 

B .n:aHHOll ycTaHOBKe UCil0Jlb30D8H npeo6paaoBa
Te.'l~ Ha 'tpaH311CTopax. HaJWIIJI0Hlle a.'IeRTpH'Ie
Cl\011 aneprm1 ocyJI\eCTBmtercH npu b0M0~H ce
pe6p.RHo-~nHROBLlX a«nyMy.11nropOB. Pa6ora rrpe
o6paaoBareJIH Hanp11menm1 Ha a1rnyMyJ1.11TopayIU 
6aTape10 onpe,z:i:eJIHerca pemHMOM pa6oTLI CTaH

O.lrn. l\. rr. ,i:. npeo6paaosaTeJIH oKaaaJicn pasm.rM 
75%; K. n. ,!'.{. a1rnyMyJIHTOpOB - 75 + 80%. Bo
Jiee BMco1rni1 o6m;nii «. n. ,n;. npeo6paaoBamrn -
98%-noJiytJeH npu ncnoJ11,aoBaH1rn. cxeMI:J nepe
mnoqemrn aKKYMYJIHTopoB c na pamreJII.HOro coe,n;n
neuu11 Ha IIOCJie)];OBaTCJILIIOC. 

aKcnnYATAUH~rEHEPATOPA 
renepaTop C OJIOIWM a1myMyJJ}IT0p0B H npeo6-

paaoBareJie.M .uanpmHeHJJJI ncIJoJir,30BaJI B .Ka

qecTBe 11C1'0'1HMKa IIHTaJHrn. aBTOMaTH'ICCKOll pa
,1:\JtOMe-reocTaHqnn, pacnoJiomeHHoii H cpe.n;ncii rro
JIOce C0Berc1wro Coroaa. JJ:n11 c1rnmemrn MO~

HOCTH )];03U BoKpyr reHeparopa IIOCJIC,ll,HHII He

CKOJILJ.W aarJiy6JieH B aeMJIIO. Pa6orn reneparopa 
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KOHrpomtpoBaJlaCh npnoopaim, YCTaJIOBJieHHhlMH 
aa BI>lXO,U:e H ll03BOJI.fl101Il;HMH ·orrpe,a;eJIJITb OCBOB
HLie napaMeTpLI - Hanp11meH11e, a. p;. c.; TOK. 
Pa6oTa Bce:ii cncreMhl 1wmpom1posaJiac1, aBTOMa-

t'°CP'
1
8m 

400~4
---.....----------

Teoa,1nxa 60°C 

Tr 

3 I,a 
PHc. a. Harpyao•ma11 xapaKrepHcTMKa reHe• 

paTopa a HeperyJIHpyeMOM pe>K.HMe 

111qec1wii 3an11Cbl0 llhlXO,a;HhlX napaMeTpOB Cll
CT0Mbl npeoopaaoBamrn aanpna-emrn: 11 aKKYMY
JIHTOpHhlX 6arapeii. CtaHII,IIR BKJIIOtJaJiaCb :na pa
ffoquft pemm,1 11epea RaJ-K,D;bl(~ ,ll,Ba 11aca. BLIX0,ll,Ha11 

Pa6ara '~)Mte~• 
lr 

·n ~ n lf 

"i[J I 11911111. 
l o 10 20 lO "° GO oo 1c, 8ll IM> ,oo no 120 

Bpe■.11 t,•IIIIM 

P11c. 9. XapaKTep 113Met1eH11J1 eXOAHoro HanpsimeHHJI 
npeoOpa3oaaTen11 (a), ablxO,qHoro Hanp.RmeHHll Ha 
Oarapee (6) 11 K. n. p,. npeoOpa3oeaTen11 (a) aa op,HH 

411KJl paOOTbl CTaH4HH 

MOJIJ,nocTt, B 1rnnl(e perym1pyeMoro nep110)la co,. 
craB11Jia 5,4 em npn nanpm«ennu 3,6 e. Ha pnc. 9 
np1rne.l(eH xapaRrrp JrnMeHeH»H (aa ~HRJI pa6oT1l 
cranrvrn) BXO,ll,Horo Harrpm«eau11 npeo6paaoBa-
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TeJUI (pee. 9, a), n1i1xo;1eoro aanpm1<euu11 ua 6a
npee (pm~. 9, 6) 11 "· n. Jt. npeoGpaaonareJUI 
(pnc. 9, e). 

Ilpu JJ..BfX'laCOBOU U.IIKJIU'IH_OCTU B Heperym1pye
MOM nepuo;te cTanunR npopa6ota.11a s re11eaue 
ABYX Mecan.es, aateM 61,ma nepeee.l(eua na rpex
qacoBoii pe~m,. B npol\ecee om.nuoil 3Ktnnyara
nuu DOCTORHHO BeJIOCL ua6mo;1e11ue aa KJIHMaTH'le

CKIIIIH YC.'lOBIIBMlf, C I.OTOpLZMH CBJl31:lBaJJCJI pe
)RD)l rem1onoro c6poca. n nactoam;ee npeMJI 
yctaeosRa npop_o.11maeT uaxop_utLCR B a1<.cnnya
Ta.q1111 n npn na.itemm 1,1om;uoctn 6y,1teT nepe
oe,1tena na 6o.'lee JlJJnten1,111,1ii nepep1,1n :r.1em.ity 
ceanca1m. 
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ABSTRACT-R~SUM~-AHHOTAl,tl-1JI-RESUMEN 

Radioisotope-fuel led the rmoe I ectri c 
generators 

By A. N. Voronin et ol. 

A/318 URSS 

The paper opens with descriptions of the design of 
a thermoelectric generator operating under vacuum, 
and of its radioisotopic heat source. The question of 
protection (shielding) against radiation is also dis
cussed. 

This is followed by an account of the methods used 
for testing the device and of the test bench. 

Test bench results (voltage-current characteristics, 
temperature distribution, activity, etc.) are presented 
in tables and diagrams. 

A/318 URSS 

Generatrices thermoelectriq ues 
a source de chaleur isotopique 

par A. N. Voronin et al. 

Le memoire decrit la conception d'une generatrice 
thermoelectrique fonctionnant sous vide et de sa 

source de chakur constituee par des radioelements. 
Les problemes de la protection contre les ra_yonnements 
(bouc\ier) sont aussi discutes. 

On expose ensuite les methodes employees pour 
l'essai de l'instatlation et on decrit le bane d'essais. 

Les resultats des essais (caracteristiques courant
tension, distribution des temperatures, activite, etc.} 
sont presentes sous forme de tableaux et de graphiques. 

A./318 URSS 

Generadores termoelectricos con fuente 
de calor radioisot6pica 

por A. N. vt>ronin et al. 

En la memoria se describe el diseiio de un generador 
termoelectrico que opera en vacio, y la fuente de calor 
radioisot6pica. Tambien se consideran los problemas 
del blindaje contra la radiaci6n. 

Se expone la tecnica utilizada para las pruebas de 
la instalaci6n y se describe el circuito de cnsayo. 

Sc dan los resultados de las prucbas (caracteristicas 
voltaje-corricnte, distribuci6n de temperaturas, acti• 
vidad, etc.) en forma de tablas y graficos. 
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Direct conversion of heat to electricity 

Chairman: I. G. Gverdtsiteli (USSR) 

Paper P/45 (presented by P. Ricateau) 

DISCUSSION 

S. A. STEPANOV (USSR): What is the duration of a 
test on the 10 MW MHD generator of Electricite de 
France which you refer to in the first part of your 
paper? 

P. RICATEAU (France): At present, the test usua1ly 
l~sts ~al: an hour. It could definitely go on longer, 
smce lt 1s estimated that the converter nozzle could 
stand a total of 10-20 hours of operation. It is pre
ferred, however, to conduct a series of short tests 
modifying operational conditions from one test t~ 
another. 

S. A. STEl>ANov (USSR): In addition to potassium, 
what other ionizing seeding agents were used in this 
generator? 

P. RICATEAu (France): Use has been made only of 
potassium, in the form of potash dissolved in methyl 
alcohol. · 

Paper P/132 (presented by P. Dunn) 

DISCUSSION 

I. P. STAKHANOV (USSR): What is the power density 
per square centimetre on the cathode surface under 
various conditions? 

P. D. DUNN (United Kingdom): In the case of the 
UC-ZrC emitters, and at a temperature of 2 000 °C, 
for example, the power density is about 12 W/cm2• 

N. N. PoNOMAREV~STEPNOY (USSR): "'1hy were the 
tests on your experimental units so short? 

P. D. DUNN (United Kingdom): The experiments 
were carried out in one channel of a large research 
reactor and the emitter temperature was varied by 
adjusting the reactor power. This required ex.elusive 
use of the reactor and. hence the test time available 
was necessarily short. As mentioned in the paper, a 
rig design has now been completed in which provision 
is made for automatic control of variation in position 
in the reactor core, to enable the temperature of the 
emitter to be kept constant during variation of the 
reactor power. Rigs of the latter type can be operated 
for long periods. 

V. I. SUBBOTIN (USSR): Was the temperature of 
the cathode measured during the experiment? 

185 

P. D. DUNN (United Kingdom): The temperature 
at the centre of the emitter was measured in all cases 
by means of a W-WRe thermocouple (BeO-insulated 
and Ta-sheathed). The thermocouple was not extended 
to the hottest portion and temperatures were measured 
up to 2 000 °C. A correction for longitudinal and 
radial variations was applied, to enable the emitter 
surface temperature to be measured. These corrections 
were based on the results of separate experiments in 
the laboratory, in which we used a thermocouple and 
an optical pyrometer in conjunction with eddy-current 
heating. 

R. W. PIDD (United States of America): My ques• 
tions relate to the effect of fission product retention 
on the thermionic fuel. In your paper, you mention 
that two fuel materials are preferred: (a) hot pressed 
and sintered UC~ZrC and (b) tungsten-U02 cermet. 
Is it your plan to encourage the release of fission 
products from these fuels to ensure dimensional sta
bility of the fuel? Or do you intend to retain fission 
products, possibly allowing for some expansion of 
the fuel after high burn-up? Do you regard . fuel 
element swelling as a serio·us problem when a cladding 
is provided for either the carbide or the tungsten fuel? 

P. D. DUNN (United Kingdom): In our first experi
ments we used unclad sintered UC-ZrC, considering 
it likely that at the high operating temperatures 
(2 300 °C centre temperature) there would be com
plete fission gas release. However, post-irradiation 
examination showed that there was considerable gas 
retention, which we believe would seriously limit the 
life of the device, owing to the reduction in mechanical 
strength of the material at high temperatures and the 
consequent swelling and distortion. It is for this 
reason that we have turned to the use of refractory 
emitters, either as a cladding or in cermet form. In 
this way the operating temperature is reduced by 
300 °C or so, and hence the material strength is 
improved. Moreover, in the case of clad4ing, it is 
possible to arrange voidage within the can to allow 
for distortion. Our experience with stainless steel 
cermets at 650 °C has shown that, by arranging for a 
good distribution of the ceramic component and incor
porating some porosity, 12 % bum•up is possible. We 
see no reason why the same technique should not be 
applied to uranium dioxide in tungsten at higher 
temperatures. 
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Paper PJ118 (presented by H. M. Dieckamp) 

DISCUSSION 

V. A. Kuz?-<TTSOV (USSR}: In the SNAP tOA 
system, samarium is used as a burn-out absorber to 
compensate for change in reactivity due to redistribu
tion of hydrogen. What is the amount of excess reacti
vity thus compensated? 

H. M. DIECKAMP (United States of America): Sama
rium is used in SNAP JOA as a burnable poison. 
Since I am uncertain of the exact reactivity effect, I 
would prefer not to speculate. 

V. A. KuzNETSOV (USSR): Is the SNAP lOA system 
fully self-regulating on the basis of temperature effect, 
or does the regulation system make use of sensitive 
thermocouple elements of the conventional type and 
ionization chambers with outputs to corresponding 
electronic circuits? 

H. M. D1ECKAMP(United States of America): SNAP 
10A is controlled on the basis of outlet temperature 
after start-up during the first 3 days in orbit. At the 
end of this control period all control functions are 
tenninated and power stability depends only on inhe
rent temperature coefficients of reactivity. 

Y. D. GuBANOV (USSR): What are the main reasons 
for not using tellurides in the converter for the SNAP 
JOA system and what are the prospects for the future 
use of tellurides in such devices? 

H. M. D1ECKAMP (United States of America): Sili
con-germanium alloy was chosen for the SNAP 10A 
power conversion because of its superior mechanical 
and meta\\urgica\ characteristics. In general, it is our 
conclusion that these considerations, and also the 
higher temperature capability of Si-Ge, are more 
important than the higher figures of merit (Z) for the 
tellurides. 

N. N. PosoMAR£V-STEPNOY (USSR): Does the 
SNAP JOA installation in the reactor-converter com
plex operate with nuclear heating? 

H. M. OIECKAMP (United States of America): The 
entire flight system has operated on electrical heat. 
Reactors have been operated separately. The combined 
system will operate on nuclear heat later this year. 

G. BEN DAVID (Israel): Does the speaker foresee any 
terrestrial uses for devices of the SNAP type? 

H. M. DIECKAMP (United States of America): I_can 
visualize many teTrestrial applicatio1_1s for the d~vJces, 
especially in extremely remote. areas (~.g. m the 
Arctic) where, although not yieldmg what JS normally 
considered economic nuclear power, they would be 
useful in coping with problems arising in such remote 

places. 

G. BEN DAVID (Israel): What solutions are being 
proposed for dealing with the health hazard from the 
residual activities of these unshielded systems in outer 
space'? 

H. M. DIECKAMP (United States of America): This 
problem has been considered extensively throughout 
the development programme and I can state that 
safety considerations have been paramount in selecting 
the various design features that went into the syste~. 
Among other things, we have carried out hypervelo~ty 
impact studies and experiments on re-entry heatmg. 
None of the analysis of this work indicates that there 
will be any problem connected with contamination of 
space or with the use of these devices. It should ~ 
borne in mind that, by shutting down the reactor while 
it is still in space, a considerable amount of time _can be 
gained for the decay of fission products in orbit. For 
example, in the case of the SNAP 10A, after one year 
of operation and 100 years' existence in orbit the tot~l 
fission product activity would have decayed to approJU-
mate1y 1 curie or less. · 

J. LABEYRIE (France): What power ·levels do ~ou 
expect to achieve in future by using direct conversion 
reactors of the type which you describe? 

H. M. DIECKAMP (United States of America): _As 
indicated in the paper, the technology already exists 
for creating systems of I0-20 kW(e) and 3 W/lb. 

Paper P/873 (presented by N. N. Ponomarev-Stepnoy) 

DISCUSSION 

.. H. M. DIECKAMP (United States of America): What 
are the dimensions and weight of "Romashka"? 

N. N. PoNOMAREV-STEPNOY (USSR): Since "Ro
mashka" comprises a reactor, a converter, a control 

· f ·1· · d rooms system, ancillary technological ac1 1hes a~ 
for testing units, it is difficult to state th~ weight of the 
installations. The diameter of the reactor 1s about 0.5 m. 

H. M. DtECKAMP (United States of America): Could 
you comment on your experience with nuclear opera• 
tions in this system? 

N. N. PoNOMAREV-STEPNOY(USSR): Test operations 
with .. Romashka" have been going on for about ~00 
hours. Since 14 August 1964, it has been producin_g 
power along with nuclear heat. The power_ l~vel JS 
about 500 W. The measured power charactenstrcs are 
in satisfactory agreement with the design parameters. 

R. W. Pmo (United States of America): You me~
tion that "Romashka" can utilize either thermoelectnc 
or thermionic conversion. Have you tested any therm
ionic converters in conjunction with the tatter type 

of heat source? 
N. N. PoNOMAREV-STEPNOY (USSR): In this ~nstal

lation we have used only thermoelectric conversion. 
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H. PEARLMAN (United States of America): Why was 
U½ chosen as the fuel instead of UC? . 

N. N. PONOMAREV-STEPNOY (USSR): The choice of 
U½ as the core material of the fuel elements was 
based on the fact that the structural material for the 
reactor core is graphite. 

H. PEARLMAN (United States of America): Are the 
U½ fuel pieces affected by thermal cycling up to 
1900 °C, the indicated maximum temperature? 

N. N. PoNOMAREV•STEPNOY (USSR): The maximum 
temperature of the core of the "Romashka" reactor 
in the nuclear tests was J 800 °c. However, the U½ 
~mpl~s were tested at even higher temperature, 
mcJudmg some under non-steady conditions. 

H. PEARLMAN (United States of America): Can you 
comment further on the manner in which sublimation 
interface diffusion and radiation damage have influ~ 
enced the selection of reactor and converter materials? 

N. N. PONOl\fAREV-STEPNOY (USSR): In the design 
~f "Romashka", detailed studies were made on ques
tJons of volatility, contact interactions and radiation 
damage of reactor and converter materials. It was on 
the basis of these investigations that we made a selec
tion of materials performing satisfactorily under irra
diation and high-temperature conditions. 

. R. W. Pmo (United States of America): I would 
like to comment on what I consider to be the most 
important problem in thermionic reactors, namely the 
question whether or not fuel elements can be operated 
at 1 800 °C. There are a number of factors which 
limit fuel operation at high temperatures, e.g., the 
~eat increase in fission-product pressure, the decrease 
in material strength and the resulting prevalence of 
destructive forces, and so on. 

In the United States considerable effort has been 
expended on seeking solutions to the problem of fuel 
element swelling caused by the generation of gaseous 
fission products within the fuel. High-temperature fuel 
operation has two adverse effects on the fuel. First, 
the fission-product gas pressure is enhanced, increasing 
the force which causes swelling; second, materials 
strength is reduced at high temperature, lowering the 
ability to contain fission-product pressure. · 

In the production of very porous UC-ZrC fuels 
we find cold-pressing• to ~e substantially superior to 

hot-pressing_ in the fabrication and control of very 
fine interconnected pores within the fuels. Fabrication 
using the method of isostatic pressing provides a high 
degree of uniformity in fuel properties. 

Vapour-deposited tungsten has been extensively 
studied as a cladding material and found to be suitable 
from the standpoint of fabrication and chemical and 
physical properties. Even though it is strong compared 
with other cladding materials at I 800 °c, its tensile 
strength is stiU sufficiently low (approximately 2 000 
psi) for fission-product venting apparently to be 
required for the clad fuel elements. 

Compatibility between fuel materials and dads has 
been extensively studied. As a general rule only 
tungsten is compatible with uranium dioxide at l 800-
2 000 °C. The other metals selected for study, Ta, Nb, 
Mo, have compatibility limits below I 800 °C relative 
to uranium dioxide. For the carbide fuel, only tungsten 
is compatible with UC-ZrC at 1 800 °C. The compa
tibility limits of the other metals, i.e., Ta, Nb, Mo, 
relative to the carbide are below I 400 °C. 

The reasons quoted for the incompatibility of Ta, 
Nb and Mo with high-temperature fuels vary according 
to the fuel and clad specimen and in many cases 
examinations are conducted for I 000 hour test periods 
to determine the mode of interaction. At l 800 °C, the 
mode of interaction between a uranium dioxide fuel 
and its clad is a substantial grain-boundary penetrati,on 
in the case of Ta, Nb and Mo. Grain-ooundary pene
tration can, in turn, result in a concentration of fuel 
on the emitter surface sufficient to have limited effects 
on the work function and thermionic performance. 
More important, the presence of fuel in the grain 
boundaries of the clad can weaken the dad structure 
and lead to enhanced radiation damage effects. 

At l 800 °C, contact of UC-ZrC with Ta, Nb and 
Mo results in the formation ofa liquid phase (uranium) 
for stoichiometric compounds. In the case of carbon
rich carbides, such as UG.i, or UC-ZrC containing 
excess carbon, operation at I 800 °C causes excess 
carbide-layer formation. The deleterious reactions 
observed at l 800 °C persist at l 600 °C. 

Pure tungsten is compatible in all respects, as noted, 
with both uranium dioxide and stoichiometric UC-ZrC. 
On the other hand, the alloys of tungsten, such as 
W-Mo, W-Nb, and W-Ta, exhibit the compatibility 
rules characteristic of the additives relative to the 
carbides, and hence are unsuitable as clads at 1 800 °C. 
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Compte rendu de la seance 4.1 

Conversion directe de ta chaJeur en electricite 

President: I. G. Gverdtslteli (URSS) 

H~molre P/4S (presente par P. RJcateau) 

DISCUSSION 

S. A. SttPANOV (URSS): Quelle est la duree d'une 
experience avec le gentrateur MHO de IO MW de 
l'Elcctricite de France mentionne dans la premiere 
partic de votrc memoirc? 

P. RJCATEAU (France): Pour le moment, l'experience 
durc . generalement une demi•heure. Elle pourrait 
ce~amement sc prolonger plus longtemps, car on 
cst1mc quc la tuyere du convertisseur pourrait sup. 
porter un fonctioMernent total de 10 a 20 h. On pre• 
fere cependant faire une strie d'experiences courtes, 
en modifiant Jes conditions experimentales d'un essai 
A l'autre. 

S. A. STEPANOV (URSS): En plus du potassium, 
quels autres agents d'ensemencement ionisant avez• 
vous utilises dans ce generateur? 

P. Rtc>.TEAu (France): Seul le potassium a etc 
utilise, sous formc de potassc dissoute dans de l'alcool 
methyUque. 

Memolre P/132 (presente par P. Dunn) 

DISCUSSION 

l. P. STAKHANov (URS~): Quelle est la densite de 
puissance par centimetre carre sur la cathode dans 
differentes conditions? 

P. D. DUNN (Royaume-Uni): Dans te cas des emet
teurs UC-ZrC, et a une temperature de 2 000 °c, par 
exemple, la den site de puissance est d'environ 12 W /cm'-. 

N. N. PoNOMAREV·STEPNOY (URSS): Pourquoi les 
essais sur vos unites cxpcrimentales ont-ils etc si 
courts? 

P. D. DUNN (Royaume•Uni): Les experiences ont 
etc faites dans un canal d'un grand reacteur de 
recherche et la temperature de l'emetteur etait modifiee 
en ajustant la puissance du reacteur. Cela exigeait une 
utilisation exclusive du reacteur, et le temps disponible 
pour Jes essais etait done necessairement court. 
Comme l'indique le memoire, nous avons maintenant 
acheve les plans d 'un dispositif qui perrnettra de 
commander automatiquement ta variation de position 
dans le cceur du reacteur, ce qui pennettra de main
tenit constante Ja temperature de 1 'emetteur pendant les 

variations de puissance du reacteur. Des dispositif s de ce 
type peuvent fonctionner pendant de tongues periodes. 

V. I. SUBBOTIN (URSS): La temperature de la 
cathode etait-elle mesuree pendant l'experience? 

P. D. DUNN (Royaume-Uni): La temperature au 
centre de J'emetteur etait mesuree dans tous les cas 
a l'aide d'un thermocouple, W+WRe (isole au BeO 
et gaine de Ta). Le thermocouple n 'allait pas jusqu 'a 
la partie la plus chaude, et les temperatures etaient 
mesurees jusqu'a 2 000 °C. On a fait une correction 
pour les variations longitudinales et radiales, pour 
permettre la mesure de la temperature de surface de 
l'emetteur. Ces corrections etaient basees sur les resul· 
tats de mesures separees au laboratoire, dans Iesquelles 
nous utilisions un thermocouple et un pyrometre 
optique en liaison avec un chauffage par induction. 

R. W. PJDD (Etats•Unis d'Amerique): Ma question 
est tiee a l'etfet de retention des produits de fission sur 
le combustible thermo•ionique. Dans votre memoire, 
vous indiquez que deux. materiaux combustibles sont 
preferes: a) UC-ZrC comprime a chaud et fritte, et 
b) un cermet tungstene-U02• Avez vous l'intention 
d'encourager le degagement des produits de fission 
de ces combustibles pour assurer la stabilite dimension
nelle du combustible? Ou bien avez-vous l'intention 
de retenir les produits de fission, en prevoyant peut• 
etre une certaine dilatation du combustible apres 
combustion elevee? Pensez-vous que le gonflement de 
l'element de combustible pose un probleme serieux 
quand i1 y a une gaine pour le combustible a carbure 
OU tungstene? 

P. D. DUNN (Royaume.Uni): Dans nos premieres 
experiences, nous avons utilise UC-ZrC fritte non 
gaine en pensant qu'il etait probable qu'aux tempe· 
ratures elevees de fonctionnement (temperature au 
centre de 2 300 °C) il y aurait degagement complet 
des gaz de fission. Cependant, les examens apres 
irradiation ont montre qu'il y avait une retention 
considerable des gaz, ce qui, a notre avis, devrait 
limiter serieusement la duree de vie du dispositif, en 
raison de la diminution de la resistance mecanique 
du materiau a haute temperature, et du gonfl.ement 
et de la distorsion qui doivent en resulter. C'est pour 
cette raison que nous avons employe des emettellrs 
refractaires, soit sous forme de gaine soit sous fonne 
de cermet. De cette fa~on, la temperature de fonc-
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tionnement est reduite d 'environ 300 °C et la resistance 
du. mate~iau est amelioree. De plus, dans le cas du 
g~nage, ii est possible d'avoir un volume vide dans Ia 
g.ame pour perrnettre les deformations. Notre expe
nence avec les cermets d'acier inoxydable a 650 °C 
a mo~tre ~u•avec une bonne distribution du compo
sant ceram1que et en conservant une certaine porosite, 
un taux de_ combustion de 12 % est possible. 11 n'y 
a pas de raison que la meme technique ne s'applique 

. pas a U02 dans du tungstene a plus haute temperature. 

Memoire P/218 (presente par H. M. Dieckamp) 

DISCUSSION 

V. A. KUZNETsov {URSS): Dans le systeme SNAP 
lOA, le samarium est utilise comme absorbeur con
sommable pour compenser les variations de reactivite 
due.s a .la redistribution de l'hydrogene et eviter la 
calefactton. Quelle est la quantite de reactivite en 
execs ainsi compensee? 

. H. M. DIECKAMP(Etats-Unis d'Amerique): Le sama
num est utilise dans le SNAP lOA comme poison con
somrnable. Comme je ne suis pas certain de l'effet 
euct de reactivite, je prefere ne pas indiquer de 
chitrre. 

V. A. KUZNETSOV (URSS): Le systeme SNAP IOA 
est-iJ entierement auto-regulateur en fonction de 
l'~~et d~ temperature, ou bien le systeme de regulation 
~hlise-t-11 des thermocouples sensibles de type das
stque et des chambres d'ionisation branchees sur des 
circuits electroniques correspondants? . 

H. M. DIECICAMP(Etats-Unis d'Amerique): Le SNAP 
JOA est controle par la temperature de sortie apres le 
demarrage pendant les trois premiers jours sur orbite. 
~ la fin de cette periode de controle, toutes les fonc
hons de controle prennent fin, et la stabilite de puis
sance ne depend que des coefficients inherents de 
temperature de reactivite. 

Y.D. GUBANOV (URSS): QueJles sont Jes raisons 
Principales pour lesquelles vous n 'utilisez pas de 
tellurures dans le convertisseur pour le systeme SNAP 
IOA, et quelles sont les probabilites d'utiliser a l'avenir 
des tellurures dans de tels dispositifs? 

H. M. DIECKAMP (Etats-Unis d'Amerique): On a 
choisi un aJliage silicium-germanium pour la conver
sion d'energie du SNAP IOA en raison des caracteris
tiques mecaniques et metallurgiques superieures de 
cet alliage. En general, nous sommes d'avis que ces 
considerations, et aussi la capacite du Si-Ge de tra
vailler a plus haute temperature, sont plus impor
tantes que les avantages resultant des valeurs des 
caracteristiques (Z), plus elevees pour les tellurures. 

N. N. PONOMAREv-STEPNOY (URSS): L'installation 
SNAP lOA da;s le complexe reacteur-convertisseur 
fonctionne-t-elle avec un chauffage nucleaire? 

H. M. DtECKAMP (Etats-Unis d'Amerique): L'en
~embl.e du systeme de vol a fonctionne avec chauffage 
electnque. Les reacteurs ont fonctionne separement. 
Le systeme combine fonctionnera avec chauffage 
nucleaire a la fin de la presente annee. 

G. BEN DAVID {Israel): L'orateur prevoit-il des 
applications terrestres pour des dispositifs du type 
SNAP? . 

. H. M. DIECKAMP (Etats-Unis d'Amerique): Je peux 
envisager de nombreuses applications terrestres pour 
ces dispositifs, en particulier dans les regions tres 
isolees (par exemple l'Arctique) ou, bien que ne four
nissant pas ce que I' on considere habituellement comme 
de l'energie nucleaire economique, ils seraient utiles 
pour faire face aux problemes qui se posent dans de 
telles regions isolees. 

G. BEN DAVID (Israel): Quelles sont les solutions 
proposees pour faire face aux risques radiologiques 
dus aux activites residuelles dans l'espace de ces 
systemes non proteges? 

H. M. DIECKAMP (Etats-Unis d'Amerique): Ce pro
pleme a fait l'objet d'etudes importantes au cours de 
toute !'execution du programme de developpement et 
je peux declarer que les considerations de securite ont 
joue un role capital dans le choix des divers concepts 
adoptes pour le systeme. Nous avons fait notamment 
des etudes sur les impacts a de tres grandes vitesses et 
fait des experiences sur l'echauffement a la rentree. 
L'analyse de ce travail n'a mis en evidence aucun 
probleme lie a la contamination de l'espa~e ou a 
}'utilisation de ces dispositifs. 11 faut se rappeler qu'en 
arretant le reacteur quand il est encore dans l'espace 
on peut gagner un temps considerable en orbite pour 
la decroissance des produits de fission. Par exemple, 
dans le cas du SNAP JOA, apres un an de fonctionne
ment et 100 aimees d'existence sur orbite, l'activite 
totale des produits de fission aurait decrujusqu'a une 
valeur d'environ 1 Ci ou, peut-etre, moins. 

J. LABEYRIE (France): Quels niveaux de puissance 
pensez-vous atteindre a l'avenir avec des reacteurs a 
conversion directe du type que vous avez decrit? 

H. M. DrEcKAMP (Etats-Unis d'Amerique). Comme 
l'indique le rnemoire, nous disposons dGja de la techno
logie necessaire pour Creer des systemes de 10 a 20 
kW(e), et de 3 W/lb. 

M~moire P/873 
(presente par N. N. Ponomarev-Stepnoy) 

DISCUSSION 

H. M. DIECKAMP (Etats-Unis d'Amerique): Quelles 
sont les dimensions et quel est le po ids de« Romashka » 1 

N. N. PoNOMAREV-STEPNOY (URSS): Comme Ro
mashka comprend un reacteur, un convertisseur, un 
systeme de commande, des installations technologiques 



190 RECORD OF SESSION ◄.1 COMPTE RENf?U DE LA SEANCE 4.1 

auxiliaires et des espaces pour des unites d 'essai, il est 
difficile de donner le po ids des installations. Le diametre 
du reacteur est d'environ o.s m. 

H. M. D1ECKAMP (Etats-Unis d'Amerique): Pour
riez-vous faire quelques commentaires sur l'experience 
que vous avez acquisc avec le fonctionnement nucleaire 
de ce systeme? 

N. N. PoNOMAREV-STEPNOY (URSS): Les essais 
avec Romashka ont dure environ 500 h. Depuis le 
14 aoOt 1964. cc systeme a produit de l'energie en 
mcme temps que de la chaleur nucleaire. Le niveau de 
puissance est voisin de 500 W. Les caracteristiques 
de puissance mesurees sont en bon accord avec les 
valeurs nominates. 

R. W. Pmo (Etats-Unis d'Amerique): Vous men
tionnez que Romashka peut utiliser une conversion 
thermoelectrique ou une conversion thermo-ionique. 
Avez-vous essaye des convertisseurs thermo-ioniques 
avec ce demier type de source de chaleur? 

N. N. PONOMAREV-STEPNOY (URSS): Dans cette 
installation nous n •avons utilise que la conversion 
thennoelectrique. 

H. 'PEARLMAN (Etats-Unis d'Amerique): Pourquoi 
avez-vous choisi U4 comme combustible au lieu de 
UC? 

N. N. PoNOMAR.Ev~SrrPNOY (URSS): Le choix de 
UC. comme materiau central des elements de com
bustible est dfi au fait que le materiau de structure 
pour le c.:tur du reacteur est le graphite. 

H. PE>.1tLMAN (Etats-Unis d'Amerique): Les pieces 
de combustible en uc; sont-elles affectees par le 
cyclage thermique jusqu'a 1 900 °C, temperature 
maximale indiquee? 

N. N. PONOMAREv-Sn:PNOY (URSS): La temperature 
maximale du cttur du reacteur Romashka pendant les 
essais nucleaires a ete de 1 800 °C. Cependant les 
echantiitons de uc; ont ete essayes a plus haute 
temperature, y compris certains essais en conditions 
dynamiques. 

H. PEARLMAN (Etats-Unis d'Amerique): Pouvez• 
vous faire quelques commentaires complementaires 
sur la far;on dont la sublimation, la diffusion a I 'inter
face et l'action des rayonnements ont influence le 
choix des materiaux pour le reacteur et le convertis
seur7 

N. N. PONOMARF.v-STEPNOY (URSS): Dans l 'etude 
de Romashka on a etudie avec soin les questions de 
volatilite, d'interactions aux contacts et d'action des 
radiations sur les materiaux du reacteur et du con• 
vertisseur. C'est sur la base de ces etudes que nous 
avons choisi Ies materiaux qui se comportent de fa1;on 
satisfaisante sous irradiation et a haute temperature. 

R. W. Pmo (Etats-Unis d'Amerique): Je voudrais 
faire quelques observations sur le probleme que je 

considere comme le plus important pour les reacteurs 
thermo-ioniques, c'est-a-dire. la question de savoir 
si les elements de combustible peuvent ou non fonc
tionner a 1 800 °C. ll y a un certain nombre de fac
teurs qui Hmitent l'utilisation du combustible a haute 
temperature, par exemple la forte augmentation de 
pression des produits de fission, la diminution de 
resistance des materiaux et }'importance correspon
dante des forces de destruction, etc. 

Aux Etats-Unis des efforts considerables ont ete 
faits pour trouver des solutions au probleme du gonfle
ment des elements de combustible provoque par la 
production de produits de fission gazeux a l'interieur 
du combustible. Le fonctionnement du combustible 
a haute temperature a deux effets nefastes sur le 
combustible. D'abord, la pression des produits de 
fission gazeux. est augmentee, ce qui accroit les forces 
qui provoquent le gonflement; ensuite, la resistance 
des materiaux decroit a haute temperature, ce qui 
diminue la capacite de resistance a la pression des 
produits de fission. 

Pour produire des combustibles UC-ZrC tres 
poreux. nous avons trouve que la compression a 
froid etait nettement superieure a la compression a 
chaud pour Ia fabrication et le controle de pores tres 
fins interconnectes dans les combustibles. La fabri
cation par des methodes de compression isostatique 
assure une uniformite elevee des proprietes du com
bustible. 

On a consacre de nombreuses etudes au tungstene 
depose en phase vapeur comme materiau de gainage, 
et on a trouve qu'il constituait un materiau acceptable 
au point de vue fabrication et proprietes chimiques 
et physiques. Bien qu 'il soit resistant par rapport a 

· d'autres materiaux de gainage a 1 800 °C, sa resistance 
a la traction est suffisamment faible (environ 2 000 psi) 
pour qu'il soit apparemment necessaire de pern:i~ttre 
l'evacuation des produits de fission vers l'exterieur 
des elements de combustible gaines. 

La compatibilite entre les materiaux combustibles 
et les gaines a fait l'objet de nombreuses etu~es. 
En regle generale, seµl le tungstene est compatible 
avec le dioxyde d'uranium a 1 800-2 000 °c. Les 
autres materiaux choisis pour l'etude - Ta, Nb, 
Mo - ont des limites de compatibilite inferieures a 
1 800 °C avec le dioxyde d'uranium. Pour le com
bustible carbure seul le tungstene est compatible avec 
UC-ZrC a 1 800 °c. Les limites de compatibilite des 
autres metaux, par exemple Ta, Nb, Mo, par rapport 
au carbure sont inferieures a 1 400 °C. 

Les raisons citees pour l 'incompatibilite de Ta, 
Nb, et Mo avec les combustibles a haute temperature 
varient selon les echantiJlons de combustible et de 
gaine, et dans de nombreux cas les examens sont 
poursuivis pendant des periodes d'essai de l 000 h pour 
determiner le mode d'interaction. A 1 800 °C, le 
mode d'interaction entre un combustible de dioxyde 



nPOTOKOn 3ACE,ll,AHHfl 4.1 ACT A DE LA SESION 4.1 191 

d'u~n!um et sa gaine est une penetration substantielle 
aux. Jomts de grains dans le cas de Ta Nb et Mo. 
la pe~etr~tion aux joints de grains peuL a son tour, 
condu1re a une concentration de combustible a la 
s~r~ace emettrice suffisante pour avoir des effets 
lim1tes s_ur ~e travail d 'extraction et les caracteristiques 
the~~-,omques. De plus, la presence de combustible 
aux Jomts de grains de la gaine peut affaiblir la struc
ture de la gaine et provoquer une augmentation des 
degats par irradiation. 

A I 800 °C, le contact de UC-ZrC avec Ta, Nb et 
Mo ~onduit a la formation d'une phase liquide 
(uranmm) pour Jes composes stoechiometriques. 

npoTOKOJ"I 3aCeAOHKtl 4.1 

Dans le cas des carbures riches en carbone, tels que 
U½ ou VC-ZrC contenant un exces de carbone, le 
fonctionnement a 1 800 °C provoque la formation 
d 'une couche de carbure en exces. Les reactions 
nuisibles observees a l 800 °C persistent a 1 600 °C. 

Le tungstene pur est compatible a (OUS . egards, 
comme nous l'avons note, avec le dioxyde d'uranium 
et avec UC-ZrC stoechiometrique. D'autre part, les 
alliages de tungstene, tels que Tu-Mo, Tu-Nb, et 
Tu-Ta, presentent Jes regles de compatibiiite carac
teristiques des agents d'addition par rapport aux 
carbures et. sont done inutilisables comme materiaux 
de gainage a 1 800 °C. 

npRMOe npeo6pa30BOHKe TennOBOH 3HeprHH B 3neKTpMlfeCKYIO 

flpeoceoame.ttb: H. r. r eepP,tCHT.enH (CCCP) 

,nHCKYCCHH 

C. A. CTETIAHOB (CCCP): Ka1m'ea uponon
HiHTeJJ1,aocT1> HCUMTaHHH Mf J:{-reHepaTopa MOIJ:t;

HOCTblO 10 Mer q)HPMLI «8JieKTpDCHTC ~e (DpaHc», 

o RoTopoM BLI ynoMnnaeTe B nepBoii qacTtt Ba
mero p;o«JiaJ1,a? 

n. PHKATO (cl>paHI:t;HR): B HaCTOHlll,ee eper.nl 

npo,T.lo.'JamteJibHOCTL ucm,JTamrn, xaK rrpanmw, 
COCT8BJJJJeT IlOJl'Iaca. HeT COMHeHHH, 'ITO nponon~ 
m1tTeJJbHOCT1, HCilLI1'8HJfR MOiHHO YBCJill'IIITh, no
c«oJILKY npoH3Be11,e1rnaa ou;enKa noRaahleaeT, <JTO 
Pa6o•rnij pecypc comia npeo6paaoeaTCJUI cocTaB
m1eT ecero o-r 10 JJ.O 20 tt. On11a1w npet1.no•mTaJOT 
npoB0,ll,DTb cepmo KpaT!rnBpeMCHHLIX HCTTUTaHHtt, 
fl3MCHHIJ pa(ioque YCJIOBff.fl OT lfCilLIT8Hlf1l K JIC
llhlTaHMIO. 

C. A. C1'EllAHOB (CCCP): IloMHMO KaJrnH 

KaKue eni;e HOlllf3HPYIOn:t;He A06aBKH HCilOJlb30Ba

JlrfCb B :JTOM reHepaTope? 
n. PHHATO ((J)paH~JIJI): JJcnOJlb30BaJICH 

To.rn,1,0 J{aJIJlii B BH/J.C paCTBOpa TTOTallla B MeTll

.10B0M CnHpTe. 

,ll,oKnaA P/132 (npep,cTas1rn n. JJ.. J],aHH) 

,LtHCKYCCHR 
n. TI. CTAXAHOB (CCCP): ll'.aKOBa MOlll,

HQCTL Jta 1 cAt2 noaepxnocnr 1<arn;1a B Bame» yc
Tanon1'e DpJI paaJIH'lllhlX ycJIOBIUIX? 

II. l1,. ,[{AHH ( Coe;vmenuoe KopoJieBCTBO): 
fl CJJyqae :lMHTTepoB 113 UC - ZrC npu TeMnepa
Type 2000° C y]l;MLHall MOII.\HOCTb cocTaB.:rneT 
Ol,OJIO 12 6T/CJ,f,2. . 

H. H. IIOHOMAPEB-CTEilHOit (CCCP): Ilo
TJeMy JiCillJT3HHR BamHX :rncnepnMeHT8JlbHI,IX yc
TaHOBOK 6blJIH TaKHMll RpaTKOBpeMeHllhlMlf? 

n. A- AAHH (Coe)].HHCHHOe JfopoJieBCTBO): 

. 3Tit 3KCnepnMeHTlil npoBOAHJJHCb B op;HOM RaHa
Jie Rpymwro HCCJI0)WBaTMbCKOro peaKT0pa, II 

TeMnepaTypa 3MHTTepa H3MeHllJiaCL nyTeM H3Me

H0HH11 MOW,HOCTH peaKTOpa. 3To o6ycJIOBIIJIO nc
IIOJib30Bamrn peam-opa ToJILKO /1,JIH 3Toro :mcne

pnMenra, lf Il03TOMY TIOHHTHO, 'ITO OTBe,1:t;eHHOe 

11;JHI :n,cnepHMe11Ta BpeM.R 6LIJJO 1mpOTKJIM. HaK 
OTMe113JIOCb B AOKJ13Ae , K H3CTOJlllJ,eMy npeMeHII 

33Bepmeno npoeRTlfJ}(JBaRne . ycTaBOBKB, B J;OTO

poil npe;1.ycM0TpeHo 3BTOM8Tll'leCKOe ynpaBJ1emIe 

H3MeHeHneM JIOJIO)ReHH11 B aKTHBffOU 30He peaK
TOpa ;rtJI.fl Toro, 'IT06bl ,l:{8Tb 803MOiRHOCTL IlOAACP

m11BaT1, TeMnepaTypy 31\fJfTTepa DOCTOHHHOU npn 
mJMeHCHJIH MOlll,IIOCTR peaKTopa. YcTaHOBKII IIO
CJle/].Rero Tnna MOmHo HCDLITb1B3Tb B TeqeHJte 
JJ;JJJJTCJILHOro BpeMeHJJ. 

B. JJ. CYBEOTJtH (CCCP): lfaMeplmac1. JIii 

BO Bpellf11 3KCIIepHMCHTa Te11mepaTypa «aro;i_a? 

n . .u. Jl.AHJ-1 (Coe;{JtHCHJIOe noponeBCTBO): 
Bo BCCX cny•1a.11x nponaBO,'(HJIOCb Jf3Mepenne TCM

nepaTypY B 1~e1npe aMnTTepa nocpe;i,crnoM 
W/WRc yepMonaphl (c naoJUITopoM na 011:11c1t 6e
pHJIJIHII n B o60JIO'I.Ke H3 T3HTa.:Ja). Tep11rnnapa He 

BBO,l(HJI8CL B Han6oiiee rop11<1yJO 'laCTb, Te~mepa

TYP.hl naMep11.111ci. JlO 2000° C. ,[(nH Toro <1To6M 

MOiKHO 6b1JIO H3MCpHTb TC!ltIIepaTypy TIOBCpXHOCTII 
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3MHTTepa, BPOCHnHCb uonpaBNH Ha npo;\OJlbHble 11 
pa;i.HaJ11>Rwe Koneoamu1. 3Tn nonpa1nm fit.mu oc
uoaanu Ha pe3yJJLTaTax OTAe.:u,1u,1x :mcnep,rneR
TOB 8 :1a6opaTopHH, 8 KOTOpYX MLl HCOOJll.30BaJm 
TepMonapy ff ODTH'ICCJ(Jlij m1poMeTp BMecTe C na
rpeBOM TOKO)( (J>yKo. 

P. Y. nnn.n (CllIA): Moii: uonpoc 0TR0CHTCJI 

K aclMfieRTy y;tep>K8RIUI npo;.tyKTOB ;te.'Il'fllfff B K3-

TO,le. B ,!l0&'la;te Bw OTMelfaeTe, •1To npe,rtnO'ITJ1-
reJ11,n1,11u1 110.11110rc.11 .ttea rtma TOn.:moa: UC -
ZrC, nOJ1y'lem11,1ji ropJ111n11 npeccouamteM II no
CJie;tYJOlltHII cneKaRHeM, H MeTaJIJIOKCpaMH'leCKOe 
coene1u.•nue BoJ11.4>pa11a c nayol.HChlO ypa11a. Ha
Kepenu Bw Y.!UUIRTL npo;\yRTLl ;l.eJIClUUI H3 

TORJIHP WIR npeAOTBpa~eHnR ero pacnyxamut 
HJIH y;{ep>KHBaTI, 3TJJ npoJ{yKTLI, nonycKaJI HCJ<O

ropoe yaeJJH'lenae o61.eMa romrnea D pe3yn1,rare 
r.ny6oacoro auropannR? C'lnraere JJH B1,1 pacnyxa
HHe TeDJIOBNJte.JllllO~ero 3JleMeHT3 cepLe3HOH npo-
6..'leMoii: WI.II K8p6H;J.Roro BJIR J30JJL(j>paMoBoro T0ll· 

;maa, aaKJIJO'lenaoro B o6ono'IKY? 
TI. ,n. J).AHff (Cou1111ennoe Hoponeac1eo): ll 

HaWHX nepawx :>KcnepnMeHTax MLl llCDOJlb30Banu 
tnette&HYii UC - ZrC 6e3 o60J1o'IKH, no.l'laraH npH 

3TOM. 'ITO Uplt BLlCOKHX paGottHX Te1rnepaTypax 
(2300° C 8 u.eHTpe TODJlHaa) 6yAeT npOHCXOAffTb 
IIOJIJfOe OCBo6o>K)leHHe OT raaooop83HLIX nponyK
T0B A~eRHII. O.llR8KO HCC.Jle.llOB3Dlfe DOCJie 06J1y-
1feBHJI DOK838JIO, 'ITO 3H8'1HTeJU,H0e NOJIH'ICCTBO 
raaoa y;:tep:1Kueaerc11 TORJJHBOlf. ~ho, no HameMy 
MeeRHIO, 6yaer cepi,.eauo orpaun'lnean. cpoK 
c;Jy»(6Y YCTJ)OMCTBa BCJl~JlCTBHe yMeHi.rueHHR Me
X8HB'lecRoi npo'IHOCTH MaTepnana np" BllCOHHX 
nwnepaTypax. a T&Kll<e nOCJ1e;\y10w,cro pacnyxa
HRII H HCKpHBJICBffR 3Jl8lleHT0B, Ilo 3TOH npH'IHHe 
MLI nepemJUt K HCUOJIJ.30B3HHIO )f(aponpo'IHLIX 
a11Hnepoa nu6o a an.:i.e o6ono'IKH, .1rn60 a Dlfl-\e 
Me1annoKepu1eciecKoro eoe,A1tueun11. TaKHM o6pa~ 
3011, pa6ociaR Te.ameparypa cnnmaeTCR npm.tepuo 
Ha 30(1> C, If, C.Jle;i.oeaTeJILHO, npO'IHOCTb MaTepna
;ia noawmaeTCH. IloMHMo Toro, B cJ1y'lae wcnoJlh-
3oBaHHH OOOJIO'IKH MO>KHO npeayc.MoTpeTi. BHY1'PM 
ttee nyc1Lte noJtocTR ,tnll J<oMneucau,nu mmpno:ie
JfHii. ITonyqe11uwii oaHH om.ir c MeraJJJ10KepaMH
lfCCK1tMH coe,llHReUHIUIH H3 uepmaoelOJ.Qeii CT8Jllf 
npH 'ter.meparype 6500 C no1(8aan, •no nyreM :xo
poruero pacnpe,AeJJeHHR KepaMH'leCKOii KOMDOHeH
TLI ff BBeJleHftR HeKotopoit nopHCTOCTH MOiHllO ;no
cn1rnyTb 81,UopaBltR 12 % . MLI He BH;lHM mrna1rnx 
OCHOB3HHK )lJIR Toro. noqeMy He CJlenyeT npuM.e
HHTb TOT HCe eaMWK MeTO,ll K MeT3JIJl0KepaMJtKe 

~ \V - U02 npu 6oJJee nwcoRHX re,mepaTypax. 

,&oKnaA P/218 (npeAcTaBM11 X. M. ,&HKaMn) 

AHCKYCCHfl 

B. A. KY3HEUOB (CCCP): B c»cteMe 
SNAPIOA caMapDii ucnom,ayeTcR B Ka'leCTBe Bhl
ropaJOJ.Qero norno-r11teJU1 ;D.JJR itoJ.meucau.1111 uaMe
ffeHHii peaKTHBHOCTH, BLI3BaHHLIX nepepacnpeAe-

.'lt'HlfeM BO,II.Opo,11.a. HaHaH na6blTO'IHa11 peaKTHB
HOCTb Ta'IOO'I o6paaoM KOMOeJtCHpyeTcR? 

X. M. nnHAMil (CillA): CavapKii l'ICllOm~ .. 

ayeTCR B SNAP10A B KattecTBe B1,1ropatoll\ero no
l'JlOTHTem1. IlocKOJn,KY R ne noMHIO T01JllO aq,qie1-.-r 
peaJ<THBHOCTH, TO JI He XOTCJI 61,1 ,11.eJiaTb npe;i:no

JIOiKCIUIH. 

B. A. I\Y3HE~OB (CCCP): JIBJUl0TCJI CH: 

creMa SNAP10A no.'lnocrLlO caMoperyJrnpyeMoll 
ua ocuoue reMnepatypnoro a,~if>eKra HJIH B cucre-
Me pery JIU poeaHHJI JfCITOJJb3YIOTCJI 'IYBCTBHTeJIJ,IIHC 
tepMonapuble :)JleMeHTLI o6fdqnoro runa 11 noBBJa-
1t11onuLie KaMepLl C COOTBe'iCTBYlOII\BMH '3JICKT· 

poHHblMll cxeMaMn? 
X. M. AH KAM II (CllIA): YcTaHOBKa SNAPt0~ 

noeJJe aanycKa 11 » te'tem,e nepBwx Tpex ~Helf 
npe61.1uaHuR ua op6Rte peryJtHpyercR ea ocuone 
ouxo,11.noii: teMnepary pbl. Ilocne 3Toro nepeo,1a 
ece cJlynm.\HH peryJrnpouanu11 npeKpama101c11, 1• 
CTa0HJILHOCTb MOtllJIOCTH 33BlfCHT T0JJLK0 OT npu
cymero cncreMe TeMnepaTypnoro 1waq>cl>u~aeHra 
peaKTHBllOCTH. 

10. n. fYEAHOB (CCCP): KaKOBLl OCBOBHWe 
IlpU'IHHL[ OTK33a OT npHMCJieHHJI TCJlJl}'P'ffJ\O'B 'B 
Ha'leCTBe MaTepuaJJa npeo6paao»areJIJJ ycTaHoBKll 
SNAPiOA M 1<aKoB1i1 nepcne1<THBbl np11MeBeBBII 
TeJJnypu.n.oa B .n.am,HeiiweM na nop;o6HLIX ycraHOB

Rax? 
X. M. JJ.MKAMO (CllIA}: B J<attecrse MaTe

pnana .n;Jur npeo6paaoBaTeJIR SNAP10A 61,1JJ BLI· 
6paH KpeMJJHii-repMamrneLJtt cnnao BCJie.n;cTB88 
ero 6oJJee BhlCOll'.HX MexaHH'leCRHX K Meran.nypru
'leCKHX xapaKTepHCTJfK. B o6rqeM Mbl npum11ll K 
BblBO,ny, 'ITO 3TH coo6pameHHJJ, a T3J()f(8 _?OJiee 
'8LICOHaJI TeMnepaTypHaJI CTO»KOCTh 1<peMHHH~rep
MaHHeBoro cnnaBa HMelOT 6oJiee oamaoe aaa'leBee, 
'leM 6oJiee BLICoKaR p;o6poTHOCTL ( Z) Y reJJJIY pll

JJ.OD. 

H H nOHOMAPEB-CTEilHOA: (CCCP): Pa-
• • KCe 6oTaer JIil ycTaHOB1'a SNAP10A B 1wMnJ1e 

pe~rnrop H npeo6paaosateJJL c .11p;epeLIM narpe

BOM? 
X. M. ,IVIKAMO (ClllA): Ilonua11 nerHaff c:= 

cTeMa paooTaJJa C 3Jl8KTpHqeCKHM HarpeBOM. p 
aKT0phl pa6oTaJJH OT,l.J,CJlbHO. 061>e'A}IRCHHaa CHCTe
Ma 6y,l.J,eT pa6oTaTh C, R,U.epm,1M HarpeBOM B 1.ouqe 

:noro ro,lJ,a. 
r BEH J],ABH,l:( (HapauJJb): He Momere nH 

BLl 
0

cKaaaTL o Ka1<1tx-J1H6o npuMenett11J1X ycTaHo
.eoK Tuna SNAP na aeMne? 

X. M. J].HHAMTI (ClIIA): 1I ~wry npe,UBHA:-: 
MHoro Ha3eMHLIX npnMeHeHHU .l(JIH 3THX ycra 
BOK, oco6eHHO B oTJ(aneHHLIX paiioHax (uanpmr1ep 
e ApKTJnte), r.o.e oeu, xOTJI H He 6yp,yT }\aBatb aK(r 
HOMH'leCRH BLll'0,11.HYIO aJJeKTpoanepnuo, TCM ue 
Meuee npHHecyT noJit.3Y npn pe1nemm upo6JJeM, 
B03HHKa10ll.l,HX. B TalCHX: OTJ];aJieHHLIX nymcrax. 

r. EEH J],ABM]J, (HapaHJih): Ha:irne npe,nna~:
IOTCst Mepbl 6eaonacHOCTH, o6ycJJOBJf0HHIJe oc -
TO'IHOii aKTHBHOCTLIO 3TllX ue cea63'eBHLIX aamu
TOii CllCTeM B KOCMoce? 
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X. M. ~HHAMIT (CllIA): 3Ta npooJieMa mu
poKo o6cym.rtanac1, Ha BceM npon1mennu ocy
~eeTBJieHH.11 nporpaMMld pa3pa60TOK, H H Mory 
Ka3aTI., 'ITO BonpOCbl 6eaonaCHOCTH OhlJIH npeou

::.a.:IOJ.QHMH npu Bhl6ope paaJIH\JHhlX npoeKTHLlX 
. p KTCp'RCTHK CHCT0Mhl. IloMUMO Toro MLI npo
!!JIH ltCCJJe,IJ,0Ba11n11 y,n;apHLIX HarpyaoK ~pH CBepx-

CORHX CROpOCT.IIX H ::mcnepJJMeHTbl no Harpeny 
~!RH BXQJJ.e B 8TMOCc}>epy. _Pe3yJILT3TLI 3TOH paoo-

e YHaaLI»aIOT Ha Boa1m1<uo»enJTe Ra«oii-Jinoo 
npo6.TJe.Mw, CBR3aHHoii c aarpmmemrnM 1wcMoca 
npn ncnonbaoBaHHH aTnx ycTponcTB CJieAyeT 
JUteTL B BH,ly, 'fTO B peayJJI,TaTe OCTaH~BJ{H peaK
ropa, DOKa OH ell\e H3XOJ:{HTCH Ha op6HTe Momao 
BLUirpaTL 3H3'111T0JlhHOe Bper.rn ,D;Jrn: cna,n;~ aKTHB
HOCTJt npo.rtyinoa ;u,eJieHu.11. HanpnMep, B cnyqae 
YCTaHOBKJf SNAP10A nocJie o,n;noro roJJ;a pa6on,1 
H 100 JJeT Raxom.rteirns Ha op6Hte o6maa aKtnB
~OC'rL npo.ri.yKTOB .iteJieIIIJ.11 cna,lleT np1rnepuo ~o 

1£10pu nnn Mem,me. 

m. JIABEllPJI (ll>paHQHII): Hamnc: ypoBHeii 
M~~ffOCT.lf Br.r paCC'IHThIBaeTe ~OCTHrHYTI> B ,n;aJ1b
uemrre1rr B peaym,-raTe JICllOJIL3onamrn peaKTopoe 
c rrp.RMLIM npeo6paaoBaHHeM :mepr1rn onncanuoro 
BUlH Tuna? 

X. M. ,lJ,11 HAMil (CIIIA): 1'aK yKa3LIBaJJ0CL n 
~OKJJa,ne, yme JfMCOTCH Te.xuo:JOrH.R, Il03.80JI1.IJOIQilH 
;oa,llaTI, CHCT0MhJ :meRTpH'leciwii MOII\HOCThIO 10-
0 1'6r H y~em,Hoii MOW.HOCn10 3 6r/¢ym· 

(J 'PYHT = 454 e). 

J.\oKnaA P/873 (npep,cTaa,rn H. H. noH0Ma
pee-CTenH011) 

,llHCKYCCHA 

X. M. ,lU1KAMil (CIIIA): HaKoBbl pa3MepLI u 
Bee «PoMamK11>>? 

H. H. TTOHOMAPEB-CTEilHO1l (CCCP): Ilo
c1<on1,Ky <cPoAtarnna» n1<.1uo11aeT D ce6n pe.imtop, 
npeoupaaoBaTeJU,, CHCTeMy ynpaBJleHJfJl, BCllOMO
raTC.lU.Hoe Te:X:HOJiorn•wcKoe ot'iopyl(oBc:urne H no
MeiqeHH.R l(JlH HCRLITaTe.T£J,J{LfX yctaHOBOK, TO IIO

~ToM.y Tpy.[1,HO HaaBaTb Bee Bcex 3THX ycTpOWCTB. 
eaKTOp J1MeeT l).HaMeTp OlWJIO 0,5 M. 

X. M. AHKAMil (CIIIA): He MomeTe JIH BLI 
pacCKaaan, o BameM omue :)JccnJiyara1vm atoll 
Ct(CTeMLI C pea.liTopoM? 

H. H. IlOHOMAPEB-CTEilHOtt (CCCP): tPo
Mam«af npopa60TaJ1a OKoJ1O 500- q;, Ha11HHaH c 
H ,rnrycTa 1964 r. otta pa6oTaeT Ha Mou~nocTJI 
500 er. HaMepeirnue 3HepreTH'leCRHe xapaKTep11-
CTmo1 HaXOJ:t;flTCR B Y.D.OBJICTBOpHTeJll,HOM corJ1ac1rn 
C pacqeTIU,IMQ'. 

P. Y. IlHJU\ (CIIIA): BLI ynoMSIRYJIH, 'ITO 
«PoMamKait MomeT HCilOJJh30BaTh JIIJ6o TepMo-

3JieKTpH'Iecm1ii, .mt6o TepM03MHCCHOHHhltt cnoco61,1 
npeo6paaoBamrn. JlpoB0,!111JIH Jill Bbl HCUI.ITaHllll 
Ka~nx-.nn6o TepM03.MnccnoHeNx npeo6paaoBaTe
JJe.JJ COBMeCTBO C DOC.110,!IHBM TJHlOM HCTO'IHHKa 
TenJia? 

f!· H. IlOHOMAPEB-CTEIIHO.8 (CCCP): B 
3TOH ycTaHOBKe MJ,I HCTl0Jlh30B8JIH TOJILKO TepMo
aJieKTpH'18CIWe npeoopaaoBanne. 

X. IllIPJIMEH (CIIIA): Ilo11eMy 6LIJI m.16paa 
UC2 B I<a'leCTll8 TODJIHBa, a ue UC? 

H. H. IlOHOMAPEB-CTEIJHOtt (CCCP}: Bu• 
6op UC2 B Ka'lecTBe MarepuaJia JJ.JIH cep~e'lHHKoB 
TeIIJJOBIJ):(e.1.111011\HX ::meMeHTOB 6.MJI ocuo:iia11 Ma 
TOM, l.JTO B l{8'I8CTBe KOHCTPYKQHOHHoro MaTepua

Jia AJlH 8KTHBHOii 30l1Ll OhlJI BLI6paH rpaqiaT. 

X. IIHPJIMEH (CIIIA): BJrn.11er JIil aa Ten;rro
Bbl'AeJUIIOU\He ):\HCKH :qHKJIHtJ:ecKoe H3MeHeHHe 
TeMnepaTypLI .llO 1900° C, yKaaaHHou B ,AOKJia,ne? 

H. H. IlOHOMAPEB-CTEilHOJI (CCCP}: 
MaKCHM8JlbHafJ TeimepaTypa aKTHBHOH 3OHLl pe
a«Topa «PoMaUIIC31> npa n;i:epHLIX HCflblTaHHRX 

61,ma 1800°C. O.rtnaKO o6pa3rv.r UC2 HCllLITt.rBa

.lJHCb ti.ame npH 6oJiee BhlCOKOii Te1,mepaType, 

BKJIIOlJ:aH H0KQTOphle llCDNTaUJUI npB HeCT8U.HO

HapHOM COCT011HHH. 

X. IlHPJJMEH (ClIIA): He Momere JIH B1,1 

eme pacc.Haaan,, xa.KHM o6pa3oM .irnTy'JeCTh, 'AD4>

q,yaua na no»epxnOCTH paa;'.{e.lla .u pa.:1Da.QHOHHhle 
nonpem,neann Bnnnnn na nr6op MaTepuaJJo» A;JJI 

peaKropa H rrpeo6paaoBaTenn? 

H. H. IIOHOMAPEB-CTEIJHOR (CCCP): Ilpn 
npoeKTHponaHun «PoMaITTKHt no;i:po6uo nayqa
JtHCh BODpOChl JieTy'ICCTH, KOHT8RTHLIX B3aHMO,l.\0H
CTBHii H paAH8QHOHHLIX IlOBpem~e1mii MaTepeaJIOB 
peaKTopa H npeo6paaoBaTeJIH. Ha OCHOBe 3THX HC

CJI0,ll0B3HHU Mbl BLI6npaJln: MaTep1tam:J, KOTOpLle 
xoponro Be,llyT ce6.11 DO.!\ 06Jiy11esneM II ycJIOBDHX 
BbICOROH Te.Mnepnyphl. 

P. Y. nu,rv:i; (CIIIA): R xoreJl 6LI BhlCI<aaaTbCR 
no Bonpocy, ROTOp.hlii: H C'l:HTaIO HaH6oJiee B8IB'HbUf 
,!l;JIR TepMOllOHHLIX peaKTOpOB, a JUfeffHO O TOM, 

MoryT JlH TCl1JlOBhlAeJIHIOII.(ll0 3JleMeBTLI paoOTaTl> 
npH TeMueparype 1800° C. lIMeetc11 pH/1 cfiaKTo
pos, orpaHH'IHB3l0ll\HX pa6oTy TOnJll'IBa DPH BLI

COKHX TeMIIepaTypax, HanpnMep: BhlCOKOe AaB
Jiesne npo,n;yKTOB µ;eJieeu.11, y11e111,menne npo11so
CTH MarepuaJia H BLITeICa10m;ee otc1011.a npeo6na11.a
HHe paapymaIOI.ql'IX CHJI H T. A· 

B Coe'AUHeHHLIX IIlTaTax 6LIJIH npeAllPHH.!ITLI 

3ll8'1HTeJJbHLie yc.HJJHjJ Ha IlOHCKH pemeuuii npo6-
JleMLl pacnyxaHHH TeDJIO.IU,I~eJIHIO~ero 3JieMeHTa, 

BLl3B8llHOI'O o6pa30B8HH8M raaoo6pa3HLIX npoJ.lYl(
TOB ~eJieBHII BHYTPH TOllJlHBa. Pa6oTa TOilJIHBa 

npu BLJCOKoii TeMnepaeype mreer ~Ba ne6Jlaronpu
HTHLIX nocJieAc;rBHR l{.JIR TonJinBa. Bo-nepBhlx, no-
Bhlmaerc.11 11.anJte1me raaooopaanz.rx npo;u•KTOD lI,e
Jieuo.11, 'ITO npHBO]f.llT R pocry .CHJJ, IJI.l3LlBaIOZl\ll..'t: 
pacnyxaeue; BO-BTopNx, npo'IHOCTr. 11atepuaJI0B 
np11 BLICoi<oii reMneparype yMem,maerc.sr, cnm«a11 
cnoco6HOCTL npOTHBOCT011Tb AaBJieHllIO npo]f.yKTOB 
:i,eJienua. 

Ilo narneMy MHenmo, npn npoua»o~CTDe O'letth 
nopucToro ronnusa Ha UC - ZrC xoJroAHoe npec
coaaune p,aeT aHa'lnTeJI1.Ho Jiylfm11e peay.'Ir.TaTLl 
no cpaBHeHHIO c ropH'IHM npeccosafJHeM upH o6pa
aoaannn o'leH1, TOHIOIX It coeausenaux Meif{J(y co-
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(,oii nop 011yTpH TonJ111Ba. llcnoJJLaooaHne a npo-
11:too;tcToe ueToJta H30CTaTn'lecKoro npeccouau»R 
0Ciecne11uaae-r o'tem. OOJJLWYN> o;tuopol\HOCTJ. 
caoiiCTB T00nltBa. 

llcr.1e,1ooaJ1aCL B03MO)KHOCTL HCDOJll>30Baffll.R B 

Jia'le<:TBe ltaTepnana 000.'IO'leK CJIOR BOJJLCf1paMa, 
ocam;tenuoro 113 napoeoii tf,aa1.1. 3ToT cnocou 0Ka

:1a.:icJ1 npnrOl.ULUf K8K C TO'IKJI apemu1 113fOTOR
.,ellltR, Ta1' 11 XI\Mll'le<:KI\X H ~1131tttec1mx: c1toiiCTB 
0(>0JJ01n.u. XoT.11 aTa 000J1011Ka 111teeT npeuMy~e
ctoa 110 cpae11e11uio c .:1pyrmm Matep11anaM11, 11p11 
Te)tnt'paType 1800° C ee npO'IHOCTt. Ha pa3pblB DCO 

t'll.\e l,OB0.11,HO HH3Ka (11p11Mep110 140 -,cz/cM.2) ]{Jiff 

toro, 'IT001.1 o6ecne111tTL y,1epma1rne npo:tyKToe ,1e
.1N1t1R, neo6xo,'\HMoe ,!V'III Te0JIOBLl;J.e:I.RN)U\IIX :>:ie
MeHTOB, c11a6>KeHHLU: Ol>O.'IO'IKoit. 

llhtpoKo 11cc.11e,loea.nacL npouJ1eMa coeMecnurn
CTH TOOJJHBHLIX 11arepna.1oa 11 0Go.,011CK. l\aK npa• 
BffJJo, T0.1bliO Bo.'ILcjlpaM coaMeCTnM c U02 npu 

TeMneparype 1800-2000° C. Jlpyr11e Marepnam.:, 
1u,16pa1un,1e :tmr 11ay'len11.11, - Ta11taJt, n11ou11ii, 
Mo.1116.1e11 - conMe<:THMa.l c U02 np11 reimepaTypc 
1111ace 1800° C • .lJ.Ju1 Kapou.:J.Horo Tonm1na TOJU,Ko 
oo.,t..lf,paw coaMeCTMII c UC - ZrC np11 Te~tnepa~ 
Type 1800° C. fl pe;teJJLI t'OBMeCTJtMOCTII ,;\.1R :.lJ)Y
rux M3'fl'l}H8Jll)B - TaHT8J'i lll(OOHii 11 MO.'lllt"i· 

;(l'H - no OTHOIUCHHIO K xap6n:ty JiemaT llllitW 
1400° C. 

Ilp11'1UHW Hec0BlfCCTJIMOCTII T3HT8Jla, HH06HR )t 

II0.111t6~eea e BLIC0l<0Te1mepaTYPHLIMII TOUJIHBaMH 
aan11c11T OT o6paaqa tonn11aa II oCiono•rnu. Bo Mno-

Acta de la Sesi6n 4.1 

r11x cJJy'la.Rx ~JJ.R onpe.neJiemrn: tu11a BaauMo~ei\
CTBHR lfCCJJell,oBaHHH npoBoJ.:VJTCR B ye•1eHHe 1000 'l. 
IlpH TeMnepatype 1800° C Baa11MoAeiicTBHe MelK;ly 
tonnuaoM 113 U02 u 060Jto1:11rnu ua TaHtana, uuo-
61111 H MOJJH6]leHa B 0CH0BH0M npeJJ.CTaBJIJieT co6oii 
DpOHHKHOBeHlte no rpaHHL(aM aepen. IlpoHBRHoBe
HHC no rpaau~aM aepeH MomeT, B cooao ocrepe;u,, 
npHBeCTlf K KOHQeHTpau1m T0IIJJHBa Ha noBepx
UOCTH 3MHTTepa H U()BJ1KHTL Ha pa6oTy B&IXO;J.a H 

TepM03MIICClf0HHhJe xapaKTepncTHKH. IlpecyTCT
B110 T0ITJIUBa Ha rpaHHL(aX aepen o6oJIOCfKII MOJneT 

OCJlaonn, c-rpyRTYPY OOOJIO'l'KH H npHBeCTll I{ ycu

JICHUIO pa.:uiaQHOHHLIX nonpem;i,eHJIU. 
Ilpu TCM0epaType f800° C B peayJihTaTe KOH

Ta1'Ta UC - ZrC c ra»TaJ10M, m106ueM 11. Mo.1116-
;a.enoM oopaayetc» 1RHJ1Ka11 <paaa (ypaua) .n:111 
crcx110MeTp111:1ec1rnx coen1111eH111t. B cJJy11ae 6ora
t1.ax yrnepo:toM Kapun.non, nanpuMep UC2, m11t 
UC - ZrC, co,lepmautll.X H30hlTOK yrnepo;,.a, a1>c-
11J1yata u1111 npu TeMnepaTypc 1800° C np11eo;J.HT N 
06paaona111110 CJJ0II 11auwro1111oro yrJJepo,na. Paapy
lllllTCJtLHl>IC pea1n.vrn, Ha6;110,nauurneca npH re11-
nepuype 1800° C, npore«alOT n npH 1600° C. 

l(al( yme OTMelfaJJOCL, 'IHCTblii BOJih<ppaM coBMe
CTJIM c U02 u ctex110MeTp1P1ecKuM UC - ZrC. C 
npyroii CT0pOHLt, COJl3Bl,I BOJih(f1paMa, uanpHMep 
W - Mo W - Nb II W - Ta, 11MeIOT c0B~ec111-

' ~ 
M0CTh, xapanTepnyJO Jf.JJSI no6anoK no oTnomem• 
}( 1tapGn;i.aM, Ji, CJle;J.OBaTeJthllO, aenpurO;tHbl il.-1: 
IIC00JIL30Balllt11 B Ka'ICCTBe 060.1011eK npn Tel10 
payype 1800° C. 

Conversi6n directa del calor en electricidad 

Presfdente: I. G. Gverdtsiteli (URSS) 

Documento P/-4S (presentado por P. Ricateau) 

OISCUS16N 

S. A. STEPANOV (URSS): iCuanto dura la prueba 
del generador de 10 MW MHD de Electricite de 
France a que se ha referido en la primera parte de su 
memoria1 

P. RtcAnAu (Francia): Basta el momento presente, 
las operaciones se realizan durante media hora. Pero 
no existe dificultad para que se mantengan durante 
mas tiempo. ya que la tobera de] convertidor pue~e 
soportar de 10 a 20 horas de functio~amiento. ~in 

embargo, se ha preferido realizar una sene de ex~~nen
cias cortas modificando en cada una las cond1c1ones 

de trabajo. 
s. A. STEPANOV (URSS): ~~emas de potasio, lQ"t 

otro agente ionizante se ut1bza en este generador · 

P. R1cATEAU (Fra~cia): Solamente se utiliza po~~sio 
en la forma de potasa disuelta en alcohol metihco. 

Documento P/132 (presentado por P. Dunn) 

DISCUS16N 

I. P. STAKHANOV (URSS): iCual es la densid~d :e 
potencia por centimetro cuadrado de superficie e 
catodo en diferentes condiciones experirnentales? 

P. D. DUNN (Reino Unido): Con los emi~ores de 
UC-ZrC a 2 000 °C se consigue una dens1dad de 

potencia de 12 W/cm2
• 

N. N. PONOMAREV-STEPNOY (URSS): i:Cual ~ue la 
raz6n de realizar pruebas tan cortas en las umdades 

experimental es? 
P. D. DUNN (Reino Unido): Las experiencias_ se ~~: 

realizado en un canal de un reactor de investigacio 
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de grandes dimensiones y la temperatura del emisor 
se vari6 modificando la potencia del reactor. Para ello 
se necesita una utilizaci6n exclusiva del mismo y por 
consiguiente la duracion de la experiencia debe ser 
pequeiia. Como se ha dicho en la memoria, se acaba 
de terminar el diseno de un circuito en el que se puede 
efectuar un control automatico de su posici6n en el 
micleo del reactor con objeto de mantener constante 
la temperatura del emisor independientemente de la 
potencia del reactor. Con circuitos de ese tipo se 
pueden realizarexperiencias durante periodos mayores. 

V. I. SUBBOTIN (URSS): iSe ha medido la tempera
tura del catodo durante Ja experiencia '! 

P. D. DUNN (Reino Unido): Se ha medido la tempe
ratura en el centro del emisor con termopares 
W + WRe (aislados con BeO y revestidos de Ta). 
El terrnopar no se ha llevado hasta el punto mas 
caliente y se alcanzaron temperaturas de 2 000 °C. 
Se aplico una correccion por variaciones longitu
dinales y radiates para conocer la temperatura de la 
superficie emisora. Estas correcciones se han realizado 
utilizando los resultados de experiencias de labora
torio en donde se han empleado termopares y piro
metros 6pticos calentando mediante corriente de 
Foucauld. 

R. W. Pmo (Estados Unidos de America): Quisiera 
hacer una pregunta relacionada con la retenci6n de 
los productos de fision en el combustible termoi6nico. 
En su memoria ha mencionado que se han elegido dos 
tipos de materiales combustibles: a) UC-ZrC sometido 
a presi6n y sinterizado en caHente, b) cermet de 
tungsteno y UO2• iProyectan favorecer la liberaci6n 
de productos de fisi6n para asegurar la estabilidad 
dimensional del combustible?, o, por el contrario, 
iPtefieren retener los productos de fision permitiendo 
un ligero aumento de volumen del combustible cuando 
akance- un grado de quemado elevado? iConstituye 
un problema el aumento de volumen del elemento 
combustible cuando se recubre de tungsteno o 
carbono? 

P. D. DUNN (Reino Unido): En nuestro primer 
experimento se utiliz6 UC-ZrC, • sinterizado sin 
recubrir, considerando probable que a la temperatura 
de funcionamiento (2 300 °C de temperatura central) 
hubie:i:a una liberaci6n completa de los gases de fision. 
Sin embargo, el examen efectuado despues de la 
irradiacion demostr6 que existia una gran retencion 
de gases, lo que representaba una seria lim.itaci6n a la 
vida del dispositivo, debido a la reducci6n de la forta
lezza mecanica del material a temperaturas elevadas Y 
al oonsiguiente aumento de volumen y distorsi6n. Por 
este motivo se han utilizado emisores refractarios en 
fonna de cermet o con revestimiento. De esta forma 
se reduce unos 300 °C la temperatura de operacion 
y se aumenta la resistencia del material. Si se ha 
recubierto el combustible se puede introducir las 

holguras suficientes para pemutu la distorsion. 
Nuestra experiencia con cermet de acero inoxidable 
a 650 °C ha demostrado que se puede alcanzar un 
quemado del 12 % disponiendo convenientemente el 
componente ceramico e introduciendo porosidad. 
No hay razon para suponer que esta misma tecnica 
no se pueda aplicar al :U02 en tungsteno a temperatura 
elevada. 

Documento P/218 (presentado por H. M. Dieckamp) 

DISCUSl6N 

. V. A. KUZNETSOV (URSS): El samario se ha utili
zado en el sistema SNAP IOA como absorbente para 
compensar las variaciones de reactividad debidas a 

· Ia redistribucion del hidrogeno. ~Cual es la reactividad 
que compensa? 

H. M. DIECKAMP (Estados Unidos de America): 
El samario se utiliza como un veneno que se destruye. 
Como no puedo dar una respuesta exacta prefiero no 
especular. 

V. A. KUZNETSOV (URSS): i_Se puede autorregular 
· el sistema SNAP 10A utiUzando el efecto de tempera
tura o se utilizan elementos termopares convencionales 
y camaras de ionizacion con los correspondientes 
canales de medida en el sistema de regulacion? 

H. M. DIECKAMP (Estados Unidos de America): 
El SNAP IOA se controla durante los tres primeros 
dias despues<le situar!o en orbita utilizando la tempera
tura de salida. Despues de este periodo no se realiza 
ningun control especial y la estabilidad de la potencia 
depende solamente del coeficiente de reactividad debida 
a la temperatura. 

Y. D. GUBANOV (URSS): i_Por que razon nose han 
utilizado teluridos en el convertidor del sistema 
SNAP lOA y que perspectivas existen para un posible 
uso de los teluridos en tales dispositivos? 

H. M. DIECKAMP (Estados Unidos de America): 
Se ha utilizado una aleaci6n de silicio-germanio para 
la conversion de potencia en el SNAP JOA por sus 
magnificas caracterlsticas mecanicas y metah'.i~gicas. 
Hemos llegado a la conclusion de que estas cons1dera
ciones asi como la capacidad del silicio-germanio para 
temperaturas mas altas son mas importantes que 
los elevados factores de conversion (Z) para los 
teluridos. 

N. N. PoNOMAREV-SITPNOY (URSS): ;La instalaci6n 
del SNAP lOA en el complejo reactor-convertidor 
opera con calentamiento nuclear? 

H. M. D1ECKAMP (Estados Unidos de America): 
Todo el sistema de vuelo es ta calentado electricamente. 
Los reactores funcionan aparte. Todo el sistema se 
operara por calentamiento nuclear a finales de este 
ano. 
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G. BEN DA~D (l_s~ael): iPreve Vd. alguna aplicaci6n 
terrestrc de d1spos1ttvos del tipo del SNAP? 

H. M. DIECKAMP (Estados Unidos de America): 
Se pueden encontrar multiples aplicaciones especial
mente en zonas lejanas (zonas articas) donde el factor 
econ6mico pierde su importancia en comparaci6n con 
los problcmas que surgen en sitios tan lejanos. 

G. BEN DAVID (Israel): iC6mo se piensa resolver el 
problema de la eliminaci6n radiactiva del espacio 
ultratcrrestre con estos sistemas sin blindaje? 

H. M. DrECKAMP (Estados Unidos de America): 
Este problcma se ha estudiado en el programa de 
dcsarrollo y puedo asegurar que los factores de 
se~~da~ han tenido primordial importancia al 
dec1d1r d1versos aspectos del sistema. Entrc otros sc 
ban realizado estudios de impactos a gran velocidad 
Y calentamiento al regresar. Ninguno de estos analisis 
indica que pueda haber ningun problema de conta
minaci6n del cspacio por estos instrumentos. N6tesc 
que el parar el reactor cuando a(m sc encuentra en el 
cs~acio ~ pcrmite que se desintegren los productos de 
fis16n nuentras quc sc cncucntra en 6rbita. Por ejemplo, 
el SNAP JOA despues de un ano de operaci6n y 
100 anos de estar en 6rbita tendra una cantidad de 
productos de fisi6n que representa una actividad de 
I curio. 

J. l.ABETI.re (Francia): ,Que niveles de operaci6n 
espcran conseguir utilizando reactores de conversi6n 
dirccta como el que se ha descrito? 

H. M. DIECKAMP (Estados Unidos de America\: 
Como se ha indicado en la memoria se pretende 
realizar sistemas de 10 a 20 kW(e) y 3 W/lb. 

Documento P/873 
(presentado por N. N. Ponomarev-Stepnoy) 

DISCUS16N 

H. M. DIECKAMP (Estados Unidos de America): 
iCuales son las dimensiones y el peso del 
« Romashka »? 

N. N. PoNOMAREV~STEPN0Y (URSS): Es dificil 
conocer el peso exacto de las instalaciones ya que el 
« Romashka » esta constituido por un reactor, un 
convertidor, un sistema de control, dispositivos 
tecnol6gicos auxiliares y espacio para unidades de 
prueba. El diametro del reactor es de unos 0,5 m. 

H. M. DJECKAMP (Estados Unidos de America): 
iPuede hacer algim comentario sobre la experiencia 
adquirida en las operaciones nucleares de este sistema? 

N. N. PoNOMAREV-STEPN0Y {URSS): Las opera
ciones de prueba con el « Romashka » han durado 
500 horas. Desde el 14 de agosto de 1964 se esta 
produciendo energia con calor nuclear. El nivel de 

potencia es de 500 W. Las caracteristicas de potencia 
medidas estan de acuerdo con los parametros de 
disefio. 

R. W. Pmo (Estados Unidos de America): Ha 
mencionado que el « Romashka » puede utilizar 
energia termoelectrica o termoionica. iHan ensayado. 
algun convertidor termoi6nico con el ultimo tipo de 
f uente de calor? 

N. N. P0N0MAREV-SUPN0Y (URSS): En esta insta
laci6n hemos utilizado unicamente conversion termo
electrica. 

H. PEARLMAN (Estados Unidos de America): iPor 
que se ha utilizado como combustible uc; en lugar 
de UC? 

N. N. P0N0MAREV-STEPN0Y (URSS): Se ha uti\izado 
UC2 como ·material combustible del micleo porque 
el reactor es de grafito. 

H. PEARLMAN (Estados Unidos de America}: iSe 
afectan los elementos combustibles por el ciclo 
termico a 1 900 °C, temperatura maxima indicada'? 

N. N. PONOMAREV-STEPN0Y (URSS): La tempera
tura maxima del reactor « Romashka » en las pruebas 
nucleares es de 1 800 °C. Sin embargo se han probado 
muestras de UC

2 
a temperaturas mucho mas altas, 

incluyendo algunas en condiciones no estacionarias. 

H. PEARLMAN (Estados Unidos de America): 
iPuede dar alguna indicacion mas sobre como ha 
influ\do la sublimaci6n, la difusi6n interfase y la 
alteraci6n por radiaci6n en la selecci6n de los mate~ 
riales del reactor y convertidor? 
· N. N. PONOMAllEV-STEPNOY (URSS): En el diseiio 

del « Romashka » se han realizado estudios detallados 
sobre volatilidad, interacciones de contacto, altera~ 
ciones por radiaci6n de los materiales del reactor Y 
convertidor. De acuerdo con los resultados obtenidos 
se hizo una selecci6n de Ios materiales que se compor
tan satisfactoriamente bajo irradiaci6n ya temperatura 
elevada. 

R. W. Pmo (Estados Unidos de America): Quisiera 
puntualizar el problema mas importante en los reac
tores termoi6nicos, a saber: si los elementos com
bustibles pueden o no alcanzar temperaturas de 
1 800 °C. Existen una serie de factores que Jimitan la 
operaci6n del combustible a tales temperaturas, por 
ejemplo. el aumento de presi6n de los productos de 
fisi6n, la disminuci6n de resistencia mecanica del 
material y el predominio consiguiente de fuerzas 
destructivas, entre otros. 

En los Estados Unidos se ha reatizado un esfuerzo 
considerable para resolver el problema del aumento de 
volumen del elemento combustible debido a la gene· 
raci6n de productos de fisi6n en e\ sistema. La tempe· 
ratura elevada tiene como consecuencia dos efectos 
perjudiciales: en primer lugar, aumenta la presi6n de 
los gases de fisi6n dando origen a una hinchaz6n; 
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segundo, empeoran las propiedades mecanicas de los 
materiales a elevada temperatura, decreciendo la 
capacidad de retener los productos de fisi6n. 

En 1a produccion de combustibles de UC-ZrC muy 
porosos se encontr6 que el prensado en frio era mejor 
que el prensado en caliente para su fabricaci6n y para 
el control de poros muy finos interconectados. Los 
metodos de fabricaci6n utilizando prensado isostatico 
proporcionan un alto grado de uniforrnidad en las 
propiedades del combustible. 

Se ha estudiado corno material de revestimiento el 
tungsteno depositado por evaporacion, obteniendose 
resultados satisfactorias desde el punta de vista de 
fabricacion y par sus propiedades fisicas y quimicas. 
Esto es debido a que, a pesar de ser mas fuerte que los 
otros materiales de revestimiento a 1 800 °C, su limite 
elastico es suficientemente bajo {unas 2 000 psi) para 
que puedan salir los productos de fisi6n como se 
requiere en Ios revestimientos de elementos com
bustibles. 

Se ha estudiado la compatibilidad entre materiales 
combustibles y de revestimiento. Por regla general, 
solamente el tungsteno es compatible con el UO2 

a temperaturas comprendidas entre I 800 y 2 000 °C. 
Los otros metales seleccionados (Ta, Nb, Mo) tienen 
limites de compatibilidad con el UO2 inferiores a 
1 800 °C. De los combustibles en forma de carburo, 
solamente el UC-ZrC es compatible a 1 800 °C. El 
limite de compatibilidad de los otros metales (Ta, 
Nb, Mo) es inferior a 1 800 °C. 
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Las razones indicadas para la incompatibilidad del 
Ta, Nb y Mo con combustibles a temperatura elevada 
varian segun el tipo de combustible y revestimiento y 
en muchos casos se han reatizado pruebas durante 
1 000 horas para determinar l_a forma de interacci6n. 
A 1 800 °C, yen el caso del Ta, Nb y Mo, la forma de 
interaccion de! combustible U02 y su revestimiento 
es esencialrnente una penetraci6n en la interfase. Este 
tipo de penetraci6n puede conducir a su vez a una 
concentraci6n de combustible en la superficie del 
emisor suficiente para afectar la funci6n de trabajo y 
el rendimiento termoionico. Y, lo que es mas impor
tante, la presencia del combustible en el revestimiento 
puede debilitar la estructura de este y aumentar los 
efectos de alteraci6n por radiaci6n. 

A 1 800 °C el contacto de UC-ZrC con Ta, Nb y 
Mo da lugar a la formacion de una fase liquida 
(uranio) para compuestos estequiometricos. En el caso 
de carburos ricos en carbono, como el U<; o UC-ZrC 
conteniendo exceso de carbono, la operaci6n a 
1 800 °C produce la formaci6n de capas de carburo. 
Las reacciones observadas a I 800 °C persisten a 
1 600 °C. 

El tungsteno puro es compatible desde todos los 
puntos de vista con el UO2 y el UC-ZrC estequio
metrico. Por otra parte, las aleaciones de tungsteno 
como W-Mo, W-Nb y W-Ta, presentan las caracte
risticas de compatibilidad de las aditivos con respecto 
a Jos carburos y, por lo tanto, no pueden ser utilizados 
como revestimiento a 1 800 °C. · 
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P/196 United States of America 

Advances in radioisotope production and utilization 
• • 
1n science and industry* 

By P. C. Aebersold ** 

?~ly three decades after the discovery that radio
~chvity could be artificially induced, man-made radio-
1so~opes have been established as p9werful and ver
satile tools for an almost countless number of uses in 
nearly all fields of research and application. Man
ma~e radioactivity is truly one of those discoveries of 
maJor benefit to mankind. 

f1dvances in the discovery and production of specific 
radionuclides have been phenomenal. Although around 
130 radioactive species have received significant usage 
and are routinely produced, the potential number of 
usef1:11 radioisotopes is much greater. Means of pro
duc~1~1;1 c~ver a variety of accelerators with great 
tlexib1hty m type and energy of particles and radiation 
generated, encompassing the use of photons, neutrons, 
~rotons, deuterons, tritons, heJium-3 and alpha par~ 
t~cles and heavier nuclei. However, the bulk produc
tion of radioactivity is now by means of nuclear 
r:actors. Through neutron bombardment in high flux, 
high power reactors, production of most useful iso~ 
topes can be expanded to meet any conceivable need, 
up to hundreds of megacuries of certain isotopes such 
as cobalt--60. Also, vast quantities of fission products 
are unavoidably obtained as by-products of power 
and/or plutonium production. Individual radioisotopes 
from this source are being separated and purified in 
megacurfo quantities. Costs of production have been 
greatly reduced and could become even lower with 
larger demand. These megacurie quantities of both 
neutron induced and fission product isotopes are being 
used in the development of heat source and radiation 
processing applications. 

Advances in radiation detectors, associated elec
tronics technology and the automatic recording and 
analysis of data also have been astonishing. Use of 
crystal scintillation counters has become routine and 
efficient crystals are available over 20 cm in diameter. 
Plastic detectors are also available in wide variety of 
shapes and the sizes can be of meter proportions. 
Liquid scintillation counting has become extensively 

• With International Status Supplement. 
•• U.S. Atomic Energy Commission, Washington, D.C. 
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employed for efficient .internal particle counting of a 
broad variety of sample forms. Use of liquid, plastic 
and crystal detectors, with associated circuitry involv
ing multi-channel, multi-parameter pulse height ana~ 
lys1s, coincidence and/or anti-coincidence techniques, 
has been extended to extremely low level countjng of 
samples, even to the size of human beings. Recently, 
a variety of semiconductor detectors have been devel
oped that provide increased energy resolution for 
counting of alpha particles, conversion electrons and 
low energy X~rays and gamma-rays. Semiconductor 
detectors incorporating heavier elements are under 
development to permit efficient, high resolution 
counting of higher energy gamma rays. Increasing 
attention is being given to automatic recording and to 
computer analysis and reduction of data from isotope 
and activation analysis procedures. 

Parallel improvements and expansion in utilization 
of radioisotopes have taken place rapidly in all fields 
of application. In the basic physical sciences, the major 
applications are for analytical techniques, determina
tion of molecular structure, measurement of reaction 
kinetics and determination of physical properties and 
behavior of matter. In the applied sciences, new uses 
are being developed in engineering and in such fields 
as oceanography, meteorology, hydrology, other geo
sciences and space technology. 

In many instances, discoveries are being made 
through the use of radioisotopes which are so impor
tant and striking that we tend to lose sight of the fact 
that they would not have been demonstrable but for 
the availability of an abundant and varied supply of 
radioisotopes. The overthrow of the parity principle in 
weak interactions [I], the evolution of a generally 
accepted theory of Fermi interactions involving beta 
decay, muon decay, and muon capture [2, 3], and 
the historic discovery of the Mossbauer effect [4) are 
all magnificent examples of what has been made 
possible by radioisotopes. 

This paper will examine some of the major advances 
made in the above areas in the United States during 
the six years which have passed since the second 
United Nations Conference on the Peaceful Uses of 
Atomic Energy. 
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LARGE-SCALE PRODUCTION 
OF ISOTOPES 
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One phase that has surpassed all others in the 
United States in rapidity of growth since the last 
Geneva Conference is the development of processes 
for and the actual production of extremely large 
quantities of individual, purified fission products and 
neutron products. The incentive for this effort has 
come largely from the concurrent development of 
small electrical power supplies which utilize the heat 
of radioactive decay as their energy source. Another 
paper at this Conference [SJ describes these power 
systems. 

The fission product that has received the most 
attention for isotopic power use is strontium-90. In 
the period 1961-1964, almost five million curies of 
this isotope were recovered from waste streams and 
converted to the chemical form strontium titanate 
(SrTiOa), a ceramic with good thermal and radiation 
stability, reasonably high strontium content, and 
relatively low dissolution rate in water [6]. This 
required the services of a large production site and 
two hot cell facmties. 

Of the neutron products used for heat sources, 
plutonium-238 has been of greatest utility. It is pro
duced in kilogram quantities by irradiation of nep
tunium-237, which in turn is produced by 238U (n,2n) 
and 136U (2n, y) reactions in reactor fuels. Three pro
duction sites and a large radiochemical laboratory are 
involved in the process. To date, alt nuclear power 
supplies used in earth satellites have employed plu
tonium-238 as their energy source. 

In our -program to develop radiation for the pro
cessing off ood and chemicals [7], we expect cresium-13 7 
to find expanded use as a gamma radiation source. In 
anticipation of these applications, a 215 000 curie 
source of cresium-137 was completed in January 1964 
by Oak Ridge National Laboratory. The final source, 
doubly encapsulated in stainless steel, will be used in 
the radiation development program at Brookhaven 
National Laboratory [8]. Approximately one million 
curies of czsium-137 have been purified by a very 
simple process involving elution of a cresium fraction 
from an inorganic ion exchange medium and sub
sequent purification by the alum crystallization pro
cess [9). 

New opportunities for the use of cobalt-60 will 
arise from a program now under way to manufacture 
this radioisotope in specific activities of 400-500 
curies/gram or even greater. A capability for the 
manufacture of hundreds of megacuries per year of 
cobalt--60 exists in the United States, although total 
current utilization is only about three megacuries. 
Tritium and carbon-14 are also available in quantities 
challenging the imagination of those of us who were 
early workers in the field. Such large capacities for the 

P. C. AEBER.SOLD 

production of isotopes by neutron absorption arise 
from the increased availability of ideally suited reactor 
space resulting from curtailment of plutonium pro
duction in the United States. 

Curium isotopes are receiving a great amount of 
attention at this time, for two reasons: they are part 
of the irradiation chains leading to the formation of 
the very heavy elements, and they appear useful as 
heat sources in various applications. Plans are being 
carried to completion to provide a facility for the 
processing of kilogram quantities of curium-244 into 
targets for further irradiation in neutron fluxes·· in 
excess of JOU. n/crn2s [tO]. A special reactor is being 
built for the latter purpose, and it is scheduled for 
completion in 1965 [11]. The product of the high-flux 
irradiation will be gram quantities of califomium-252, 
for study of this element itself as well as for further 
irradiation in cyclotrons and other macpines. A cam
paign to provide an initial supply of curium-244 for 
investigational purposes was concluded this year, after 
10 kilograms of plutonium-239 had been exposed to 
neutron radiation for several years, resulting in the 
formation of about four hundred grams of curium-244. 
This material has been purified and will permit the 
determination of the macroscopic physical and chemi
cal properties of curium on a much more accurate basis 
than has been possible in the past. 

The shorter-lived isotope curium-242 is also of 
interest, primarily as a heat source. To produce it, a 
supply of americium-241 is required. This isotope, in 
turn, is formed by the beta decay of plutonium-241. 
Kilogram quantities of americium-241 have been 
made available for research or isotope production 
purposes. Although the production of curium-242 by 
neutron irradiation of americiurn-241 is a straight
forward procedure, the subsequent purification of_ the 
curium-242 and its fabrication into heat sources pose 
formidable problems. Most of the problems are the 
result of the intense heat and alpha radiation experi
enced as gram quantities of curium-242 are accumu
lated. 

Requirements for fission product heat and radiation 
sources in the time period beyond 1968 may require a 
special plant (Hanford Isotopes Production Plant) for 
their manufacture. The projected capacity of such 
a plant and the estimated price of its products 
when operating at full capacity ~ave been report-
ed [12]. . 

Although the magnitude of radioisotope production 
in the fission process or by neutron irradiation cannot 
be approached by machine irradiation, nonetheless, 
the production of radioisotopes by cyclotron bom
bardment has become increasingly important, par• 
ticularly for neutron-deficient isotopes. By the end of 
I 963, the United States was using 50 % of the operating 
time of a 2.18 meter cyclotron [13) (originally built for 
research purposes) for the production of radioisotopes. 
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Plans are being m d " . a e 1or a more efficient and versatile 
accelerator for this purpose. 

THERMAL APPLICATIONS OF ISOTOPES 

One major thennal application of radioisotopes 
has_ ~en mentioned already-namely; the use of 
radio~sotopes as heat sources in direct conversion 
el~trical power supplies. More as a prediction of 
th!ngs to come than as a historical statement of accom
plishments made, I would like to mention a few other 
thermal ap r t· h" . P 1ca ions w 1ch appear promising and 
which are under study at this time in the United States. 
We_h~ve begun to examine the feasibility of employing 
radiotsotopes as the source of energy in small rocket 
motors. Three concepts are under consideration: in 
the first, t~e heat evolved from the decay process is 
~ to raise the temperature of a propellant gas in a 
duect convective heat transfer mode; in the second, 
the _h_eat activates a catalyst which accelerates decom
~stt1on of hydrazine monopropdlant; and in the 
third, radiation heating of the walls of the flow pas
sages_ by means of a gamma-emitting isotope is used 
to raise the temperature of the propellant gas. Rocket 
~otors of these types are characterized by their very 
high specific impulse but low thrust, and would, there
fore, be useful in the upper stages of small unmanned 
space ~ehicles destined for long trips to o~her planets 
or which are moving from a low altitude earth orbit 
to a high altitude orbit on a minimum energy trajectory. 
. Stnall radioisotope heat sources are being con

sidered for use in highly instrumented satellites to 
keep the elcctconic components at an optimum. uni
form. operating temperature. 

lAR.GE SOURCES FOR RADIATION PROCESSING 

Another outlet for massive quantities of radioiso
t?pes is expected to be found in the expanding radia
tlon processing industry. It is now apparent that the 
research conducted during the past decade on the use 
of radiation for industrial processing is bearing fruit. 
This is evident with the appearance of several com
mercial radiation processes such as the production of 
ethyl bromide [14}; cross-linked polyethylene film, 
wire, tubing and related products [15J; medical supply 
sterilization [16}; and the production of semi-conductor 
~omponents (17]. Even more encouraging, however, 
~s the greater number of radiation processes approach
mg commercialization. Included are the production 
?f wood-plastic materials [181, curing of coatings, 
Improved semi-conductor devices (19], textiles. bio
degradable detergents [20], polymerization of ethylene 
and copolymers, and food processing [2I]. 

In some cases, radiation produced by machines such 
as electron linear accelerators, resonant transformers, 
cathode ray tubes, and other devices proves to be 

superior from an economic viewpoint to the radiation 
from isotopes. Because of the early state of the radia
tion industry, it is not yet clear which source of energy 
will prove most acceptable fur each application. 

RADIATION TREATMENT OF FOODS 

Treatment of selected foods with ionizing radiation 
for preservation or public health control measures is 
being seriously pursued in over J 5 countries. National 
interests in this developing technology have grown 
rapidly in the past ten years. Research programs are, 
of course, concerned with items of promising eco
nomic value to each particular country. While radia
tion sterilization of food is important for special 
purposes involving long-term storage, the principal 
effort is on consumer products and is concentrated on 
the use of less than sterilization doses. Such effects 
include the inhibition of sprouting of potatoes and 
onions, the control of Salmonel{a in egg or animal 
feed products, the inhibition of ripening of certain 
fruits, the disinfestation of grain and the ex.tension of 
marketing or shelf life, through control of various 
spoilage microorganisms in food products such as 
meat, vegetables, fruits, fish and poultry [22-24). 

Marine products are of particular international 
interest and research has been carried out with less 
than sterilizing doses of radiation on a wide variety 
of such products. The goal is to provide to the public 
a higher quality fresh fish or marine product, while 
also extending the marketing time. Lean fish, such as 
haddock and flounder, are typical subjects but interest 
also extends to clams, oysters, crab, shrimp and other 
marine products. Various approaches are used: 
(a) Treatment of fish at sea or at time of landing to 
maintain quality for distribution in the fresh state or 
prior to freezing; (b) Treatment to control such 
pathogens as the Salmonella, particularly in fish 
meal, or C. botulinum, type E, in smoked products; 
and (c) Treatment of frozen fish to maintain qualit~ 
during thawing and subsequent distribution. 

Radiation preservation of a variety of fruits has 
been investigated by a number of countries with 
increasing indications of several ultimately su<;cessful 
commercial processes. Strawberries have consistently 
shown promise. Although the marketing life of the 
berries is extended somewhat, the chief attainment is 
a marked decrease of loss of quality due to mold 
growth during distribution. Oranges, peaches, nec
tarines and sweet cherries show similar promise. 
Radiation treatment of fruits, such as papayas, man
goes and pineapples, are being investigated by coun
tries with a semi-tropical climate. Not only are certain 
pests control.led through the interruption of their 
reproductive cycle. but plant pathogens can be des
troyed. This would permit removal of quarantines and 
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increased flow of trade for such products. Further
more. radiation alters the physiology of the fruits, 
resulting in a decrease in rate of ripening and an 
increase in marketing life. 

Human consumption of potatoes treated with low 
doses for sprout inhibition was approved in Canada 
in 1960 and, according to reports, earlier by the USSR 
and Poland. In the United States, the use of certain 
types of radiation for disinfestation of wheat and 
wheat products and the sterilization of canned bacon 
has been approved for commercial use. Other coun
tries, such as France and the United Kingdom, are 
developing protocols for certain irradiated foods, which 
hopefully will lead to clearances for commercial use in 
the future. Food irradiation technology is rapidly· 
reaching the point where limited commercialization 
will take place. No extensive breakthrough is expected, 
but a steady growth will take place in this new food 
preservation method. 

TRACER METHODOLOGY AND APPLICATIONS 

The use of radioactive tracers in almost every phase 
of science and industry has become so commonplace 
that one· can no longer hope to be all-inclusive in 
describing advances in the subject. The use of tracers 
in such specific fields as agriculture, biology, medicine 
and hydrology are the subjects of other papers pre
sented at this Conference. This paper, therefore, is 
limited to a few comments on new techniques which 
have rather general utility. 

Tagging of a broad variety of materials, without 
regard to their chemical or physical form, may be 
accomplished by incorporating krypton-85 into the 
solid substance to be labeled [25, 26]. This is performed 
by bombardment of the material with ionized krypton 
gas or by diffusion of the gas into the material under 
high temperature and pressure. The krypton gas at 
present contains 5% krypton-85; as the technique 
finds new applications, demands for higher concentra
tion of the radioisotope will be made so that increased 
sensitivity of measurement will result. 

The versatility of the use of krypton-85 as a tracer 
lies in the fact that almost any material may be labeled 
with it or "kryptonated ... Already some 80 different 
solids, including elements, alloys and inorganic and 
organic compounds have been impregnated with the 
radioactive gas. However, the degree to which absorp
tion of the gas occurs is a function of the physical 
structure of the material. Pyrolytic graphite, for 
example, may be labeled with a specific activity up to 
one curie per gram, whereas the absorption of gas in 
a steel sample wiJi occur only within a few microns of 
the surface and the bulk specific activity then corres
ponds to microcuries per gram or less. 

A substantial list of established applications of this 
technique exists, including the measurement of ero-
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sion of turbine blades, wear of bearings, and the kinetic 
properties of refractory metals at high temperatures 
[27J. If the krypton is incorporated into a reactive 
compound, then the extent of chemical reaction can 
be measured by determination of the amount of 
released radioactivity. This "radio-release" technique 
is similar to those reported previously. for carbon-14 
and hydrogen-3 compounds [28). A method using 
krypton-8S is being developed for use in our space 
program as part of devices for measuring the oxygen 
content of the atmosphere of Mars, and for fluorine 
and hydrogen detectors for use in manned space 
vehicles and at launch sites. 

At the last Geneva Conference, the first report was 
made of the total count method for determining the 
flow rate of fluids by use of radioactive tracers. Since 
that time, the method has found widespread use 
throughout the world and has become greatly diver
sified [29). 

The advantages of using noble gas radioisotopes are 
demonstrated by another tracer technique reported 
recently [30). Here the 5.27 day xenon-133 radioiso
tope was employed in the conventional dilution method 
to measure gas flow rates in an organic chemical 
plant, Other methods for determination of the flow 
rates had proved to be of no avail because of the 
corrosive nature of the gases and because they carried 
entrained particulate matter. The xenon tracer was 
chemically inert in this unusual environment, and no 
corrections for tracer deposition or fractionation were 
necessary. Flow rates ranging from SO to 500 000 
liters/minute were measured with a standard devia• 
tion of less than 1 %- Counting of gas samples was 
performed in a large well-type plastic scintillator with 
excellent efficiency. 

A hydrocarbon alkylation plant presented an 
unusually difficult problem in regard to measuring 
flow of sulfuric acid through various reactors and cir
culating loops [31 ]. By making rapid injections of 
radiogold into the system and then measuring tracer 
concentrations in acid samples or tracer flow through 
pipes, four quantities were easily measured: acid cir
culation rates, volume of acid in system, replacement 
rate of acid and entrainment of acid in the hydro
carbon stream. 

These accomplishments are mentioned as being only 
representative of how well radioisotope technology can 
be adapted to engineering studies in industry. 

In science, tracer methodology has reached the 
point of prosaic acceptance. A survey of the abstracts 
of national meetings of research societies shows a large 
number of papers presented annually, which make use 
of radioactive isotopes, the greatest concentration being 
in the fields of medicine, biology, biological chemistry 
and physical chemistry. 

Recoil chemistry or "hot atom"· chemistry occupies 
such a significant role in tracer methodology that an 
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entire sympos· d . . mm was evoted to the subJect by the 
IAEA In _ 1960 [32j, while a survey article which 
appeared m 1962 [33} on this subject states that six 
or seven hundred papers had been published in the 
fie)~ o~ recoil _chemistry since its inception. The survey 
arttcle_ itself cited IOI references in the literature, most 
ofwhich appeared in 1959 and 1960. 

~en it is advantageous to incorporate a radio-
active t • . racer mto a functional group or groups of an 
orgaruc compound, the use of tritium (hydrogen-3) 
has fi d ·d oun w1 espread use [34, 35]. Many workers have 
employed the self-labeling method of Wilzbach {36), 
but more recently, a new technique has become avail
able which has substantiaHy broader applications 
{37-39]._ Hydrogen-tritium exchange is effected by 
~~tactmg the organic material to be labeled with a 
tnttated phosphoric acid-boron trifluoride complex. 
A general review of the method and some of its 
applications has appeared recently [40J. 

Again, there is space here to give only one example 
~f the elegance of the tracer technique in basic chem
istry. Collins and co-workers have been able to 
measure the secondary isotope effect in the reaction of 
a~tophenone-beta-14C with 2,4-dinitrophenylhydra
zzne {41 ]. The ratio of specific rate constants 
of labeled and unlabeled species . proved to be 
l.?085 ± -0004. By using the same procedure with 
lllllltures of deuterated acetophenone and acetophe
none•beta-14C, acetophenone-alpha-14C, and other 
carbon-14 labeled ketones, the same group of in\resti, 
gators were abJe to measure with 14C the isotope effect 
of deuterium substitution for hydrogen in the ketone 
structures in the reactions which form phenylhydra
zones (42]. For the case previously cited, the net effect 
of deuterating the methyl group in acetophenone was 
to increase the rate constant by a ratio of 1.1 I 1. In 
other words, a radioactive tracer was employed to 
detennine the effect of a stable isotope substitution. 

We should not lose sight of the fact that the radio
isotopes which are found in nature are often of value 
as tracers or as chronographs. The classical work of 
Libby and co-workers in employing carbon-14 mea
surements for dating of archeological samples was 
considered important enough to be honored with the 
Nobel Prize in 1960 .. Other naturally occurring iso
topes, both stable and radioactive, are being utilized 
to ever greater extent as the measurement techniques 
for them become more sophisticated. A major inter
national symposium was held on this subject in 
1962 {43] and several articles or papers have dis
coursed on the general applicability of isotopic meas
urements or analysis in cosmochemistry, meteoritics 
and geochemistry {44-46}. 

Notwithstanding the innumerable applications for 
radioactive tracers which have been developed already 
for the benefit of science and industry, much remains 
to be done. In cases where there may be concern over 

the use of radioactive tracers, such as in large field 
experiments involving release to the biosphere or into 
consumer products, activation tracing will find 
expanded use. This involves the use of stable tracers 
followed by neutron activation analysis or charged 
particle activation analysis to measure the stable tracer 
concentrations. Although a beginning has been niade 
in this technique f 47J, refinement of the analytical 
measurements remains the outstanding problem. 

ISOTOPE MEASUREMENT AND CONTROL SYSTEMS 

Past conferences have dweh at length on the use 
of isotopes as sources of radiation in all manners of 
instruments such as thickness gauges, density gauges, 
composition gauges, liquid level indicators, etc. (48J. 
Devices of this nature are now routinely used by 
industry in many thousands of installations. In· some 
cases, competing instruments have been eliminated. 
Still, we can be certain that utilization of isotopic 
measurement and control devices in industry is still in 
its infancy. As one of my colleagues has written, 
"There seems no limit to the ingenuity of instrument 
inventors in using the penetrating, scattering, or 
selective absorption of radiations to test materials 
rapidly and feed back control information required by 
today's automated systems" (49]. 

Extension of a radiation scattering principle into a 
new realm is demonstrated by a device for measuring 
the density of air as a function of altitude to heights 
greater than 40 000 meters. This system [50] employs 
beta-ray forward scattering for sensing the density of 
air between a krypton-85 source and an anthracene 
scintiJiation crystal joined to a multiplier phototube. 
Background radiation count rate from an identical 
detector is subtracted electronically from the primary 
signal. Sensitivity of both circuits is increased by dis
criminating against pulses outside an optimum region 
of the 85.Kr beta spectrum. A de voltage directly pro
portional to net count rate is used to modulate a radio 
transmitter. This system has been incorporated into a 
balloon-home package wruch also measures air tem
perature and pressure by other means. Sequential 
readings of density, temperature, and pressure are then 
transmitted to a ground receiving station. A recent 
calibration flight resulted in collection of useful data 
between 21 300 and 37 500 meters. 

Oceanography is occupying an increasingly greater 
proportion of the attention of scientists in the United 
States today. Again, as expected, nuclear instruments 
are being developed for measurements in the remote 
frontier deep below the surface of the ocean. One of 
the more complex of these is termed Deep Water 
Isotopic Current Analyzer, or DWICA. It consists of 
a circular planar array of 16 scintillation detectors 
surrounding a centrally located source of radioactive 
solution (typically 1311). Periodic injections of solution 
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are swept by the ambient ocean currents to one or 
more detectors. A computer system analyses time of 
arrival of activity at each detector. calculates velocity 
and direction of flow, and prints out the information 
in digital form [51). DWICA is designed to operate 
at a maximum depth of 1800 meters. 

The most exciting recent discovery that offers to 
expand this field immeasurably has been that of 
Dr. Rudolph L. Mossbauer. Although the Mossbauer 
effect is of outstanding importance in basic areas of 
physics. encompassing fundamentals of nuclear and 
molecular structure, it is also finding uses in a more 
applied sense. A review of applications of the Moss
bauer effect alone would be extremely lengthy. I will 
hence limit my remarks to a few examples of applica
tions which have appeared recently in the United 
States, observing once again that the discovery and 
experimental verification of the Mossbauer principle 
of recoilless emission and resonance absorption of 
gamma radiation and its extension to practical meas
urement systems would not be possible but for the 
ready availability of a wide variety of radioactive and 
stable isotopes which exhibit the Mossbauer effect. 

The most publicized experiment of recent times 
occurred when Einstein's principle of equivalence was 
confirmed by Pound and Rebka [521- They measured 
the difference in frequency of gamma quanta emitted 
at a height of about 20 meters above the surface of the 
earth and at the surface of the earth. The difference, 
as predicted by Einstein, should have been about one 
part in 1011 per meter of altitude, and this was detected 
quantitatively by measuring the frequency shift of the 
resonance absorption peak in 67Fe. In other words, 
the difference in "weight" of gamma quanta at an 
altitude of 20 meters and on the ground was measured! 
As Goldansky said in a recent review article [53] on 
the Mossbauer effect, "By comparison with this 
splendid piece of research, even the most elegant 
experiments are bound to suffer ... " 

The greatest field of application so far has been the 
study of the physical and chemical environments of 
the target nuclei, whose energy levels are affected by 
the local magnetic fields, charge densities, and electric 
field gradients. In this sense, we speak of "Mossbauer 
spectroscopy". By far the favorite target has been 
67Fe. with applications ranging from ferrimagnets [54] 
to hemoglobin [55). The next is 119Sn, a favorite 
especially of the Russian workers. 

The Mossbauer effect also provides a tool in the 
study of lattice dynamics and diffusion [56), since the 
intensity, line shape, and temperature shift are governed 
by the stiffness of the target environment. Applications 
in this area are expected to increase as difficulties in 
theory and technique are overcome. 

Two groups have proposed the use of the Moss• 
bauer effect to determine the small relative velocities 
at which one spacecraft will approach another in 
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a docking or rendezvous maneuver, or the closure rate 
at which a space vehicle approaches a celestial body 
such as the moon [57, 58]. Such velocities are expected 
to be of the order of millimeters per second in the final 
moments of approach (separation of a few meters). 
At such time, the use of radar is no longer possible, 
and yet accurate control of speed and alignment is 
essential to prevent damage from shock or from mal
function of the coupling mechanisms. 

On the other hand, the use of a Mossbauer source 
and absorber is probably limited to ranges of 30 meters, 
but at this distance the relative velocity may be in 
excess of the capability of Mossbauer measurement. 
Therefore, another nuclear ranging system of a more 
conventional variety, which depends on the inverse 
square change in count rate with distance from a point 
gamma-ray source, has been proposed as the inter
mediate between the Mossbauer sensor and radar [58}. 

INSTRUMENTATION IMPROVEMENTS 

A minor revolution has occurred in the field of 
radiation detection and analysis since the time of the 
last Geneva Conference because of at least two general 
scientific achievements: the development and com
mercial production of whole families of solid state 
electronic devices or components, and the design of 
very fast data acquisition equipment and computers. 

Crystal scintillators have become more refined and 
have increased in size. Although thallium-activated 
sodium iodide remains the workhorse of the field, 
other inorganic materials such as ca:sium iodide and 
calcium iodide are receiving increased attention_ 
A recent paper reported [59] that calcium iodide pro
duces light outputs twice as great as those in Nal(TI) 
when exposed to gamma radiation, and that pulse 
height resolutions of 5.2 and 9.9% (full width at half 
maximum) for 137Cs and 07Co gamma rays have been 
obtained with this material. However, problems of 
crystal fabrication remain to be resolved before a 
widely useful material will be available. 

Plastic scintillators up to 40 cm in diameter are now 
sold in the United States. The Univetsity of Miami 
is employing scintillators of this size to measure trace 
concentrations of radioactive materials in sea water 
at depths up to IO 000 meters. In a system of two 
scintillators and corresponding electronic equipment, 
coincidence counting of cascaded gamma radiation 
from cobalt-60 enables one to detect this isotope at 
concentrations as low as I0-18 curie per liter in the 
presence of high background due to the naturally 
occurring potassium-40 [60). Care must be taken, 
however, to operate at depths sufficient to reduce the 
cosmic ray background to negligible levels. . 

Liquid scintillators have advanced corres~o~dmg_Iy, 
although they, like the plastic varieties, remain mfenor 
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to .the inorganic crystals in light production and pulse 
:e;gh~. resolution. However, they are superior for 

e ectmg very low concentrations of gamma emitters 
or fc • or mternaI counting of low-energy beta emitters. 
Several applications for large Jiquid scintillators have 
appear~d, including a system for detecting less than 
one microcude quantities of 6°Co moving at a rapid 
rate past the detector [61], a detector for measuring 
tracer levels of radioactivity in chemical process 
streams [62}, and an apparatus for measuring neutron
proton coincidences produced by antineutrino inter
ac~ions with hydrogen or deuterium in the scintillator 
flwd (63}. 

_The multiplier phototubes employed in conjunction 
~th the various varieties of scintillators are being 
improved constantly to decrease transit time increase 
~Jectron multiplication, and increase electri;al stabil
ity and life. A tube as large as 60 cm in diameter has 
been produced [64] which, to my knowledge, represents 
the extreme in size. 

Other tubes are now available with multiplication 
factors up to 108, permitting the detection of single 
photoelectrons. High-speed counting tubes have been 
reported recently to exhibit rise times of less than 
0.5 nanosecond (approaching the minimum theoretical 
value of about 0.2 nanosecond), transit times of less 
than 4 nanoseconds, and dark currents of 10-9 
ampere (65]. 

The most striking advance however has been in the . ' ' 
improvement of semiconductor detectors for all types 
of electromagnetic or particu]ate radiation. It is now 
possible to say that semiconductor detectors have 
come of age, although much remains to be done in 
iml?rovin~ their stability at ambient temperatures and 
•~~1r efficiency for counting beta and gamma radiation. 
Silicon and germanium have been studied to the 
greatest extent. Silicon is superior to germanium in the 
sense that its noise level at room temperature is Iow 
enough to permit it to be used without cooling. Ger
manium normally requires cooling to liquid air tem
peratures to obtain the greatest sensitivity. At the 
sarne time, germanium is superior to silicon for detec
tion and resolution of high energy gamma radiation 
because of its higher atomic number. Both materials 
can be drifted with lithium ions to increase their 
resistivity. Sensitive depths up to I cm have been 
achieved in silicon surface barrier detectors by this 
technique, Jeading to detectors capable of better pulse 
height resolution than scintillation detectors for gamma 
radiation of less than 2 Me V. Of course, the counting 
efficiency of these semiconductor detectors remains in 
the vicinity of l %. We can expect that new semi
conductor materials wiIJ be jnvestigated within the 
next few years which will extend the range of gamma 
energy and increase detection efficiency. Cadmium tef
luride and gallium. arsenide appear to be particularly 
attractive in this respect (66]. 

Perhaps equally exciting to the nuclear physicist 
and chemist has been the appearance of advanced 
electronic equipment to accompany the improved 
detectors. Transistorized pulse height analyzers of up 
to 400 channels are part of the equipment of most of 
the larger nuclear laboratories in the United States 
today, and for more complex systems in which coin
cidences, an6cojncidences, or time-deJay relationships 
are recorded, it is possible to obtain instrumentation 
with up to 20 000 channels of recorded information, 
each channel having storage of up to 105 counts. The 
subject of multi-parameter analysis of this type is 
receiving great attention, since the capacity to record 
data has now exceeded the capacity to analyze the 
significance of the data. At a conference held in 1962 
in the United States, applications of multi-parameter 
analysis in nuclear physics were discussed, and evidence . 
of the progress being made in this complex field was 
substantial [67]. 

To the person interested in radioisotopes technology, 
the techniques of greatest interest are those in which 
a mixture of gamma spectra from the simultaneous 
decay of several isotopes is resolved into the con
stituent spectra, permitting quantitative identification 
of the isotopic mixture, or resolution of the complex 
decay mode of a radioisotope. Such procedures are 
of utmost importance in neutron activation analysis, 
and a number of laboratories are vigorously attacking 
the problem [68]. The approach being employed is 
first to assemble a catalog of the spectra of all isotopes 
of interest in a standard detector geometry and to 
record the information on punched or magnetic tape 
by means of an analogue-to-digital converter. An 
unknown spectrum is then recorded and stored in 
similar fashion, and a high speed computer is then 
employed to make comparisons of peaks, sort out 
individuaJ spectra, and finally calculate the relative 
amounts of ick-ntified isotopes present. The time 
required to perfom the analysis is thus reduced by 
several orders of magnitude in comparison to hand 
computations. 

Excellent summaries of this and other applications 
of multi-parameter and computer analysis to radio
isotope work have been published by several of the 
prominent workers in the field (69-7lJ. In general, 
the combination of pulse height analyzers and com
puter memories, plus fast and graphic readout systems, 
facilitate the performance of ordinarily laborious 
tasks such as calculation of the pulse-height response 
of a scintillation crystal as a function of gamma-ray 
energy, computation of coincidence sum spectra for 
coincident or cascade gamma emission, resolution of 
superimposed photopeaks, and ang°ular correlations 
of coincident events. 

One particular area that has benefited greatly from 
such advances in automation and instrumentation has 
been nuclear activation analysis. In recent years, this 
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important technique has grown from an infrequently 
used laboratory procedure to a method renowned for 
its sensitivity and diversity of application (72, 73). · 

FUTURE OF RADIOISOTOPE APPLICATIONS 

Notwithstanding all the advances made in the short 
period of six years, our optimism for the future is 
tempered with the sobering thought that much remains 
to be done before the potentials for the use of radio
isotopes in science and industry are more fully realized. 
More detailed education of scientists and engineers, 
who are not nuclear specialists, is required to acquaint 
them with the unique characteristics and versatile 
capabilities of radioisotopes, as well as their already 
proven applications. Scientists and engineers so edu
cated could empJoy radioisotope technology as a 
ready tool in the same manner as the more conven- -
tional techniques of chemistry, physics, and other 
basic disciplines. 

Regulation of the use of radioisotopes by govern
mental agencies is till too restrictive in some instances. 
However, many gains have been made in extending the 
freedom of use of these materials while maintaining 
good safety practices. Industrial management has not 
yet fully recognized that the use of radioisotopes can 
provide substantial savings in time and money not 
possible by other means. This requires a continuing 
program of education at all levels. 

Several predictions of technical advances to be 
realized have been made earlier. We can expect to see 
many megacurie quantities of specific radioisotopes in 
use for radiation processing, for small electric power 
generators and for space heat applications. We will 
see them become employed in more routine ways as 
well as in explorations from the bottom of the sea 
to outer space, at the extremes of our environment. 
It has been said before, and it may need to be repeated 
for many decades, that the applications of isotopes 
will be limited only by man's ingenuity. 
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INTERNATIONAL STATUS SUPPLEMENT 

A number of countries, after submitting unsolicited 
contributions for this Session, Use of Tracers and of 
l.Arge Radiation Sources in Industrial Processes, were, 
asked by the International Atomic Energy Agency for 

their authorization to make the information contained 
in their papers available for review in this supplement. 
The following countries agreed to this proposal: 
Argentina, Byelorussian Soviet Socialist Republic, 
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Czechoslovakia, Finland, Hungary, Japan, Poland, 
Romania and the United Arab Republic. 

It is the objective of this supplement to abstract 
from these contributions information on ·current 
radioisotope applications in these .countries. 

. Argentina [I]: Tracers are used for locating gas 
pipe. connectors,_ dy~ studies in textile processes, 
locating obstructions in oil and gas pipe systems leak 
detection, flow measurements, and to study 'sand 
movements along coastal shores. Sealed sources are 
used _in ga?1~a radiography, oil well logging, thickness 
gauging! hqwd level measurements, and soil density 
and moisture content determinations. 

Byelorussian Soviet Socialist Republic (2]: Radio
isotope units are used in a complex:. of instruments 
equipment, and automatic control systems, applied t~ 
~umidification, drying, cut-off lathes, thickness gaug
ing, and the machine-building industry. Radiation 
processes are used in grafting of polymers on natural 
and synthetic fibers, radiative modification of wood 
and in a polyglucon sterilization process. Trace; 
methods arc also used in a wide variety of industrial 
processes. 

Czechoslovakia [3J: Radioactive methods for deter
mining important engineering data, especially in the 
metallurgical, machine-building, chemical, and petro• 
leum industries, are discussed. Examples include the 
use of sulfur-35 and carbon-14 in slag studies and 
~iffusion studies of these elements in steel and gray 
iron; electroplated cobalt-60 in gear wear and 
cobalt-60 tracing in pipeline transfer of a series of 
different petroleum products; sodium-24 in cement, 
amalgam, and glass studies; and krypton-85 in 
leakage testing of sealed transistors. Uses of tracers 
in deep borings in geological explorations are 
discussed. 

Finland [4J: Tracer methods are now routinely used 
in Finland for determination of material flow, mixing 
properties, and the behavior of components of complex 
systems. Examples include distribution of sulfur in 
sulfite cooking; sodium retention in sulfite pulp 
washing; movement of beds of solids in a rotary kiln 
using cobalt-60 rays transversing the kiln; behavior 
of pulverized coal ash components in a cement rotary 
kiln using lanthanum-140 mixed into the pulverized 
coal stream; and measurements of the groundwater 
flow in the vicinity of a mining industry using bro
mine-82 in ammonium bromide as the tracer. In 
another application, the dynamic properties of flota
tion cells in amine concentration plant were studied. 
Test runs were made to clarify the over-all mixing 
properties in a system of large containers coupled in 
series. Reference is also made to the use of radioactive 
tracers in simulated tests of manufacturing operations 
of new industrial plants; 

P. C. AEBER.SOLD 

Hungary {5]: Nuclear equipment for industrial pur
poses includes widespread use of gamma-radiography: 
gamma gauges for level measurements and for deter
mination of pulp densities, wall and foil thicknesses 
and moistur~ content. Radioactive methods are bein~ 
used for determining natural radioactivity of rocks; 
strata continuities in gas and petroleum layers; and 
boundaries of water- and petroleum-bearing layers. 
Tracers are used to determine wear of metallic parts, 
quality of fuel and lubricants, effectiveness of gas 
filters, and surface and subsurface movements of soil 
water. Radioactive sources in luminescent material 
are used for underground signaling and illumination 
in mines. Radiation sources are used for grafting, 
copolymerization, solid-phase polymerization, and 
halogenation of polymers. 

Japan [6J: Japan is making large use of radioisotope 
tracers and radiation sources in industrial applications. 
Phosphorus-32 and gold-198 are used as tracers in 
the chemical industry to obtain residence times and 
flow patterns in the production of carbon black by 
the oil furnace method; carbon-14 is used to measure 
the rate of hydrolysis in the distillation process for 
producing urea; and lanthanum-140 in oxide form is 
used to determine velocity distribution in cement
calcining kilns. Tracers are also used in the metal
lurgical industry to check the erosion of fire bricks at 
the shaft of a blast furnace; for estimating the amount 
of residual molten pig iron; for determination of the 
motion of molten pig iron in the crucible of a blast 
furnace; for study of the homogeneity of pig iron in 
mixers; and for examination of the. mass transfer in 
basic open hearth metal baths prior to and during 
tapping. 

Large radiation sources are used in industrial pro
cesses in Japan for production of polyethylene by 
gamma irradiation; styrene-grafted cellulose fiber by 
electron beam irradiation; polyoxymethylene by elec
tron beam irradiation polymerization of trioxane; 
polyethylene foam; shrinkable polyethylene film; and 
expandable resin of unusual heat resistance and 
mechanical strength by radiation polymerization of 
acrylic monomers. 

Poland [7, 8]: The use of radioisotope tracers for 
material flow investigations of basic chemical opera
tions has become a specialty in Poland. Using 
sodium-24, charge velocities arc measured in rotary 
kilns for the production of supcrthomasine, sponge 
iron, sulfuric acid from gypsum, and for oxidation of 
chromates, barytes processing, and sodium carbonate 
calcination. Sodium-24 is also used to determine 
retention time of salt brine in carbonation columns, 
and to measure the actual volume of a glass melting 
furnace. Other ·material flow uses include zinc-65 for 
studying decomposition kinetics in pyro enrichment 
of zinc ores; c.esium-137 for determining steam cir-
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culation in boilers; and radioactive germanium
hydrocarbon compounds for tracing in the petroleum 
industry. Tracers are also used for investigating lead 
corrosion in sulfuric acid solutions, paint film com
pactness, resistance of rubber lining to acids, mixing 
of molybdenum oxide with small amounts of nickel 
oxalate, wear kinetics of blast furnace brick, cutting 
tools, engine parts, and rubber tires. Radioisotope 
sources are being used to determine static electricity 
behavior during dust removal from industrial gases. 

Radioisotope investigation on behavior of trace 
impurities has been applied in Poland to many chem
ical processes. Radioactive tracers copper-64, iron-59, 
cadmium-11 S, zinc-69m, arsenic-76, and tellurium-204 
have been used for investigating the separation of 
high-boiling-point impurities (copper and iron} and 
low boiJing point impurities (cadmium) in zinc. 
Investigations are also being carried out on the 
behavior of the bulk element fo normal industrial rec
tification columns of the New Hersey type. The separa
tion of zinc from cadmium, as well as the behavior 
of arsenic and thallium during the industrial rectifica
tion of cadmium, is also being studied using radio
isotope methods. 

A new method has been developed for disclosing 
dislocation spots on silicon monocrystal surfaces, by 
short time diffusion of radiotracer silver-I tom fol
lowed by autoradiographing. Additionally, a new 
technology of germanium recovery from zinc electro
lytes has been developed by use of radioisotope ger
manium-71. The process of iodating rock salt intended 
for human consumption has been studied using 
iodine-131. Platinum, eroded from catalyst grids used 
for the ammonia oxidation process in nitric acid pro
duction, has been located with iridium-192. Consider
able amounts of platinum have been thus recovered. 

Romania (9}: Developments in the chemical and 
petroleum industries are discussed here, especially the 
use of radioisotopes as tracers and as radiation sources 
in industrial processes. Specific cases in the chemical 
industry are (a) gamma sources used as oxidation 
initiators in production of fatty acids, and (b) tagged 
atoms for determining optimum operating variables 
in the following: control of superphosphate manu
facture, determination and prevention of loss of 
mercury in electrolytic production of soda, study of 
physicochemical processes in carbide manuf ac_ture, 
study of process flow in production of steam with a 
lead-copper battery, studying the technology of pr~
duction of glutamic acid from casein, and the s_ynthes1s 
of codeine. Specific cases in the petroleu~ ~ndustry 
are the use of radioisotope tracers for exammmg such 
problems as: control of multiple selective _hydraulic 
fissures, observation of the process of forcmg w~ter 
into a drill-hole layer using radioacti~e or stab!~ iso
topes and spectral analysis, determinatton of engineer-
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ing status of gas wells, and observation of a stratum 
after injection of materials used .to prevent sand slides. 
Continuous development and future extension of 
automatic control equipment using radioisotope 
sources and of gamma radiography are discussed. 

United Arab Republic [10]; Industrial uses of radio
isotopes were initiated in the early 1960s with radio
graphy and other applications in the metallurgical, 
chemical, ceramic, glass, and petroleum industries. 
Selected examples are cresium-137 for locating pipes 
or voids in steel ingots, and for determining the 
presence of cavities (pipes, gas, bubbles, porosity) 
inside refractory blocks; sulfur-35 for detennining 
variation of sulfur content in the Siemens Martin 
furnace, and hence desulfurization times; cobalt-60 
for measuring erosion of glass furnace walls, and for 
introducing secondary reference points at different 
depths in oil wells; and chromium-51, iodine-131 for 
determining permeability of layers by the use of 
labelled ion exchange resins. 

Conclusion 

It is clear from the applications reported in this 
Supplement that the trends i~ ra~ioisotope and ra~ia
tion source use are progressmg m a parallel fashion 
throughout the world. The rate of progress in further 
extending the use of isotopes and radiation to world
wide science, engineering and industry Can be acceler
ated through continued communication and exchange 
of ideas and technology. 
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ABSTRACT-RESUME-AHHOTAltlllJ1-RESUMEN 

A/196 Etm•Urtis d'Amerique 

Progres dans la production des radioisotopes 
et leur utilisation scientifique et industrielle 

par P. C. Aebersold 

Trente ans seulement apres la decouverte de la 
radioactivite artificielle, les radioisotopes fabriques 
sont devenus de precieux instruments aux possibilites 
pratiquement illimitees dans presque tous les domaines 
de la recherche et de \'application pratique. La radio
activitc artificiclle est veritablement parmi les decou
vcrtes les plus utiles pour 1 'humanite. 

On decouvre et on prepare un nom bre sans cesse 
croissant de radionucleides. Quelque 130 especes radio• 
actives sont largement utilisees et de production 
courante, mais il ya en puissance un nombre beaucoup 
plus grand de radioisotopes utiles. On !es produit 
notamment avec toute une gamme d'accelerateurs 
assurant l'obtention de rayonnements et de particu1es 
de types ct d'cnergies tres divers; il est ainsi possible 
d'utiliser ·des photons, des neutrons, des protons, 
des deuterons, des tritons, de l'helium 3, des particules 
alpha et des noyaux \curds. Cependant, i'essentiel 
de la production de substances radioactives est mainte

. nant le fait de reacteurs nucleaires. Par bombardement 
neutronique dans des reacteurs de grande puissance a 
flux intense, la production des radioisotopes les plus 
utiles peut ctre developpee pour couvrir tousles besoins 
imaginables jusqu'a atteindre des centaines de mega
curies de certains radioisotopes comme le cobalt 60. 
D'autre part, la production d'energie electrique et/ou 
de plutonium s'accompagne inevitablement de celle 
d'enormes quantites de produits de fission. Des 
megacuries de divers radioisotopes ainsi obtenus sont 
separes ct purifies. Les couts de production ont ete 
f ortement abaisses et pourraient diminuer encore 
avec l'augmentation de la demande. 

Des progres etonnants ont egalement ete realises 
en cc qui concerne !es detecteurs de rayonnements, 
l'elec:tronique nucleaire, l'enregistrement automatique 
et l'analyse des donnees. L'utilisation de scintillateurs 
solides est devenue courante; on dispose de cristaux 
de formes et de tailles diverses, atteignant jusqu 'a 
40 cm de diametre. Les scintillateurs liquides sont 
largement utitises pour un efficace comptage interne 
des particules d'echantillons tres divers. L'emploi de 
detecteurs a cristal, a matiere plastique ou a liquide, 
couples a .des analyseurs d'amplitude multicanaux., 
et de techniques par coincidence ou anticoincidence 
permet le cornptage d 'echantillons de tres faible 
activite, tels que le corps humain. Recemment, on a 

mis au point des detecteurs transistorises qui Ont 
un pouvoir de resolution plus eleve pour le comptage 
des particules alpha, des electrons de conversion et 
des rayons X et gamma de foible energie. Des detec
teurs transistorises a elements plus Iourds sont a 
l'etude; ils permettront d'obtenir un pouvoir de 
resolution eleve pour le comptage des rayons gamma 
de haute energie. 

L 'utilisation des radioisotopes s 'est amelioree et 
developpee rapidement dans tous les domaines. 
Dans les sciences physiques, les radioisotopes trouvent 
leurs principales applications dans les · methodes 

· d'analyse, la determination des structures molecu
laires, la mesure de la cinetique des reactions, la 
determination des proprietes physiques et du com
portement de la matiere. En ce qui concerne Jes 
sciences appliquees, de nouvelles utilisations sont 
mises au point dans des domaines comme l'oceano
graphie, la meteorologie, l'hydrologie, la technique 
spatiale, etc. Le memoire presente un tableau des 
possibilites et avantages croissants offerts par !es 
radioisotopes a la science et a l'industrie dans le 
monde entier; i\ met en lumiere les possibtites encore 
mal exploitees. 

A/196 CWA 

t\OCTH>H8HHJI B o6nacni npOH3BOACTBa 
paAKOaKTHBHblX H30TOnoe H HX npHMe
H8H He B HayHe H npOMblwneHHOCTH 

non. C. 36epconA 

Bcero 11uw1, •repea TPH ;i,ec11rnJH~Ti111 nocne ot
NplilTHK HaBe]J,e1:lROK paj],KOal{THBHOCTll HCI\YCCT

BeHHLle H3OTOUbl CTaJUI Ha,ne,:«Hl,lM 11 alfi<fleKTIIB

HJJM cpe,nCTBOM HCC.'Ie,:J,OBamUJ H HalllJJH mBpO!(OC 

np"MeHenue B Hccne,3,oBarem.cKoi't paoore H 11po

!.1wmJieHuocrH. Hcl<yccreeHHaH panftoaKTHnuocri. 
HOHCTHH8 HBJUieTCR OTKphlTHeM, npHHeCUUIM •1c
:1OBe'ICCTBY orpoM.HYIO nom,ay. 

B 06Hapymeam1 HOBblX pa,'1,11oaKTHBHblX 11a0To-

110B H npO1J3BO,l),CTBe OTJJ,eJibHl.lX JHl,11,0B lf3BeCTHblX 

pcl,llHoaJ<THBHLlX naOTOllOB AOC.THfHYThi l{eOOblKIIO

BelIHhl0 ycnexn. XoTR: mupo1we npuMeHen11e B 
HaCTORlll,ee »peMH uamno OliOJIO 130 BH~OB pa

;J;HOanTHBHhIX Jl30Tl>Il0B, npomrno;i_CTBO KOTOpLIX 

HaJJaa<eHo npoMhllllJICHHOCTblO, noTelill,HllJlhfHle 

1-m.'rn11ecTBo noneam,1x uaoTorroB 11a11rnoro npeabl-

111,1.eT ;ny BCJUl'IHHy. Pa;i.noattfl'IBHWe U30TOIII.I 

npouaao~RTCH ua BCC8O3MO,11:HhlX y_c1<0pHTeJUIX, 
rettep.npylO[UHX 60.11,woe KOJJH<teCTBO pa3JUl'IHblX 
THllOB "l'aCTUJ.\ paauoo6pa3HhlX .>BCprH.i H H3Jty'le-
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HHii, BKJJIO'laH llOuTpom,1, npoTOHl,l Z\CliTpOHJ,I 
H 3 ' • 

Tpl!TOlll,J, e • 7:-•raCTJ((~l,I II THiKl'JJhll' H;lpa. O;ttla-
1.0 fJl81UILIM ll("ro1JHIII<OM pa;.i,11.oaKTIIBIIOCTH 8 Ha

<'TOHL4ee BJ)C~IJI HB.'lHlOTCH JIJ:tepJU.ll' pea.K'toJJJ,J. 

n~'Tl'!\I HCIIOJlh30BllHJIR HeiiTpommii OOMuap~upon-
1.U B !\foU,HhlX pen.fi'.TOJMX c BMCOKOii fl,10THOCTl,IO 

IJOTORa upo11:um;.i:cTBO IHHIOOJICC Banmr,rx H30TU

IIOB -'WiR<'T 6t111, pacmnpl'Ho ;.i,o ypon1rn, cnoro6-
noru Yil,OR.'l{'TBOIHITL JllOOhJC Hyaqhl, RUJJOTh ]l(I 

HeCKOJihl>IIX <'OT Merat.IOptr, HaK :)TO, nanpMMl'P, 
11 Met•T MecTo c Co60. R To me BpN>tH ooJJLmne t-;o

:"'11'tecraa 11po;tYl>T0B _ ;~l'JICHIIJI 110.'ly•1a10TCH 8 Rll

,lC mMio•mt,IX IIJlO.lYKTnn Kai- n :ntt•prCTlfl/OCtrnx 

reat.Topax, Tl\K lJ llpU llpo11;Ul();lCTlJe UJIYTOHJfH. 
)T.!Ct>.ilhllt,Jt• pa}l.110113010111,r T.i 1>oro rrpc111cxomll,en11n 

B Hil(.TORUt{'(' BJJt>Mlf OT!(l'JISHOT If O'HlllVIIOT B .h'.Olfll

'lt'CTBaX, COOTReTCTBYIOllJ.IIX alsTIIBIIOCTII MHJIJJII0-

111>1 t.l()p,r. CtOHMOCTb npo11a11o;t_cTRa lt3MIIOJ"O Cllll

:n1J1l\("b, C YBCJlll'H'HllCM rnpoca ~tna.eT 61,ITb ;i.oc

THr1tyTo t'll\c Go,:1hmcc cunmeune. 

OrpoMBLt J\0CTemeuHH B oonaCTH ~eTeRTopon 

ll3JIY'leBHJI JI CBH3aHHoii C Hei-i a.JJeKTpoHmwii, ti 

o6JJaCTR aBTovan111ec1<oir aam1c11 11 auaJimJa .110-

JJY11e1rnux .!(anm.rx. HaK npaanJio, a «acT011u(1'<' 
BpeMR IICHOJILaYIOTCH Cll;HHTHJIJJ111l;J10HHhle C'feT<fH

KH c TBep.a;blMH KpllCTamrn'lecmrnn 4mctf>opaMH, 
B1,1nycRalOTCH ~oc(f)6pu pa3JJH•rnoii tfiopMbl 11-
paaMepa (BDJJOTL JJ.O 40 CM n )J,HaMt>Tpe). Jnll;J.lill

CTHLie Cf\HHTHJJJIJl"(\HOIIHLIC C'10T'IHKH IUHpOKO HC· 
IlOJ1L3YIOTCH: ~JUI C'leTa '18CTD:U: BCC.803MOiRHblX 

npo6 B reOMeTp1m 4ll. IlpuMeuemrc mtt;.tKnx, JliHl· 
CTJl'JeCRHX n )(pncTaJJJIIflWCKHX ~{'TtlKT0p0B, ii 

Talime MHOfOKal{aJII,HLrx aMHJIKTY,1HhlX aRaJrnau

TOpoB, cxeM COBilaJ1.em1ii H aHTHCO.Bna;ceHHH uo;J

BOJllfJIO OCYUJ,eCTBJI.RTL o6c'leT o6pa3QOB RpaiiHtJ 
HHJKOU aRTHBHOCTH, paaMcp K0T0f)blX MOmeT ;:i:o
CTHraTL paa11epou 'leJioBeKa, He,u.aBno ohl.JIH paa
pa6c>Ta1u,1 paaJUt'IHbJe noJJynposo;:i:Hnlios1,1e ,u.eTet>
TOpLI:, fl03BOJifllO~He llOJIY'IHTL OOJICe BbIC()l\01.! 

:mepreTJPrecKoe paaperneuue npu perHCTpaqmt a.
•1acr1,q, XOHBepcaoHHLJX 3.'JCRTpOHOB, a TllKint' 

penrreaoBcKoro If KOCMll'H~Cl<Oro HJ.llY'lCHHR Ma
.'loii aneprim. floJJynpoao;:i:HHKoe1,,e 11.ereKrop1,r, 
H8XO;t.lJUJ,Kec11 B HaCTOHUJ,Ce BPCMH H CTal'(IH( pa;J

llaO<.)yKlt II JfMCIOllJ,JJC B CB0er.t: COCT3BC U<)Jlee n1me
m.te 3JU~lli;'HTbl, H03BOJlJI.T C. BhlCOJ.Oi'r a<ficf,eKTJIR
HOCTJ,H) }f BhlCORIIM aueprCTJll/CCKHM paaperueJlHl"M 

OCYUtCCTBJIHTI, perncTpaumo '(-lf3JtY'lCHHJI. llhJCO
"oii :meprntt. 

YconeptuencTaonaHHe cymecTny10ll.(1tX cnoco-
6oB np1rneJJemrn p8J(JIOaKTHBHbJX Jt30T0JI0B Jr par
m1speHJ1e nx nc1con1,aoeam-rn u11,yT oMCTJ>LIMH 

TeMnaMn Bo· ncex OOJTaCTRX Hay1m Jf TCXHIHW, 

B tf111Jw1ecr.ux aay1mx uan(io.11,mee upnMeHemw 
pa:otoaJ,TltBHble H30'J()llbl naxoJVIT B aHaJillTJl

•n~ClilfX MeToJ.lax, JVtJl onpe;teJierrna MoJ1ei-y.:rnp-
111,1x CTpyKryp, 11aMcpemrn 1muenHnt pea1,1l11ii 11 
onpe;i.eJJeJ-mJJ 1pt1311'f('('i,IIX CBOiicTlJ If IIOBe;1,e1111H 

1laTep1111. B 06.11acn1 nprrn.nal).HhlX nayi,; pa;i.noa1,
TlfBHMe lt30TOJHJ HllXO.:tHT IIOBbJe upnMCHCHJtH JJ 

T('XHJlt-;(•, a Tai.me a of')JJacTH oi.eaHorpacfnrn, Me-

1eopo.JJonm, rn,'l.po110rmr, reo.11on1•1ecKJJX HayK 11 
acTpouaenn-m. B oy,'l,yll.(eM upnMenenue paJ.1m,at.-

TllRHhlX 11;40TOl10R, 110-Bll;UIMOMY, 6y]l,CT orpau11•111-

naT1,CR TOJJl,KO ll:lOUPt'T3TCJlhHOCTLIO JIIO;(eii. 
B HJU1.110memm i. ;~01rnaJtY 110 Ml'm;.i,yuapo;tno

My no.nomcnmo B OIJJJaCTll 11:JOTCllll)R JIJ)JIBL';ll'lla 

11mpupMa1vrn o 11p1tMCHetrn11 1111;tt1oai-nrnuhlx 11:10· 
TOllOll 8 pa:J,1Jf'lHblS CTpaHax. 

A/196 Estados Unidos de Amfrita 

Progresos en la producci6n y la utilizaci6n 
de radiois6topos 
con fines dentificos e industriales 

por P. C. Aebersold 

Solamente tres decenios despues de descubrirse que 
la radiactividad podia ser inducida artifi.cialmente, los 
radioisotopos producidos por el hombre se han 
impuesto como instrumento eficaz y adaptable a una 
serie casi infinita de aplicaciones en pnicticainente 
todos los campos de la investigaci6n y de la tecnica. 
La radfactividad artificial constituye verdaperamente 
uno de los descubrimientos que mas beneficios reportan 
a la humanidad_ 

Los progresos en el descubrimiento y produccion 
de radionuclidos son espectaculares. Aunque ya se 
producen corrientemente unas 130 especies radiactivas 
que han enoontrado aplicacion considerable, el numero 
posible de radioisotopos utiles es mucho mayor. 
Los medios de producd6n comprenden una vasta 

. gama de aceleradores de gran flexibilidad en cu.anto 
al tipo y la energla de las particulas y en cuanto a la 
radiacion generada, que inc1uyen Ia utilizaci6n de 
fotones, neutrones, protones, deuterones, tritones, 
helio-3, particulas alfa y nucleos pesados. Sin embargo, 
Ia gran mayoria de los is6topos radiactivos se produce 
actualmente en Jos reactores nucleares. Por bombardeo 
neutronico en reactores de flujo y potencia elevados, 
pueden obtenerse Ios radioisotopos mas utiles en 
cantidades suficientes para atender cualquier necesidad 
(hasta varios centenares de megacurios de algunos 
isotopos, tales como el cobalto-60). Ademas, la 
produccion de energfa nucleoelectrica y de plutonio 
origina inevitablemente grandes cantidades de pro
ductos de fisi6n de los que se obtienen, por separacion 
y purificad6n, dist1nios radiois6topos en cantidades 
del orden de los megacurios. Los costes de producci6n 
han disminuido considerablemente y podrian redu
cirse aim mas si aumentase Ia demanda. 

Tambien son impresionantes los progresos reali
zados en materia de detectores de radiaciones y su 
tecnologia electronica, asi como en el registro Y ana
lisis automatico de datos. Se ha generalizado el 
empleo de contadores de centelleador s6lido para los 
que se dispone de cristales de varias fonnas y en ta
maiios hasta de 16 pulgadas de diametro. Los conta
dores de contelleador Uquido se utilizan ampliamente 
para el recuento eficaz de particulas internas en mues
tras de muy diversas formas. EI empleo de detectores 
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de Uquido, plastico y de cristal, con todos sus circuitos 
de analizadores multicanales de amplitud de impulsos 
y dispositivos de coincidencia o anticoincidencia, o 
de ambas cosas, se ha extendido al recuento de activi• 
. dades sumamente bajas en muestras hasta del tarnai'io 
del cuerpo humano. Recientemente se han ideado 
varios tipos de detectores semiconductores que poseen 
un mayor poder resolutivo en energia, para el recuento 
de particulas alfa, electrones de conversi6n y rayos X 
y gamma de baja energia. Se estan preparando detec• 
totes semiconductores a base de elementos mas 
pesados para el recuento eficaz y de gran poder reso• 
lutivo de rayos gamma de mayor energia. 

En todos Jos campos de aplicaci6n de los radio• 
isotopos se registran, a ritmo acelerado, un progreso 

P C. AEBERSOLD 

y una expansion paralelos. En las ciencias fisicas 
fundamentales se aplican principalmente con fines 
analiticos, determinacion de la estructura molecular, 
mediciones de la cinetica de las reacciones y deter
minaci6n de las propiedades fisicas de la materia . 
En las ciencias aplicadas, se estan investigando 
nuevos usos en ingenieria yen campos como la oceano
grafia, meteorologia, hidrologia, otras ciencias geo-
16gicas y tecnologia del espacio. En lo futuro, la 
aplicaci6n de los is6topos radiactivos es probable 
que s61o tropiece con los limites impuestos por el 
ingenio humano. 

La memoria contiene un anexo en el que se facilita 
informaci6n .sabre las aplicaciones actuates de los 
radiois6topos en determinados paises. 
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npHMeHeHMe 
M3nylfeHMS1 B 

(pM3H'teCKMX 

M30TOMOB M HCTO'fHMKOB 

MCCneAOBOHMgx a o6naCTM 
M XHMM~eCKMX HOYK 

n. A. rpy3MH 

.U:oCTnmemrn RAepttoii qi113mw ncno.1r,ay1otc11 
11 pa:rnnqa1,1x oi,.TJacn1x nay1m n texmnrn. Oom,nM 
UTOfOM pauOTbl Y''l!:'HblX J( Htlin0H0pOB B J).aHHOll[ 

aanpan?Jeimn :Mo;i,;uo cqntatb coa,ri;amte uonoii or
pac.TJn uayrm - npnKJJaAHoii .flA0pHoii <tiuamm, 
OCROBY JWTOpoii COCTaB.1HJOT TaKUe BOIIpOCI,[, KaK 

1jm:nrna 11:Joromm u Rt1;epm,1x 113,,ry-qemur., npm-m
uemre 11aoTonoB n RAepHblX naJiy~eHnii B up11-
Mhlui.r1e11ttocru JI JJaY']HJ>IX UCCJI0,Q;OBaHJH!X, JIC-

11O:JL3OBaHne peaI{TOpol3 JI pa~lJOll30TOilHhlX HCTO'-l

lllllWB 113;ryqemra a ncc:iep;onamrnx cBof1cta 
lle~eCTB It BJIURHUR lTOHJl3llpyJOm;nx na.1yqenuii na 
ux none,i'.J.enne n rexuo.11on1qec1rne npo1~eccbl. TTpn
Meae1me ll30TOUOlJ II RAepm,1x ll3JiyqeHllll B ou
.,acru cf>nani.;u, XIIMntl H TeXHll'IeCKUX HayK H03B0-
:m.'Jo pemun pa,n: Hay>Im.ix u npai..tnqecKnx aa1J;a'l. 

Ho npou.rre:r.re ncno.1:b30Damrn 11,n:epeo-qi1rn11qe
tKnx MeTOA0B H :mrepaTypc rryomIKyeTCH OOJlbllIOe 

'IJfCJJO Hay'lH!JA' pa6oT. 1JoJJbUIIIHCTBO 3THX pa6oT 
J.acaeTcn npmteuemrn uaoTonoa u ncro-.:iHnKoB 
HJ\epHblX 11a.1ytJeHuii B OU.IJ3CTII ljmanmr, XHMIUf J( 

TeXHll>tec,.ux 11ay1,. B uact0HII\N,1 0G3ope nana
ra10Tr11 H0Bhie peaym,ran,1 Het.OT0pblx UCCJieAO
Bannii TOJJLIW no Han6onee BamHhlM BOnpocar.c 
pacnrnTpllBae-r.toii npon.1eMhl. HapflAY C }l.aHHl,I?,m, 
11onytienm,1r.i11 ll CCCP, n }l.01wa,n; BKJJJ011em,1 pe
ayJJr,TaThl or,n:eJll,HhlX nccne,11.oBaHHii yqeHhl.x .n.py
nu: crpan, npell,cramrnmux CB0H Marepnanhl * . 

..'tocTHme1mrr flAepHoii: qiuanKn runpoKO ucnom,
ayiorcn B nay•IHHX nccJie11.onaarrax Ha111rna,1 c 
HVi3-rn:;o rr. B DOCJie,IJ,HUO ro~bl sqepHo-l)i.0au
qec1me Mero;a;J.J rroJIY1IUJIU ;a;aJJbHenruee paaBIITHe 

1.at. B CCCP, raK H B )lpyrnx crpaHax. Ta1< me 
Hai. n npemt1;e, 6oJihllloe qttcJio uccne,rJ.oaamd'r 
npoBO)l;ltTC.fl B OOJiaCTH q>H3Hl{If H XHMIUI. 

HCCJ1E.0,0BAH"1H B 05JlACTH cPH3HKH 

Ba;imw,rn Jall,a'laMu ncc.ne.n.oBanm'i B 06.'lacru 
<l,HaJUHI Hll.'HffOTCa TaKne Borrpocu, KaK lf3}"INIH0 

npapo,11.hl cwr MemaToMtIOro Baamw~eiiCTBJIJJ, )l.e
gie1.Toa Rpucra.'IJUPrnc1wii CTpyx-rypu, xapa1nepa 
aroJ111n,1x nepeMeII\ettu.11, cnet<Tpa Kone6am111 aro-

* Hpu COCTaB.'leHJJU )l.OKJla)l.a llCilOJJbJOBa1na1 MaTe-
puam,r Aoctpa;mu, EeJibrJIH, )IHP, Kanaw,i:, Hnomrn. 
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MOH B npUCTaJIJIU•IeCJiOii pemerKe, 1rnpT11Hbl 11m-

1,popacrrpell,Mt'HlHl ;we:r,ieHros. C RBJ1eHne111 ,rJ.mp
q>y:rnu CB.A33Hbl mrnammne u aaraepp_eaaHne 
xpucra:t.'I]l'IeCKIIX TeJI, ,i;ecfiopMRIHUI 11 peKpUCTaJJ

·•IH331J,llff t.reraJl:.rIOB, rrpo<rHOCTL u paaynpo•rnemre 
c1maaoa rrpH BbfCO.tmx re11meparypax. XapaKrepoM 
pacnpe,1J,e:remrn upmreceii u CTpyRrypm,1x 11.e
l}>er.ro» pemer1m onpe,!le.'lJJJOTCJJ rairne qiy.H,ll;ar.ien
TaJI.bH.ble CBOJICTBa MeTa::I.'lOB, Han nJiaCTUtJ:HOCTb, 

TBep,IJ,OCTr,, llp0<tH0CTb, K0pp03ll0HHa1I CTOillWCTb, 

a ram+,e 11morne remrncfmaH11ecl{11e n :r,iarunro
aJieKrpuqeci.;1rn CBOirCTBa r.rnra.TJJIOB Ji HOHHbIX 

..:pncra.1Jioa. HpmrnHemte naoromn.ix n pa;i;na-
1~u0Heo-4luairqecmu Mero;i;on uccne,!l,oBamrn noaao

;nmo CYJ1\0CTB0BHO npo,rJ.BHHYTbCJI B rrommamm 
,a;eraJJeii pH,n;a aKrya.lfbHbrX Haf"{HUX: BOilpOCOB, 

.ll.Hcpcpy3Hff B TB0PAblX Tenax H H<HAKOCTRX 

IlepBhle onpe,n:eJieHiut napaMerpoB caMo,n:114i$y
am1 c npm,1eHeene:r.t ecTecrneauopa.zvroaKTlIBHbIX 
U30TOil0B 6blJIH Bhlllu:IHeHhl B 1920 r. 1• llcKyc
CTBeHHhlP. pa,11,HOal{TlfBHbie H3OTOilt.l anepeI.Ie UI.l.'lU 

np1u.1ettee1,1 ,l\JIR nayqemrn ca:r.rn,IJ.mp<f>yaun B 
H);H r. 2• ~Ha<IUT0JlbH0f0 pa3BU'fllR ,ll;OCTHfJUJ 3Tll 

pa6oThl B IlOCJieARHe fOAhl, 
lkrronb3oBaftne pa,ivroaKTHBHI>lX H CTaonJlbHMX 

H3OTOIIOB B HCCJle,l(OBaHHRX no ~nq>q>ya1rn JfMeer 
npnmvmuaJibHoe HaJ"lHOe u npaHTJ!'lec1we aHa
qemrn. :::lTO flO3BO.IJH0T c~ecTBeHHO ynpoCTllTL 
:rncnepm,teHTLI no J(mfupya1m, a raKme ornp1,rnaeT 
HOBI,le B031\fOlt\HOCTlf B ll3f"{ellliH MexaHH31\fa nocry
naTeJibHOl'O nepe:r.te~emrn atoMoB B reep,l\OM rene 

U iKUi1ROCT.JIX. 
Paapa6oraH pni:i; opnrttHan1,H1,1x pa,IJ.nonaoron

nblx 11iero.rr.oe nayqemrn Jl.uqi<f,yamr. OrJilflllfteJIL
HOI'i qepTOII MeTO,[(OB flB.Trn:eTCfl B031\fOiKHOCTb on
pe,ll.e,Temrn 1-.oHcrnHT 11.ntfi~yamr n tJttceJI nepenoca 
npn Hlf3K0M ypoBHe JIX ;a;n<plj,yauoBHOii ll0,11.BH)l{
HOCTJf n m1aK011 1mtt.qe1npan1m .Ampijlyn.Anpyro
m:ero aJJeMeHTa, a TaKme B03MOlRII0CTb pa3,11.eJUITL 
llOTOKII rpaHil'IHOfr II o6'heMHOll ,11.mp4'y31111 B no
mmpnCTaJIJiax. MeTOAbl HMeIOT BblCORYIO 'IYBCT
B11T0JibH0CTb H TO'IHOCTb. HoHCTaHTbl ,ll.lf<f,{f,yanu 
onpe,11.eJUil{JTCH aa OCHOBe }:\allHhlX paJJ.HOMeTpu
'1.eCKOrO n :r.rncc-crreKTpo:r.ietpn'leCKoro orrpe-
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.1{0Jl8Blf.R KO~eBTp&~HOBBNX H KUHeTR'lecJ<ex KpR-
IU,IX AB<WJaDD'.. . 

Ilpll'. nayqeunu oot.eMeoii All~f3BU B Tsep~Ll~ 
nmax ua11emm.ze peayJibTaTbl AaeT MeTOA BBT~
rpaJILHoii paAHOaKTDBBOCTll OC.TaTKa o6paal\a 3-u. 
D OT.l\8JILB1u CJ'lyuax on noanoJ1J1eT o6uapy,Kn
Ban. rpaun,rnylO An!J,4,yamo B no;nrnpncTaJIJIH-
11ecKax renn. Uo~u~uenT An4>tl,ya1111 onpe
Aen11eTC11 no AaHm.nr naMepemrn nnrerpam,eo1i 
pa,ItDO&KTBDHOCTJI OCTa10meiic.J1 11aCTH llJIOCKOrO 

o6paal{a DpB IIOCJieP,OBaTeJll,HOJt( CIUITHH c Hero 
c.11oee. Hau6onee npocTO uerop; OCYII\eCTMReTCR, 
1<or11a uaoTon AB~)'11.llnpyl()ll\ero »emecTBa 1meet 
ra101a-uaJ1rtenne m16o MRfKoe 6eta-H3JIY'leBue 
(Ea < 0.2 MeB). 

PMC. 1. Yp09HH AHIJ>¢,yaHOHHOi1 nOABHH<HOCTH 
IIIIBT8.JUI08. OOnacTH 1, 2 - yposHH nOABHH<HO· 
CTM npoTetta>tM.A npoqeccoa n11aa11e111111 " oO
AacTt. 3 - ypoa&Hb peKpMCTaJIJIM3aU,MM Tsep
AWX paCTBOpOa K peKpttcra.nmtaaU,KK MeTal\-

noa H T88PAWX pacTBopos 

I{ Apyroii rpynne omocRTCff MeTO,l(Ll, OCHOB3H

HUe Ha onpe~enemm uaueueauR 1rnrerpaJJLHoi1 
PMnoaKTIIBBocnt o6paal{a 6e3 ero paapyweHDR. 
Ilpe):(CT8BJIJIJOTCJI nepcneKTHBHLIMH )J;Ba 11acrn1,1x 
M8TOAa: MeTOA omomeHJUI HHrerpaJJLDLIX pa11;no-
8l<THBH0CTeii H MeToi( mmeTnqec1<0ii Kpneoit: UH
TerpaJILHoii pa]\DOaKTHBHOCTH u-u. llep1n,1ii 113 

ams. M.eTO)\OB OCHOBaH Ha a1'enepnMe1naJ1LHOM 

onpeAeJiennn omowennn nnTencn»Hocreii Mstr:Koii 

u mecTKo:ii 'lacreii cneKTpa uanyqemrn o6paal{a. 
Onwnr CTaBRTCII TaK, 11w6N npn ]l.mp4>yaun cy-
11tecTBeuuo y61,1eana lfllTeHCllBHOCTL TOJU,KO MJlf
KOii 11acm cneKTpa. Ornomenue HHTeJicneuocTeii: 
C-'IYiKHT Mepoii npo-reKaHIIR ]l.mp«fiyano. Ilpocwe 
OCYIJlCCTBJI8HH0 MeTOA BaXOAHT TOf):\ll, Rorp;a 
H30TOll mreeT 6eTa- U rat.1Ma-B3JJy<l8HBe. B Jt,aH

ROM M.eTOA8 1ICKJIIO'l.80TCJI aeo6xop;1n1ocTL Y'JH
TlilBaTb HaMeHeRBR paaMepoB o6paaua, ncna
penne H30T0na, ll3MeHeHlUl reoMeTpliqeCKHX 
yc.'loBnft n ).lpyrne g>aKTOpht. MeTOA OKa:n,1»aeTcH 

OCOOOBHO no.neaHl,IM npH CBJITHlt KnHeTn'leCROll 
KplIBOii ornomeHJUI BRTerpaJU,HLlX pa,11;uoaKTHB
nocrefi. 

HaXOJ{HT npnMeHeHHe TB.KiKe M0TO~. B KOTopo.M 
eupameHue µ11 x11HeTff'1ecHoii Hpeeoii 1mTerpaJI1>
uoft paAHOaKTllBROCTH o6paaQa DOJiyr10BO C y,:re
TOM O'AIIOBpeMeBROro npoTeKaURfl 00'.l,0)lHOH n 

rpauwmoii J.lH<pq>ya1rn B noJ111Kp11cTamm11ecKoM 
TeJie n,u. 

lfayqeua B IUUpOROll 06.ucm Te&mepuyp CU(O

~u4>4>yaHR B MeTam1ax, B TOM qJlcJle B TaKllX 'teJ.
Hll'IeCRH Ba>KHhlx, ~aK meJieJO, mrne.lIL, TBTall, 

I\UpROHJIU, xpoM, MoJ1l'l6)J.en, BOJihtlipaM 10,19-Zi. 

fioJiyqeHbl peayJILTaTLI, IIOJBOJUllOIIl;He yCT3HO
BJITL H01WTOphle aaROHOMepHOCTlf, 1taca101qnecH 
ypoBH8 Anquf,yaHoHHOii IlOJl.BHiKHOCTJI paJJIIfqH.LIX 
MeTannon, rpann'!uoii ~11(J>¢yam1 n 1v-11f>l.fiya1D1 
M0TaJIJIOHJ.{OB D CTaJUJ.X •. Y CTaHoBJJeHo, 'ITO yposem. 
.r(ll<!icpyalloHHOH 110)),BHIBHOCTII MeTaJIJIOB CBll33H 

C HX TeMnepaTypoil nnaBJieHIHf. u CTpyKTypHWI 
COCTORillleM (puc. 1). ll cnyqae CTaJieii µ;R4'4'y-
3}IOHHLie IlO}J,BUiKHOCTH J1ernpy10m.ux 3JleMeBTOB 

·6 

t ·8 

0 ·10 
!!-

·14 

-16 

1-4001'200 1000 900 ?00 IIOO IIOO "C 

PHc. 2. YpoeH11 AHcfl4)yaHOHHOH nOABH1KHOCTH 
yrnepoAa (1,1), ¢,ocqiopa (2,2) H J1er11py10ll.\MX 

3Jl8M6HTOB (3,3) P,JIJI C'TaJlM 

II HeK0T0pLlx' l\1eT3,JJIOHjl;OB (4>occpopa, cephl, yrne
po,na) peaKo ownqarorcn no CBoeMy yponn10. 
<Docqiop, uanpnMep, TIO yposmo p;mp<flyano1rnoii 
IIOJlBUa<HOCTll 38Hl1Mt.CT npoMemyTO-'lH0(l II0JI0iJ(e
HHe Mem,ny Jicrupyto~nMn aJiellfeHTar.rn n yrJJepo
ll;0M (pnc. 2). Ha 0CH0Be JI0.'ly'-leHH.hTX peayJihTa· 
TOB CJ[,e1laHI,I BLlBO,!J;bl, uanpaB.1IeHHhle na y.r1yqme-
1n1.e TeXHOJIOfHU BhIUJiaBKll u: TepM006pa6or1m 

26-29 
C,IIJlaBoB n IIOJlyllpOBOAHJU{O:Bl>lX MaTepHaJIOB • 

TattnM o6paao!>l, c.Jie)l.yeT onrnntTb, qTO B oo

nacTH 1puamrn 6JI8fO]J,8pH UCIIOJlh30Bamuo paAUO• 
n:aoTOIIHLIX MCTO)J,OB IIOJIY'JOllhl Ilpl-IH~nnua:tbHO 

B3iKHLle H8Y'IHLl0 JJ,aHH.ble no 0}J,H0MY H3 K0pe1rnhlX 
nonpocoB 1rn1ternqec1wii 1eop1rn TBep;ri:oro rn;ia n 
iKll,ll;KCCTeH. 

PacnpeAeneHKe 3neMeHTOB e cnnasax 

8 HCC.JleAOBaHllHX 3HaqaT8.'lbH00 M8CTO OTBO

Alt'l'CR nayqenmo Rapnmbl pacnpep;eJieHIUI a.ne
:Men-ro» B M1rnpoo6'bet.tax cm1anon. Ta1me ~allHhle 
ll03BOJUI_IOT yToqHHTh peaurMht TepMH'leCIWll II Me
xaHif'leCROii o6pa6onot cTaJieii n cuJlaBoB u noJly
tJHTL MeTaJIJihI C onpe]J,e.lleHBbl.1ll cBoiiCTB3MH. 

HapJIJl,y c nanecrn1>1Mn Mewp;al\m uayqemrn CTpyR

TypLI c1IJiaB0B Bee 60Jiee nmpo1we npm,1emmne 
aaxo,z:tUT MeTo'A KOHTaKTHoii auopa~KorpaqHrnt 
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OCHOBaIIHiilii Ha HCUOJII,3onanuu pa;::i;uoaKTHBRblX 
lf30TOIIOB I1 heiirpOHHOfO 06.'IY'{emrn. 

ITonyqeBhl AaHm,rn no B.:uunnno amrnrpl.lmm 
pe«pncTamrna an.n.H, ;::i;ecpo p1,rn n.1m, Jie nipo nam, ~ 
n Apyrnx: 4,aKropos Ha pacnpe,I(e.1Jenne ;);:reMeHroB 
B craJIHX, cn.rraBax u llOJiynpOBO,'J,UHlWBhlX Mare
pnaJiax 

30
-u. Oco6oe aHa'lemre mrnroT peaym,

ran,1, xacaIO~uecn MnRpopacrrpe~e.,eHHH npn
Meceii n Jienrpy.to~Mx aJieMeHTou u cmraBax Ha 
~~Holle llJlpROHHH ll THTaHa 33, IToKaaaHo, 'ITO 
maponpo'Ieocn, u RoppoanoHHaJI ctoiiKocr1, "Qnp
xonueBhlx ll TIITaHOBhlX. CilJI3BOB JI onpe.u.eJI(lRHoii 
t'Iell0Hll onpe.u.eJIH(lTCH ll3Jllltrlle?,( D03HlrnaIOitillX 

np11 ~ ~ a-npeBpa~eHnn 1,om:i:eflrpa~1rnumu no
OJ\IIopo.n;nocroii B Mn«poo(h,eMax. ABTOpa,11,norpa
cfilI'lecKne .n;annble no mnrnar~rm pRJl.a a.'WllfeHron 
B CTa»Rx H CllJiaBax II03BOJimn1 BHeCTII ll3MeReRHff 
B Te.U!O.llO['HJO HX o6pa6oTim 34 ,~. 

P11c. a. AaTopa,o.11orpaMMa np0AOilbH0r0 Ce'l8Hl1A 
O'lara Ae¢iopMau.1111 pacKaTa nocne Tp11Ha,D,u,a

TOro nponyc11.a 

MeToA HOHTaKrnoH aBTopannorpaqnm np1me
HHerc11 B lfCCJiej\OBamrnx npol\ecc.a rctremrn 1,1e
TaJIJia npu ropJiqen :u xo;1o~Hoii ,I1;eqiopll.la~11n 36 , 37 . 
Ilo.u:}"IeHBh!e l-{amn,Ie IlO:IHQJllJ.TIU ycTaJIOBHTb BJIIH1-
Hne paa.1n1'IHHX napaMerpon npon;ecca A"eif>opr,rn
poBannn (ycrmun u cKo pocn, p;eqiopMa1{Jrn, Ra
.n16poBKa upoKann.rx naJIKOn n ,a;p.) Ha rJiy6nny 
11 xapa1nep oqara ~eqiopMau;1rn, a raKme Ha nepe
pacnpe,a;e.aeirne npnMeceii u Jiernpyrom,11x a.1e:1,1ea
TOB B .o;e4lopM11pyeMOM MeTaJIJie (pnc. 3). 8TH 
peayJI1,TaT1,1 aeo6xo,!J,nMhl .u,;IfI pememrn pH.a.a 3a
J1,aq, CBH3aHHhlX C IIOBhIUieHHeM npO'lROCTUhIX xa
pa1rrepnCTHK H3,l\eJiuii, IloJiy•rneMhIX MCTO)l;OM r1c
<pOpM.0 poBaa11.H, a 'taKme C pa3pa60TKoii H0Bh!X 
rexnoJioru'lecKJIX npon.eccoB, Tamu, nanp1rnep, 
KaK TepA-toMexaHuqecRaJI o6pa6on.a., :)RCTPY3H>J 

npn caepxB.r.rcoKHX AaBJiemrn.x: H ,'(p. 
C UpttMeHemieM MeTop;a aaropaAw:orpa<fmn npo

neneHu HHTepecnLie nccJiep;oBaHlUI npou;ecca o•m
CT1m MeTaJIJIOB 30Hll0ll nJiaBKOU. (pnc. 4) 38•39. 

3ro Il03BOJUieT YTO'IUllTb TeXBOJIOfHIO 30BIIOH 
nJiaBKrr npn Rll3KOM con;ep>Kamm npnMeceii. 

IlponeJJ,eHJ,1 :mcnepHMenn,1 no ycol!eprneacreo
aanmo ll3B0CTHLIX MeTO]lOB aBTopa,l\1tOI'pafjllm 40_ 
IloJJ)"ICHLI rrnrepecm,re pe3yJihTaThl. no pacnpe
,.n:eJieHmo cepu B 'Iyry1ie. Y cranoMeuo, 'ITO ona 
Kom,;enrp.upyeTCH B rpaif>nmBLIX XJJOIU,Rx. MeTO)( 
aBropall,uorpaqmu: BnepBI,re npmrenen B ncc,'Ie;(o
BaHHHX MaKpoMoaamrn: H DJIOTHOCTH )];U:CJIOKa

nnii. ¥cranoBJ1eno, qro B MOHOKpHcraJIJiax Al-Cu 
mreercH 1,iaKpoMoaamrn ;:i;e~pnrnoro rnna (pnc. 5), 
a B MOHOKpncraJIJiax Al - Zn noJioC'laTOro 
nnrn. 

Tionyqem,:r neii.rpoum,re aBropaAnorpaMMLI, xa
paKrepn3yronv10 pacupe.n.e11em10 Mam.ix .1w6aBoR 
6opa B l.lHP!WHlfeBblX CIIJiaBax (pHc. 6). 3TH 'AaH
Hbie upell,CTaB,'lRIOTCR 1mrepccm,DfH C TO'IKH ape
nm1 yJiyqmeHJrn CBOlICTB CGJiaBOB. 

MemaTOMHoe e3aHM0AeHcTsHe e MeTannax 

11 p1rneHeBIJe llteTOJJ,OB H)l;epHoii: q>H3HK1I Il03B0-
.1UICT Oilpe,a;eJIRTL creneHI, HOHH3aD,Hff atOMOB B 

rnep,:iux TeJiax (paµnoMetpntJecKoe onpe,a;eJienne 
-qnceJI nepenoca), nap.u;naJIJ,HLie MarunTHhle MO
&WHTI>l /lTOMOB B CllJiaBax (MeTOAOM ,ttH4lpaRJlBll 
HeiirpoHoB), pacupe;:,;e:renne a.11e1.rpoaoB :so1<pyr 
».[(pa aroMoB n cpel-(uee trnal(panrmoe CMe~eHHe 
aToMoB B KpHcTamnr.qec«oii: pememe (oilpe~eJte
Hne BO,'Ilf<lilHbl aclJq,eKTOB pe30HaHCHOf0 nor.rrom;e
lJIUI. f3Mllla-ll3JiyqeHBfl M.CCCOayapoBCKHX H30TO
JIOB ), repMO,a;HHaMU'lleCKHe, aKTHBHOCTH (pa,tl,UO
~ierpn-qec,we onpep;eJienne ynpyrocrn napa) 11 
xapaKtepncnrnn lf>onottuoro cneKrpa (MeToJJ,bl ,n;11-
qipa1uun1 neitrpoHOB n onpe,l\eJieen» cneKrpoB 
peaoHaHceoro nor.rroJI\elllrn ra1,rna-HaJiyqeHHH). Tio 
BceM amM vonpocaM uo.rryqeu <paKrn'lecm1ii .Mare
pmur. B -qacmocTu, onpe,11;eJJe111,1 napI{BaJIJ.BLie 
MarHHTIU.re MOMCHTJ,l a TOMOB MOMUOHCHTOB pn~a 

tnJiaBOB (meJieao - ynrepo,n;, HnRe.nb - xpoM H 

~p.) 41, IIOJiyqeHhI IJ;8HJII,[e µ;.rrn pR~a CJIJlaBOB no 
BJJITHHHIO cfiaaoimro cocraBa u .u.pyrnx: cpa«TopoB 
Ha cneKTp pe:10Hancuoro nornom;eun11 raMMa
na.:ryqeHirn naorona O.'IOBa-119. 

Rail\HJ,IC CBe,:i;eHIIJI O COCTOHHIUI aroMOB B TBep
)l,hlX pacrnopax p.a10r uccn:eµ,oBaHn» nepenoca 
pacrnopemn.rx f)JieMeHTOB no,a; AeiicTBUBM ;)J'IeKTpH-
1Ieciwro roHa. 11 p1rnemrnne Mero):\a · pap;noaKTIIB
HnlX HH;{mrn ropoB ll03BOJI>IeT onpe,IWJlHTb C BLI
COKOU: To1mOCTI,J{) He3Ha'lnre.rrLHLl0 m1Meaemrn 

1rnmi;earparum pacrBopemu,rx :meMeHroB, nponc
xo,a;amue no,r,; .n;eiicrnHeM ;:iJieKTpn'leCKoro wKa 42,13• 

1.(emn.re CBe;i.emrn o Mem:aroMHOM BaanM01i:en
CTBHH ,r,;aer naY11eHHe cy6mma1vnr Mera.rrJioB 
II CDJTaDOB. B 3THX ~mcnepHM0BTaX OCHOBHLlll{ 

MOMenroM HB:rnerca naMepemxe npn paanWim,1.x 
reMIIeparypax ynpyrocTII napa, Haxo.u.HIU,erocll B 

paBHoaec1m c rnep,a;oii g>aaof1. ,Il;JIH ;noii neJIH npn
MeBJJJOT pa,rv10aKTUBHlile H30TJIIU H MeTOl\ Macc
cmmrpoMeTpD'ICCKOro anaJinaa 0 ,45 . TaKHM nyreM 
1,10mno nayqan cy6.JJBMan:mo ryronJiaBimx Me
raJI:wo. Macc-crre1npoMeTpJ:Jt1ecRn.ii aHaJina ~aeT 
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PHc, 4. PacnpeAeneHHe npHMecei1 s C.llHTKax, no.11y"leHHb1x aoHHOH n.11aeKoii: 
A-aBTOpa.itnorpaMV:a pacnpe,l\e;ieeuR curapua B a:1mr,nrnHu39; a - aarpaauennall qacn, CJIHTKa; 6- om

~eBBaR 11act1> c.,ntHa; Il - pacnpe,l\e;ieuue cu no .n,nuae cnurKa meneaaas 

PHc. ~- ABTOp~HorpaMMa pacnpe.a,eneHHJl cuu 
a cnnaeax AI-Cu4o 

eoaMmKHOCTL 11cCJ1e,n;oearL crpyRrypy qacrm.~ ra
aoBoii 4'aaL1. PeayJI.LTaTU, no.:iyqenm,ie B nocJie,n;
HHe ro,n:1,1, IIO3BOJIHJIH BLIHCHIITh BorrpOChl, Ha
caIOIIlUeCH repAro;:r,nua&UlKII crr.:t:aBOB Tyr')ITJiaBfrnX 
MetaJIJIOB, no;1y11poBO,!VlllKOBIJX. COC.)J,IJHCIIIIII ll 

.n;pyr11x Marepnanos. 
B nocne.n:nne ro,n:1,,1 noJiyqnJin ~aaHHTnc paooTLI 

no ncnoJih30BaHHIO Mecc6ay3ponc1rnx pa,r1,11oai.
T11BHLlx H30TOilOB ,ll;JIJI nayqemrn CBOIJCTB JI none
.n:euu.R MeTaJIJIOB B paamt'!nux ycnomrnx. IIcnom,
ayiorc11 I<aK Mexa11n11eCRHe, raK II 3JICKTf,O,IJ;IlllaMJI-

1JCCKne ycraBOBKH. • 

34>tfie«T :Mecc6ayapa npm1eu.neTc11 KaK. ):\JUI 1rny-
11eenR caMHX netfieKTOB, Tai( H JlX BJIIIHHIIH na 
Kpucrann1111ecKy10 pemeTKy. llccJie}J;oBaJic.n 

46 3cfi
fj}eKT Ha JI,n;pax OJIOBa-119,, e MaTpm~ax BaHa)l,IIH, 

• 

• • 

• I,\ -... • 

' 
• • 
r 

PHc. 6. AeTopap,HorpaMMa pacnpe.a,eneHHR p,or5a
BOK r5opa e U,HPKOHHH. X 60 (yeenHl.f0HHe 60, AaH 

yC.llOBHblH 3HaK) 

30.TIOTa, IIJiaTHHhl, TaJIJrn.H. Ha aToMaX paCTBOpH
TeJIJI e CIIJiaeax Ha OCHOBe OJIOBa o6HapymeHa 
3aBIICJIMOCTL nennq11Hbl Bepo.HTHOCTH aq,q>eKTa or 
){OHil,CHTpan,1m II JHtMeCH, 'ITO ronopnT 06 Jl3MC

HeHim CHJIOJII.IX KOHCTaHT B TBCpl];hlX paCTHOpax 
47

• 

IIoKa3ana cnn31, 3qigieKTa c TeMnep,nypoii nJiaB

-'lemrn II aTOMHhlM 061,eMOM iiemeCTJJa. 

npHpOAa paAHa~HOHH~X HapyweHHH 
e TeepP,blX Tenax 

B ooJiacTn pa)l,nan,noHHoii q>H3HKH nposo,n;uJIHCh 
UCC-'leJl.OBaHHH B TaKHX HanpaBJICHHJIX, KaK nay
qeHne }J;eiiCTBllJI m:i,epBhlX ll3JIY'ICHJIH Ha CBOllCTBa 

Ma TepnaJIOB, BhlHCHemrn q>ll3IrieCKOll npnpo.a.u 
paJl.II3Il,llOHHhlX }J;eipeKTOB, uayqeHne MexaHII3Ma 
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.BaaIDJO;(eii:cTmur l1'3.'IY'{eHHii C Bem,eCTBOM a TaIO«e 

paapaoon-.a Mel'o,n;oB pal];ua:u;noHHoii o6pa6onm 
rnep;i.ux TeJI H3JIY1l0HH.llMII paaml'IHhlX B~OB H HX 
npDMeneae:e B llCCJ10;tJ.OB3HIUIX CBH3aHHhIX C BbUIC-
uem1e ' M MexaunaMa ,neiiCTBHH paaJm'IHhlX ljia1no-
pou Ra CBOilcTBa TBep,l{hJX TeJJ (npotJHOCT.b, miac

~[qlJO';_Tl,, a:ienTpH1IN~1Uie lf MarHHTHLle CBOilCTBa). 
a3paooram.z AteTOAM paµ,ua1uwHHoii: o6pa6onrn: 

11e:a.'1:IOB, OCHOBaHHhle Ha lfClIOJII,30Ba;HKH IlOJIO

HIU{-6epu.1I.'Ut:eBbJX HCTO'IHUKi)B HeiiTpoHOB H H30-
TOIIllblX raMMa-ycTaHOBOK, a TaKme M0TO/J;bl BHYT

peHIIero 06JIY11etnrn. Meramwn aJibcpa-qacrm~a:r.in 11 
OCROJIKa:r.m ;n;eJiemrn H,n;ep 48. 

IloJIY110HLI ,)laHHhle no B,'lHllHHTD oT,n;eJU,HhIX BH

.D;OB nany11eanii na ynpynm 11 neynpyrue CBoii:

CTBa, Jia MeXaHuqecxne CBOilCTBa MOHOKpHCTaJIJlOB 

B IlO.'lnRpncTaJIJlH'l8CKHX o6paa~OB Me,11,11, D;HpRO-

Q~,o• 
3.--------------

-
PHc. 7. TeMnepuypHble 3aB\olCMMOCTM Q-1 

AJUI U.MPKOHl1.FI: 

1 - ,1,0 06;iyqee:uJ1; 2 - »Hyrpeeaee oonyqe
BHe 3.Tih!pa-•rncm:o;aMJI ll.a Po-Be-HCTO'IBB1(8 

BHR, TitTaHa, xpoMa lI MOJIH0):1;0ll3. Ha I(HpROBIIH 

IlOl{aaano B.'IIIRHUe l'3MMa-U3.'JYqeHHR II ll.PYfHX 

BH~OB Jf3JIY'JCHH.!l Ha nHJ{ BHyTpeHHero TpeHHR 

mna Bopn;oHu (puc. i), a rnRme BJIHHHHe MaJILIX 

p,oa ral1Aia-Ma.'ly11emrn na a.\HI.'IIITf,lJ,HYIO aauncn
irocn, BHYTpemtero TpeHHJI MOHONpllCTaJIJJOB M0,lJ,.H, 

no.1nKpHCTa.rr.1mec1wro 1,w.:-ruogena n gpyrnx Me
Ta:'IJIOB (pnc. 8) 49• ~'cTaHOB.:IeHO, 'ITO npn 06Jiy-
11e1nn1 !\teTa.TI.'IOB MaJiblMH ,n;-,aaMH raMMa-na.'!yqe
unn. pa;t,uoaKTI1BHoro i.ooaJibTa-60 ( 108-109p) 
noanuKa,oT napm,1.e .n;eqienThl lDpeHKeJIH, Korophle 
np11 OTiRHre 11,foryr npnno;:i;nrh R oopaaonaHHIO 

neTeJlJ, )"lllCJIOKaqni'i cpaBmne.'IhHO 00.'II,ll,Ol{ IlJIOT
UOCTH. 

Hpouo,n;1ITC1l paoOTI,I JI() DO;J)"leiicrnmo .!IHCPHhlX 
Il3J(f'Iefiltii: ua rrpon.rn:aHHO if>uaHJ>IJ-Xlll'>llllleCKHX 

peaKr~uii B Mera.'IJiax n crr:rnnax. lfayqeno, n 'l.acr
aocTn, soa~eiicnme ra~u1a- u s.'JeRTpoanoro o6-

.1Y'JeBua Ha npo1\ecc crapemm c1vraBa Me~1, -
6epn.1:mii. B pHµ,e pa6oT e:3yqeHo Baarrno;o:eiicTBne 
Jlai1,JtaJJ,UOJ1HhlX 11.eqie1nou C /J.HC.TIOKal{II.flMlf Ha 

CTaJIHX, ynpoqseHHiJX TepMOMexaHlllJ(lCKoii 06pa-
601'KOll. 

HCCnE)J.OBAHHfl B O&JlACTH XHMl-1H 

IlpHMeHeHirn pa]l;K03KTHBllLl'.X H3OTOllOB H 1111,ep
HhIX mmY'leunii cym.ecrBem10 pacllllfpn:er rpaHHl(H 

npaKTH'I0CKHX B03MO>KHOCTeii XHMBH. HccJie11,o
Bam10 p;eiicTBlUI JI;ri;epBI,IX H3JlY110HlUI Ha XHMH-

11ec1rne Bem;ecTBa H npO}l0CChl COCTaBJUJeT npe;ri;MeT 

HOBOH 06.11aCTD XIDfR110CKOH HayKH - pap;HallHOH

HOii: xmmH. }' CTaHoBJJeua npHHI\ltllllaJibllaR BO3-

MO~f{HGCTI, ynpaBJI8HHJI C IlOMOll(MO pa~HaQHOHHOrO 

Boaµ;eii:CTBHR XO;D;OM XHMJfq8CKHl: npenpam;es:eii JI 

IlOJlY110HlUI HOBhIX 1rnrepBaJIOB, •no nMeeT rrpax
Tll'l0CKO0 ana11esne. DhlcoKoa({,qieKrn6HLie paµ;na
n;ao11noxHMWJecKue npon;ecc1,1 MOryT oLITL ocy

m,ecrBJJeua B npOMhllliJl0HHOM M3CWTa6e npn HC
IIOJil>30B3Hllll MOil\HLIX HCT01JHHKOB HOHH3HpylO

DlHX ll3JlY'J0BBH. 
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PHC. 8. AMnJIHTfAHIJe aaaHClfMOCTM Q-• P,JUI MOtlOKPH· 
CTaJJJla M8AH: 

J - 0URHl' 8(J()•C; 2- r8WM8-00."Jygea11e (-108}; 3 -0T!ltHr 
f50°C• ,I- OT»alT 200"C (tpeyro:thllHk0M U0Ra3aBa 0pHeBTB-

• nBa oopasna) 

Hccne~oeaHHR s o6nacrH paAHa~HOHHOH 
XHMHH* 

BoaMOlKHOCT.b HCilOJJL3OBaHHH MO~RLlX BCTO'I

HHKOB H3Jif'l0HHR CTm.iymipoBaJJa J(aJ11>He:iimee 
paaBHTB0 HCCJie)];oBaHHii B pap;uaIJ,JIOHHOH XHMHlf. 

Bom,moe 'IHCJIO pa6oT aaupaBJieao Ha paaBHTHO 

Teop1m paJlHa{\HOHHO-XHM.O'I0CKHX npeBpamem1ii.: 
fl pOBe.i,:eHO OO.Jlhfil00 KOJIIl'JeCTBO IlCCJI0]1,OB3HHII 

IJO nayqeHnlv MeMearapHhlX pa;:i;HallHOHHblX npo

~eccoB B raaax, »ul)J;KOCTHX II TBep,ALIX opranu-
11ecKKX coel(HHeHHHX. Peayin,raTIJ: arnx pa6oT 
no:JBOJIHJ!K pemHTL PH~ reopern11ec1mx BODpOCOB 
pap,na1v101moii XHMHH, 'ITO cuoco6cr»oBaJJo pac
mupemno HCilOJILJOBamrn: MOro;lll.lX pa)l»3.QII0Jt
HhlX ycraHOBOR, oco6eHHO n o6JiaCTH XIIMIJH llOJID-

1110poB. 

• Coaatopu a-rou 'l&CTD )(0KJia11.a: A. JJ:. A6KHH, X. c. 
Ear11.acaphflH, H. A. Bax, II. 11. 6y6err, B. B. BoeBOJl
c1rnii, B. IL foJ1hJ];auc1m:ii, n. H. ~o.TnH, B. JI. RapnoB, 
JI. C. IJoJiaK, C. R. IlmelKe~Knft, B. JI. TaJJ1>poae, IL H. 
TyBHu;Kll.ii, 6. JI. ~erJum, .6. B. SpmJiep. 
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BamHlile pe3yJILTatL1 nony-qeu1,1 no PLIHCHen1110 
.ue~aanaMa panmn:r.noaHHx npon.eccoB B BOJJ.HHX 
pactBopax 0

• u-u, 11• ••. TaK, H~npnMep, Boc
CT&BOBJieeue HeROTOpux KOMllJI0KCHI,IX C08,ll;H
HeHnii llJl8TlIBH, nam1aJJ,HH R pOJJ,HH B BO,I\HLlX 
pacrBopax npn o6nyqemm npuno.n,uT K o6paao
eaumo -qepau, OTJJll'latom.eiica no KaTan:urnqecKoii 
aKmBHOCTB OT npnrOTOBJl8HHOii OOLl1JHLIMII Me

TO}:{UIH. IIcCJle]J.oBaBne paµ,HOJIU3a ROH:U.011Tpllpo
B8BHLIX paCTBOpOB DOK838JJO, qT(' cepHaH KllCJIOTa 
paapymaetcH B peaynLTate 1<aK np11Moro 1 taK n 
KOCBeHBoro ~eiiCTBHR Jl3Jlf'l0H11H, TOrJJ,a KaK 
XJIOpRaa TOJU,KO BCJieµ,CTBUe npnMoro ,n.eiiCTBlUI. 
Mexauna11 paJJ.non113a BKn:10qaet np0Memyro11uoe 
o6pa30B8HR8 paJJ,DK3JIOB H B036y~eHHlilX MOJie
Ryn. 

HaJiopn11etp11qecRHM: Metoir.011 noKaaaao, 'lTO no
nmiepuaa~nH &Kpnnomnpnna npu -196°C npo
TeKaeT eenocp0ACTB0HHO B TBCPAOii cliaae B MOM0HT 
oo..'ly,ienu.R 6ea :meprnu aKTHBa~nu; BhlCKaaaHo 
Dpe,D;llOJIO>Heeoe, 'ITO 3Ta llOJIIIM0pH3ail,llH o6ycJIOB
Jieua KOpoTKomnByDUWII aKTIIBHLlMII u;eHtpaim, 
rJ16H~H cpaay nocne B1>um1011ea1rn oyq:Ka. 

Ha11.aJILHaR Cl<OpOCTh llOJIHMepu.38IJ,UH T(npa
-:,ropamneaa (T<D3) B TBep,I\OM COCTOHHUU B6JIH3II 
Toqxu nJiaBJieBIIR ua nopH,n;oK B1,1me, qeM B m11;o,
xoem npu Toft w.e te11mepaType, npn11eM aiptpeH
meeaa aueprm1 aKrnBau;1m B KpuctaJine pasaa 
0,6-1,6 KM.A/MOAb, a B >KJIAKOCTH 6 'K'f.a.A/MOJtb53• 

Mero,n;a11u 3IIP u rep1,rnn101maecn.eun.nu ycra
noueeo, 11To npn oonyqeHRn TBep,u.oro T<D3 06pa
ay10TCR napaMarBIITBLle B aapH)l(0HHLl0 qaCTHD,LI. 
r.s,n; 3&BDCHMOCTell yKaaLrnaer na llOHDblll MexaBH3M 
nomn,epnaau,nn '£©3 B TBep;o,01,1 cocTOJIHllH H. 

IIoKaaauo, "ITO nomwepuaaIJ,nll aa.etaJILJI,erHµ.a, 
nponnoam,Aeru;:r.a n Tpnoi.caea DOA ,n;eii:cTBneM 
pe&ueuoscKoro II raMMa-uan:yqeau11 eau6onee 
a~KTU.BHO npoteKaer B 1<.pncTam1e npn TeMne
parypax ua 10-300 C aume TO'IKH nnaun:emrn 5''. 

Uccne,n;osana nonuMep11aaqua aKpunonutpmia, 
AID1etm16yTa~nena II ll,mmoreKca;o.uena B Ra
uam,ehl.x coeµ.nnemUIX Bl<Jll0'10HHR MOqeBHllLl II 

TBOMO'l0BHHLI H ycraHOBJieHa CTepeoperynapHOCTb 
DOJI)"la0MLIX llOJlm.t:epoB 7I. 

¥cTaH0Mem,1 aaaqn1em,Hhte RD.He'In'leCKHe aifi-
4,eKra. B YB0JIHq0HH0 MoJieKyJUipHOfO Beca npn 
non:n.11epnaau;1111 aKp11J1oentpnna npn - 78-:, C B 

npncyTCtBnn Cu2O, NiO .n NiO - Li, a TaKme 

l\lgO. AaamJrH'IHhtii aclJ<peKT na6moJ1,anca B cny-
11ae MeT11JIMCTaJIRp1rnata B npncyTCTBHll MgO. 
1Ion1rnep o6na.ii;aer crepeoperym1puocTLIO, V se-
11n11eu11a cKopocn1 peaKn.nn: He Ha6.'l.10,11,aeTc~ ,11,JUl 

o6onx :MonoMepoe B rrpncyrcte1m TiO 2 11 Cr203. 
B otcytcTene ,11;06asoK rroJIHMepHaaa;ua 3TIIX 
cucreM nporeKaer B rex me ycnomrnx no pa)l.mlaJib

HOM)' MCX3RU3MY. 
llccnep;ona1me noJ111Mepnaaa;1m B Macce rrp11 

00 C n 1-30 paJ/ce,; no1,aaano, 'ITO p;nn ~rop- n 
cpTopuropaaMCII\enm.ix anrneaa G paBHO 10

3
-

10•, e TO Bpemr l(aK IlOJIHMepnaall,UJI nepq>TOp
nponnJieHa B .»(HJJ,lWM H TBepp;oM COCTOHHIUIX 
npHBOJJ,HT K HH3KOMOJICKYJIHpHUM npop;yKT3M co 
crenen1,10 nom™epnaaJJ,n:li ne BUme 20, rrpn11eM 

B MOM0HT q,aaoeoro nepexo,11;a CIWpOCTb DOJIIIMe
pH33U.DH ne MenaercH. B ycnonn.Fix pa,zvta.l\HH upn 
P,Oaax 107 - 1011 pao IlOITY'JCHI,1 TBCp11,hle IlOJllil
MCpLI H3 paam1qlJblX )fOHOMepoB aJIJIHJIOBOfO 
pHJJ,a, He DOJJHMepnayIOII\HXCH, KaR nanecTHO, DO~ 
AeilcTBRCM o6bl'lllb1X UHHD,naropoB. B OTJIWil18 OT 

06LiqH1,1x nnun,natopou npn AencTBHH pa~nan,HB 
aa npoHaBOJJ,IILle 6opa3ona o6paayroTCH pac1so
pnML1e npoJJ,yKTLl co creneuhIO no.1nrnepnaan.nn,...._.,9, 
coµ,epm.aw_ue B n.emi: 6opaaonhHLie Jl.HI(JU:.I. Ocy
II\0CTBJieHa TaKme pa,11;1tan,noHHaa nomutepnaall,DS: 
OKHCII AU<J>eHHJIBUHHJ1cfioc4>1rna B pacnmrne &a, u, ... 

,IJ.JIH C03AaHll.FI BOBblX 1,nrnepaJibHO-opraHU'l0-
CKl!.X, B tJ3CTHOCTll HOH006MeHHLIX, npenap'aTOB 
ocymecTBJieHa raaocpaaaaa nom1Mepnaan.n,r MoHo
Mepos. A3IOJUHX nomn,tephl C HOH006MeHHI,lMII 
qiymat,nOH3JlLHLlM.H rpynnaMB, Ha neopranll'le
CKnx cop6eatax. IIOJIY'leHHhle ROM6HHHpOB8HDlil0 
IIOH00611rnHHHKII o6JiaAalOT p11,ll;OM npenMyiqecTB 57

• 

3nn1 me J.teTOAOM ocym.ecTBJieHa noJinMepnaaJJ,nll 
BHHUJIOBbIX MOHOMepoB, on:etf>nHOB H MOHO!llepoB 
au;eTHJICHOBOrO PHAa aa paaJIH<JHLIX CHHT0Tl{qe
CKIIX BOJIOI<Hax 08 , 

IloKaaano, 'ITO np.a»nToi'1 noJIHMep o6paayeTCH 
B opneHTUpoBaHHOM COCTOHHIIH. , 

HoM6nHupoBaHuy10 peaKitmo BYJIKaHlI3an;mt 
MOiJ<HO ocym,eCTBHTI, COBMCCTHhlM ,n;eiiCTllll.eM ceplil 
npu: narpeeaanu II o6nyqemm, nplNeM Boaan-
1<a10T ABa nma MCi«MOJJeRyJIHpHbIX CBHaeii: IIOJIH
cym,cl>HJJ,HLl0 n yrnepo,n;-yr.11epo.u,m,1e 1 coornome
HHK MeiK,D;Y KoTopblMH M0IBH0 cTporo perymtpo
san,. IlpH KoM6nm1poBaHHOM npon;ecce ny;rnaHH
aau;nu CHnmaeTCfl MOJl0KYJIHpHa1I ,n;ecTpyKD;IUI no 
cpaBneoHIO RaR c 061,1qn1,m npon;eccoM cepHOB 
eynKaHH3aII.Hll, raK H C 'll{CTO paµ,nan;noHHOll ByJI-

1rnnnaau;neii. PeanaLJ, coAepmall\He ,n;Ba Tnna 
MOJI0KYJIHpHI>lX CeTOK, OTJruqaIQTCll IIOBLIID0HHOB 
CTOMKOCTblO K CTapemno, MaJibIMR ruc-repeanc
IlhIMH notepaim II DOBblllieHHOH H3HOCOCTOD· 
KOCTblO ;s, ;o. 

IlonyqeHhl HOBhle ,n;aam.re o Mexa.1rnaMe cm1rna
u11n noJiuJ1,a:uernncun:0Kcano11, u _ 11rnw11,0M 3IIP 
onpeJJ,eJieHLl pa,n;m,aJ11.r, yqaCTBYIOII\II0 B 3TOM 
npon;ecce. IloKa38HO, 'ITO CKOpOCTb peKoM6nna
ll,IHI aRoMaJibHO Boa:pacTaet B -ro11Kax qiaaosoro 
nepexo,n;a. IIccJie,11;osaua paA1taa;nonaa11 nyJIRaHH
aan;nH pa3JIHllHhlX THIIOB Kay'lyROB B nareRcax, 
np1PrnM eai1,11;eno, 'ITO npon.ecc npoxo;:vn c 6oJiee 
BLICOKIIM BblXO,D;OJI.I, '10M B KayqyKe B Macce. Ilpn 
conMecrnoM 13nep.emu1 B no.JUrMcp TCpMocra6mrn-
3aTopa II anrnpap;a o6Hapymerro HBJICIIHe cnnep
reTH3Ma, TO CCTh KOM6nmtpoBaHHble µ,06a1mn 06-
.rra,n;aIOT 6oJiee ClfJibHhlM ,n;eiicTBlICM, 'lffM ;:iTO CJie
µ;yeT H3 a,IUJ;IfTHHIIOCTn. 

lfocJieJ\OBallhl npou,eccbl pa;1,nau.n:0HH0I'O cmn
namrn B PHAY cMeman111,1x nomrn4>npoB ce6aQH
uonoii H Tepe(fnaJienoii IHICJIOT c anrneHrJIHKoJieM 
npll rrepe111eHHOM COCTaBe 3BeHI,eB. 'YcT!IlO~JICBO, 
'ITO npH JJU3I{HX II cpe;l;HilX p;oaax Kpanmlll '):Jlell 
pHµ,a - IIOJUl3TifJICJITepeq>TaJiaT p;ecrpyKTllpyeT, ll 
npn BbICOKHX ~ cunrnaercJI. Ilo ;.tepe y6l,rnannJI 
B p1IAY conomn.rnpo» co;1,eparnmrn 3neHheB Tepe
q>raJieeoil: KIICJioru BI,IX0,11; cmnnanna pacrer. 
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Pa~»aQ»OHHalI xeMocop61urn 1rny11aJiac1, Ha npu-
11epe cncTe111,1 H 2-Al20 3 . Houaa,rno, llTO B noJie 

ra11.&1a-Ha;rry11emrn npOHCXO,IJ;HT 1rnreHCIIBHaH }J,l1C

CO[(flaT~IBHaH a,11;cop6~HH, npn'IeM 'IRCJIO a,n,cop6-
l{llOHHbll: :QeHTpoB /1,JIH. aroMoB H Ha lIOBepXHOCTH 
AlzO3 aaB11cnr OT ycJio»ni'1 npe;:i;napnT0JI.1>Hoii 
Tpeunpon1m KaTaJiuaarnpa ss. 

Pa,1(Honna aJIKanoB, a,n:cop6nponanmn na paa

Jill'IHllx OKIICBJiIX HaTa.l1If3aTopax, CO}J,epmam;nx 

Alz03, npoTe:KaeT no :a;enam,ty l'tfexannaMy np11 
TeMneparypax pea:Kiom BLlme 150° C 54• Pa}J.HO
JJ»a :QH:KJIOreKCaHa JJCCJI0}J,OBaH Ha noaepxHOCTH 

pll,I{a cop6eHTOB, HBJIJUOII\HXCJJ KaK H30JIJITopaMH, 

T8K n nonynpoBo}J.BHKar.m. TI pH :nm1 na6JIIoµ;aerca 
aHTuoarnocn. aJieKrponpoao;rv10cr11 n cKopocru 
o6pa3oBa3HH 110,ll;OpOAa. fl pn COB!,feCTHO~I }J,eii:

CTllHH pa.n;na:a;m,: .n;oaa ,-...., 108 pa[} 11 KaTaJinaaropou 
IlPOllCXO,l\HT o6pam,enne PR;\a RaTa!JHTH'I0CKofI 

3HTHBlIOCTH no cpaanemuo C Tep!.IOI.aTaJIHTll'Je
CRRMR npoQeccaMu. Ha p11~e WHaJrnaaropou, 
6Jlll3Kl'IX no CBOHlll CBOHCTBaM K 1130;) JJTopaM' MeT0-
)\01.1 3IlP o6HapymeHo 59 noR1memte napaMarnnT
BBx u;eHTpOB H a,ll.cop6ttpOB8HHhlX paµ,uKaJIOB. 
C,H1. UccJie,u,oaam,1 peaKQnu pa,nno.1rn3a )lBy-

011:11c11 yrJiepo)J.a u pa,ll.11anno1rnoro CJrnreaa aMMHa
Ka, H]l;cop6npoaaHHLIX Ha pa3Jill'IHblX OKUCJiax 

(A1:03, Si02 , ZnO, .MgO, NiO n CnO), He HBJIHIO

m,n::x:ca Ka raJrnaa TOpa11rn 6ea 06.'Iy1J.eH11J1, HO a<p
~eKrnBHo IIOBLIU,8IOIIJ;HX BMXO)l, 6naru}:\apH nepe
,l{atie aueprHH so. 

PacCMOTpen O,IlllH H3 B03MO>RHMX 1tlexaHH3MOB 

nepe~a•rn: 3HeprHH H3J.ly'IeHU.11 OT TBepµ:oro reJia 
K a;a;cop6n.pooaHHo!.1y aem;ecrey, orHoBaHHhlH Ha 

.JtOil~eHHH crnTucrnqec«oro pacnpeµ;e.'l:emrn anep
rnn B JIOB"a.1I1>HLIX 06.JJacrJix n KoauenTpaunu ee 
B OT;a;0.1IbHldX «ropa1111x» TO'II<aX nouepxHOCTil 6 l. 

npHMeH0HHe paAHOal-tTMBHblX M30TOnoe 
s KaranH3e H APYrHe eonpoc~ 

llayq a10rcn paanoo6paanLie tf,1ta11Ko-xmm11e

c«ne CBO.iiCTBa paJJ;llOaKTUBHLIX TBepJJ,LIX Ten:. 

BBeJleBJrn naoTona cepbl S35 B cy.11btfiaT RaJIHH 

BJUIHeT Ba CRopoCTL H30TOIIHOro o6MeHa cepLI 
B cncreMe K 2S04-S03 npu BLICOKHX TeMnepary
pax 6

'. BeJrn•rnna a.n;cop61vm opraH11crecKHX Rpa
eure.rreii ua oca]lKe cynL<fiara 6ap1rn, co,I\epmaJI\ero 
1to6aBKH Ra HJIH S35, oTJIH1IaeTc.a oT all,cop6n;HH ua 

Hepap;noaKTDBHOM npenapaTe B CBH3H C TeM, 'ITO 

* na noBepxBoCTn o6paa~oB IlaSO, noaHJI:KaIOT aa 
C'I0T 3MllCClfH 6ew-11acTJID; U0JI0mJJTeJlbHbie aa
PHAIJ:, a na ocaAHe (Ba, Ra) S04 6Jiaro.ri.apn :lMHC
cnu aJIL1lm-11aCTHIJ; - orpIIqaTeJihHIJ:O aapJIAhl. 06-
mipymeHo 65, 'ITO af.{cop6r~rrn: uapoB opra.H11qecrmx 
Bem,eCTB YBCJill'IIfB80TC11 Ha pa,1-1noaRTHBHOM cop-
6e1ne (BaS04). YcTano»JieHo, 11To H3Men»eTC.JI 
paCTBOplli',fOCTh XHJIIliqOclmX coe,n,uttem1ii, CO)J,ep

iKanwx pa,n;noaRTIIBHide naoTOllbl (orccaJiaT n;ep»J.f 
e Ao6anKoii Ce144 , o«nc1, llTTpnJI c JJ.06ll.BKOH Y'0 

Me: yn_ n AP-) e&,•1. 

BBe~eH1-re paµ;noaKTHBHfilx naororroa noanoJIJieT 
B P11A0 CJI)"IaOB UOBLICHTb aqiqieKTHBIIOCTh KaTa-

JIHaaropOB. Ha cyJib<pare Maruna, CO.I{epmall\01\f 
S33, ana•mrem,Ho Boapacraer c1wpocrr. .n;emnpa
T~~HH D;}fKJioreKCaHOJia 68, Ha TplUia.JIJ,QJf»tf>oc

.J,arnoM 1<araxuaarope Ca3 (P0.)2 • H20, c ,n;o~ 
6aBKaMn Ca45 mrn ps: B uec1W,1IbKO paa yneJIH-
1IlfBaeTcH CROpOCTI, 11.erH,llparal{HH H3 onpomt.lIO
BOro CIIHpTa (pnc. 9) 69 . 

3Jie1<rpoHHo.r.mKpocKonlt1IecKHe nccne;wnamrn 
IIOI-CaaaJIH, 'ITO Ha nonepxH0CTH pa;a;uoaKTHBHhlX 
o6pa3QOB 06napym1rna10TCJI MHOfOlJUCJieHHble 11.e-
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PHC. 9. CKOPOCTb ABrHAPaTa~HH H30nponHJ10BOro 
CnHpTa Ha TPHKaJ1b~HH4loccJ!aTHOM KaTanH3aTOpe; 

o(SpaaU.bl KaTa11113aTopoe: 
1- xepa}l:1JOaKTHBRMii; 2- 58,f .11t.-10pu/e, Ca 411; 

3 - 52,2 M11:10pu/z, p 3a 

cfieKTU a HepouuocTJI 70• H npon;ecce o6paaonamrn 
Teep.l{oii .J,aahl na mn.ttKoii: mm .ra3006paauo1i 
cpe}J,LI H3JIY'leHue pall,HOaKTIIBHhlX II30TODOB npu
B0/J.llT R B03HHKHOBeRRJO 6oJILmoro 'IIICJia HOBblX 

n,eHTp0B KpHCTaJIJIH:Jau.mr. O11.naKO CBll38HH0e C 

yKaaaHHLIMU ffB.JieHnHMu yseJinqemte , nouep:x:
HOCTII pa}J,DOaRTHBHhlX npenaparnB He OO'bJICHffl,)T 

ncex oco6eauocTen: nx ceoii:cre. Ba11myro po,'Ib 
urparoT HenpephIBHO B03BHK3IOU\H0 B 061,eMe II Ha 
nouepxaocn1 pa,n;uoaRTHBBLIX o6paa:a;ou :me1npu-
11ecKne aapJIJ\LI. 

B IlOCJiep,Hee BpeMJI ycTaHOB.'JeHO BJIHHHHe H3J1y-

11emu1 pa]!.HOa:KTHBHLIX ll30TODOB Ha aJieKTpOXHMll
'l0CKBe CBOiiCTBa Merall,'IOB 71• Pa,!\U03KTDBHLl0 

o6paan;H a,.-eneaa II cra."IK-2 o6Hapyammr ana11n
renhll0 6oJiee BLICOKYIO c1mpocT1, Koppoaun B uo,n;e 
H BJI3iKHOM noa,n;yxe no cpaBBeHHIO C Hepa]!.RO
aKTHBBhlMH o6paaqaMH Tex me M0TaJlJIOB. 

3AKRlO'-IEHHE 

fl piiMCUCHHC H30TOIIOB JI JJJ(CpUMX Jf3JI}''ICHICfr 

B qJB31'1Re ll XHMHH npnueJio K pellll'UHIO PlIJl.a 
nay11HI,1X H npaRTif'ICClmx 38J:l.3'1, IIMCIO~IIX npnH

n;nnnaJII,R0e aua11eu11e. U1,rncuen1,1 P.rnorne so
npocu, Hacaro111necH Teopnn coctomurn BemecTua, 
Mexaena1tta II KRH0THKll <frnani.O-Xlll\fll'-10CKUX npo
n;eCCOB, coap;am,1 llOBLIO T0XHOJ10rlf'Iec1rne TI po
~eCCiil, MfffO)tJ,l lICCJie,l];088HllJl, a TaKme cpe,!\CTBa 
KOHTPOJI.11 H aBTOMaTII'ICCKOro perymtpoBaHllll 
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napaMeTpoe npouaeo.ncTeem11,1x upol{eccon. nee 
aro cocTa&·rneT o,1um na na,1-meihuux pe3yJILTaTOB 
11cno.111>aoeamrn aw11mo.ii aneprnn B 11mpn1.1x 1{e
:u1x. 

Boar.tO>KHOCTJI Hay'IH0-TeXIIIl'leCJ.0f0 nporpecca 
Ba OCHOBe HCilOJIL30Bamut JJ.OCTltil,euuii npmma,tJ,
Hoii sr.ztepnoii cf>namm .na.'le1w 110 ncqepnam.r. 
,Il.a_:11>Heiimee paaBuTue aToii noeoii 0Tpacm1 uay1m 
non.net ueco11rnen110 no nyTI1 pacumpemrn 11cc.110-
1\0Bam1i'1 B oG:iaCTu cl>namm n x1u.mn c np1rne-
11e11neM 11~ep110-4>11a11qecnux :111eTo.rtoe, a Ta«me 
nocTaeoeKu 11cc.1e.noeaTe.,1,c1mx pa6oT no umpo
Ko1i1y Rpyry eonporoe, B nepey10 O•1epe~1, no qm-
3Une sr.nepHLlx ua.1I)"WHnii. lleT mma1wro cmme
mrn, 11To aac omn.naeT pn.n naameiiwnx nayquwx 
OTRpLITll.ii B .ztanuoil OoJiaCTlf, 

PeayJ11>TaT11eHOCTL pauOTLI no aannoii npou
JJeMe, Geayc.100110, uy.n;eT onpe.ne.1rnT1>cn e onpe-, 
Ae.1eunoi1 ctenenu teM, HacKo:tLKO OYAYT coeep
weum.am nOOPJtUHal{U.Jl ycmmii It ;Jl('fHLlit HOH
TaKT y11e111,1x pa3.:tU<UU,lX CTpan. 
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pna:Jl,l A-1111 .llOK.'laJJ:8, 

JIHTEPATYPA 
I. Groh anti II eves y. J. Ann. Phys., 63 (1920); 

65 (1921). 
2. A. M. 3 a r p y 6 c Kn it. lbeecTu11 All CCCP, Cep, 

4,ua., 6 (1937). 
:l. ll. JI. r p y 3 it H. ]\01<.:ta)J.bl ;\11 CCCP, 86, Ni 2, 

289 (1952). 
4, n. ;1. r p y a II H u AP· llna<euepHo-«tnan'lecKHii 

~yp11a.1, 1, 64 (1958). 
s. n .• 1. r p y 3 n II, JO. A. II OJI R Ka p n OB H 

M. A. Ill y M: u .'to B. 3aeo~cJ<a11 11a6opaTop1rn, 4 
(1955). 

6. II. .. 1. f p ya n H. lheeCTlUI AH CCCP, 0TH, Ni 6 
(1953). 

7. JI. JI. r p ya II 11, IO. A. n OJI II Ka p II OB, r. I,. 
(l) e A O p O B. (J)J[JIIKa )teTa.lJIOB ll MeTaJIJIOBejte-
HHe, 4, 91 (1957). 

8. n . .J. r p ya II JI I[ AP- Ilpo6.1eMbl MeT8;IJIOBC,l\emrn 
11 ciiuanKH lfeT3JIJIOD, ;327 (1958). 

9. n. :I. l'pya:im, IO. A. n OJI 'K Kap n OB. MeTaJ1-
Jiypru11 ff lfeT3.1JIOBCJ);eRHe 'IHCTLJX MCT3.11JIOB, BLm. 2, 
259 (1960). 

10. IL .1, r p y 3 Hu, K). Jl, map OB, IO. A, ITO
JI HK a p no e. l'OCJIHTII, Pl.In, 4, 23 (1962), 

fl. TI. a. rpyanu, B, B. My pa.ab. (1):inmrn 
:Mera.1no11 11 MeTaJ1JIOBe].(em1e, 17, .M 384 (1964); 16, 
J,,; 4, 55l (1963). 

f2. P. La com be, P. G n i r a I d en q, C, L e y-
m on i e. Conference Radioisotopes, Copenhague 
(1960). 

f3. I'. 6. ct> e J\ op o u, B. M, Pae Q Kn ii, E. A. 
C If H p H O B, !'lleTa.1.1ypnUI ll MeTaJIJIOB(\1>,eHJte 'lll
CTLIX MeTa.1,10B, J, 203 ( 1961), 

H. II. .Tl. f p y 3 ll H, A- <I> • .:l ll TB RH. AoKJl3/l.hl Alf 
CCCP, 9,1, 1 (1954). 

1s. n. T. E op II cos, B . .M. r o JI II Koo, r. B, 
II( e p 6 e )l H H C K H ii:. 3aBOJ.(CK3JI na6opa'l'Op111l, 

9, 1070 (1959). 

16, B, T. nopncoe, B. M. ronuKOB, r. B. 
IQ e p 6 e A H n c .K II ii. lf po6JieMLl Mera.1.1one/\e
HHll u qm:mtUI MeT8JUIOB, 5, 381 (1958), 

17. C. ,l].. rep~p11KeH, 11. H. ,l].ex:rllp. ,I(n$-
4lyan11 B MeTaJlJlax 11 cnnaeax B TeepJJ;oii: ct,aae, 1960. 

18. B. T. BO p II COB, B. M. r OJI H .KO B. 3aeo~cRaH 
JiaoopaTopmr, 2, 178 (1956), 

t9. R. H. Betts, J. A. Davies. Marepnam.i J(OH-
4'epena;11u, Rana)la. 

20. IL .11. r p ya u u, l'. r,_ (}) e P. op o u, MeraJIJ1yp
rn11 II MCTa:JJlODe)lem,e 'lllCThlX MeTa,1.100, 1, 219 
(1959), 

21. E.B.Gopucoe, 1I .• 1,rpy3HH, JI.B.IlaB• 
JI U R O B, r. f.. cJ> e ,!( 0 p O B. TaM me, CTp, 213. I 

22. n. JI. l'pya11H, C. n, 3eMcKllii, A. ,I\. T.i• 
T 10 U J[ H.K. IlpOOJieMLI Meram10Be,!(£>1fllll H 4'H3HKH 
Meram100, 366 (1958). 

23. IT . .1'I. r p y 3 H B, I'. r. p 11 6 0 Ba. l\leTaJI,1yprna 
11 Me'taJtJIOBe.n;eane 'lllCTblX MeTamtOB, 2, 134 (1960). 

24. r. n. (l) e AO p OB, C(), n. m O .. 0 B. TaM a.e, 3, 
43 (1961). 

25. 1\1. A. r y 6 ape a a, .'I. M. Mop o a. flpo~eccu 
AH4Jcf>yamr, CTPYKTypa II CBOHCTB8 MeTaJI.'108, 15 
(1964). 

26. C. 3. E o .Km Te AH. TaM me, crp. 5. 
· 2.1. IL JI. r p y au H. MeTa:r:ioee~em1e K TepMll'IeCKall 

o6pa6orKa MeTan.1102, 10 (1960), 
28. II. JI. r p y 3 H H, n. B. My pa JI L. (l)uanKa 

Metannos H r.terammee.nemre, 17, .M 5, 792 (1964). 
29. n. II. Bo JI Ta Kc. ,l:lmMiyanx s nonynpoBo~xax 

(1961). 
30. II. ~1. f p y 3 H H, JO. ll>, 6 a 6 HK OB a, f. 6. 

<ll e .no po B. Ilpm.teuenne paJJ.nOaKTHBHJ,lX n30To
n0B II JIAepmu HaJ1y'!e1mii B MetaJ1J1yprHH, 3 (1.960). 

:ll. 3. A. Anu11p0Ba, JI .• 11. fpyann, C. B. 
3 e Mc Kn ii. ,l:{0K,1am,1 All Aaep6aiip;maucxoii: CCP, 
6, 467 (1959). 

32. r. r. PJ16ona, 10. 11>. naonKOBa, II . .JI. 
r p y 3 JI H. JlpUMeHeHlle pa)'.\ll08KTHBHLIX H30TOll0B 
R H.nepm.i:x nanyqenuu B np0Mblrn.1enuocr11, 47 (1961). 

33. r. r. p jJ 6 0 Jl'a, II . .:I. r p y 3 II H. l\feraimyprns 
B MeTaJIJIOBe.neeno 1lHCT.LlX MeTa.lJIOB, 3, 26 (1961). 

34. II. E. D O JI O T O B, <l>n3HKa MeT3JIJIOB H 11eTaJIJIOB&-
Aerrmr, 11, 420, 427 (1961). . 

35. C. 3. n O Km T e ji H, C, T. K H m R ll B, :I. M. 
l\t O p O a. JlccneAOBamie CTpOeHlfll MCTaJIJJOB uero
AOM pa]J.HOaKTllBR&X H30Tonoe {1959). 

36. II. :I. r p ya n n. Ato1,ma.r: aueprnH, 11, 379 (1961). 
37. II. A. ti e 111,1 me B. Tpy,a;hl HTOqM, 23 (1960). 
38. IT. ;J. r p y a H H H ,np. l\teTa:IJ1ypnrn H MeTaJIJIDBe

.neHne 'lHCTblX MeT3,1JIOB, 2, 276 (1960), 
39. Marepuam,1 K01Jq,epem~1m. flIIon1rn. 
40. MarepHa.111,1 Koncliepem~11H. Ilon1>cl(a11 Hapo,n;nas Pec

ny6.11uKa. 
41. B. II. r OM a HI, KO B, l(. (!). JI HT Du II, A. A. 

Jiom11anou, G. r .• 1Hm;enKo. MetaJJ.110-
ee,a;entte n <l>113H.Ka Mera.-1.100, 14, 26 (1962). 

42. IO. ID. n a 6 HK OB a, II . .il. r p ya H H. MeraJI
JJyprnll H MeTaJ1J10ne,n;eHne 'lHCTblX M:eTaJIJIOB, 1, 
200 (1959); 2, 128 (1960). 

43. IO. I'. Mu JC JI e p, H. TI. r y po e. (l)nauKa reep
AOro rena, 3, 2870 (1961). 

44. E. 3. Bu HT a ii J( H H, II . .il. r p y 3 u It, C, II. 
<I> e JJ; o p o e, Tpy,nM Dcecorowoii na)"IBO•Te:um
'lecKoii KOH<f>epeH[),llll no Il p11MeHeHlllO pa,n11oaRTIIBHLIX 
n na6RJihHhlX U30TOilOB n :ll3Jly<leimii n aapoµ:HOM 
xoasHCTee H uayKe, MeraJrnyprnH ll Merannoee,I\eJIHe, 
1958, crp, 339, 

45. Au, H. H e c Me .11 no D, TaM ;Re, crp, 331. 
46. B.A,Dp10xattoe, H.H,,l\eJixrnH, IO.Ha

r an. TpyJJ;w HA3 (1963). 
47. JI. A. AneKceeo, II. JI. rpyauH,/(OKJiaw,i 

AH CCCP (1964). 
48, n . .il, r p y 3 u H, A. II. Ce Me H ll XII ff, ATOM

Hall :meprm,, JS, .N; 2, 169 (1963), 
49. IO. ,[(. ma p OB, A, A. B a Cu JI J,. e B, II . .11. 

f' p ya H H, IO, A. TI o JI n Kap II o B, Pe.1aKca
I{HOHH.Lle SIBJICHIUl B MeTaJinax n CIIJiaBaX, 221 
(1963). 



SESSION F P/29~ P. L. GRUZIN 223 
FIJ. B, If. C II H n I,[ B A A B 

6 a p CO B a "'I ' • • a JI a H All H, JI. H. 
CCCP, 141, '.M \ 4/· 5~ :n(f962e) B. Jl.oRJZaw,r AH 

51. .lI. T. B Yr a e HK -0 X · 
HA 6 , Yaa I'yaHL-JJHRL 

52. Af: A: Bax. )J;Ol(JI&,/lhl AH CCCP, 149, 1099 (1962)'. 
Ro u c P ¥ R, A . .u:. A 6 I{ n H, n. M. x o MR-

53. II. 8 3~ 11 
H. )toKJu,111,1 AH CCCP, U9, 1322 (1963}. 

K H ~ A~ a Ko e, E. A, B o JI Ko Ba, A. B. <II o
C6 •Pa R. JJ.. Co Po K HI(, B. M. Be JI HK o B 
B ~a "/1.. 08KTHBll!:1e ll30TOIILI ll HAepm,re H3J1y11e1rn~ 

5t E. c:i~HOM ;X03.JUICTBe ~ CCCPt, 1, 219 (1961). 
Bax -If e ,Rell K H H, B. A. Rap r .e: n, H. A. 
(1961)·· 4 NCOKOlllOJieKyJIHpHhle C08AHHemrn, :J, 925 

SS. B. B., «• 
0 

728 (1962). , 
qJlKI[ Pllla1<, H. IL UeKacosa, IO. r. 
,. .a Jr {f- j/• B. A. 3 a M JI T II e a, B. JI. l{ e T

COe,!Ul~emi.11 ·,/ !4tf 1{(1096B3.) BhlCOKOllrOJieKy.1rnpm,re 
56EBE '' · 

' I'~ n' :;. O p OB, n. ,L{. H O B ll KO B, /1,. P. pa 3-

116, '1360 ilirn2r e T JI H H. A°KJiaw,t AH CCCP, 
57
·~1·•Bx·a~Jiacoe, II. H. Tnaay110B H B 

a HJIOB C Pp ;i.. ' • • 

£e .Ba B JI 'ir . . a 'I.' HICO B, ~1. n. TOK a-
t • • ...,. e T JI n: H, M. B. ill a 6 JI N r n u 

OKJiaAJ,1 AH CCCP, 114, 382 (1962). • 
58· IO. A. H O JS 6 au o e c Ku ii: IO B rr 

HBB0TBRa a Hara.'DJ3, 1 (1964). • • e De JI ll e B. 

s9. IO. A. 'K O JI 6 a H O B C K H ii IO B n 
eB JI c n , .. eneJIJI-

60 • • • o JI a K. Heq,teXIIMBH, J, 124 (1963). 
• !}- If. B Jt a .q .I[ 1,( lI p O B a r M tt• 6 

o M R • • • m a p o B a, r· B ·n a~~aaq~, B. B. KaaauCKBii, 
, 101 (1963/ H II CK RH. ,ll;ORJI&Abl AH CCCP, 148, 

61. PawrOJIB3 yrJieB0Jt.opo;{0B (1962). 
62. P. He Ke JC 1, c 6 e pr. MarepHalW I<omf>epea:I(ira:. 

BeJ1Lrs111. 

63. B. B. Boe Bo Jl. c KB ii. RHHeTBKa B KataJIHa 2 
14 (1961). , ' ' 

64. BHKT. n. Cnn:n,Hn:, H. E. MnxaiiJteRK<>. 
)loxJia11.H AH CCCP, 121, 319 (1958). 

65. JI. ll,. 6 e lI .Fl KO B a, B_ B. r p O I!: 0 B, A. B. RB
e e JI e B, BHKT. If. Cu H n. H H. Pa,u;u:oxmuui: , 
410 (1962). ' ' 

66. BBKT, lL C n B ~ l,l H, H. r. MO~ &II CK a .J{, 

ll,oxJiall.r,,,: AH CC~P, JJa, 859 (1960). 
67. Bmcr. IL C n H q LI H, H. E. 3 HM a Kon. l1,0RJI8Jl.l,I: 

AH CCCP, 138, 130 (1961). 
68. A. A. Ba 11 an Jl. H H, B1rnt. IL C n x q Ll n 11 Jl.P

,Il;oKJIBJl.Y AH CCCP, 121, 495 (1958). 
69. Bnxr. lf. C n .u: I( w H H ll,p. l],.(JHJl.alQ,l AH CCCP U6 

1128 (1962)., ' ' 
70. BHKr. ll. C II ll I\ Nu 11 Jt.p. ,r{OKJlaAf,l AH CCCP 139 

1163 (1961). ' ' 
71. BHKT. II. C n II I\ u B B AP• ,D;oKJlaw,t AH CCCP 

UJ, 1406 (!962). ' 
72. 0. JI .. r JI a B a TB, JI. C. n OJI a K, B. B. ~ ~ 

K B H. HeqrrexmllUI, 3 (1963). 
73. E. B. BO,'IKOBa, A.H. C.Ho6DHa. Bucoxo

MOJteKyJrnpm.re C08,[\Rll8HHJI (B ne11aTB). 

74. C. A. 'Ao JIM a T o s, JI. C. II on a R. Hajlreunuta 
3, 683 (1963). ' 

75. 3. H. Tap a co Ba, M. fl. Han JI y Ho B a ~p • 
TpyJ:lLC Cmrrroaey11a no XHllflIH paWfoaKrasHbl:i. Be
m.ecTB MAf AT8 (1963) (B ne11aT.H). 

76. A. C. K y a L M H H c R 11 ii. B&1coK0MoJieKy.n11pH1i1e 
C08JJ;HHeHJUI (1964) (B De'laTB). 

ABSTRACT-RESUME-AHHOTAUVIR-RESUMEN 

A/298 USSR 

Use of isotopes and radiation sources 
in physicaf and chemical research 

By P. L. Gtuzin 

This paper surveys the most important achievements 
~f the past two or three years in the Soviet Union 
tn the use_ of isotopes and radiation sources in physical 
and ~hem.teal research. Material provided by Australia, 
Belgnun, Canada, Japan and Poland is also reviewed. 

Work in physics may be summarised as follows: 
(a) Diffusion in solids and liquids, including: 

(i) self-diffusion, especially in metals; 
(ii) determination of diffusion constants and 

transfer numbers at low levels of mobility 
and low diff usate concentrations; 

(iii) volumetric diffusion in solids; and 
(iv) non-destructive determination of changes 

in integral radioactivity. 

(b) Distribution of elements in alloys, including: 
(i) distribution of elements in micro-volumes 

of alloys; -

(ii) effects of allotropy. recrystallisation, deform• 
ation, alloying and other factors on the 
distribution of elements in steels, alloys 
and semi-conductors; 

(iii) study of flow of metals in hot and cold 
working, using contact autoradiography; 

(iv) cleaning of metals by zone melting; and 
(v) improvement of methods of autoradio, 

graphy. 

(c) Atomic interactions in metals, including; 

(i) degree of ionisation of atoms in solids; 
(ii) partial magnetic moments of atoms in 

alloys; 
(iii) electron distribution around atomic nuclei, 

and mean square displacement of atoms in 
crystal lattices; 

(iv) thermodynamic activities; 
(v) characteristics of phonon spectra; 

(vi) translocation of dissolved elements under 
the influence of an electric current; 

(vii) sublimation of metals and alloys; and 
(viii) applications of Mijssbauer isotopes. 

(d) Nature of radiation damage in solids, including: 

(i) effects of nuclear radiations on the elastic 
and mechanical properties of materials; 

(ii) physical nature of radiation defects (with 
special reference to dislocation loops) and 
the mechani~m by which radiations interact 
with materials; and 

(iii) methods of treating solids by radiation. 
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Research in chemistry has comprised, among other 
fields: 

(a) Research in radiation chemistry. including: 
(i) elementary radiation processes in gases, 

liquid and organic solids; 

(ii) mechanism of radiation processes in 
aqueous solutions, with special reference 
to radiolysis; 

(iii) mechanism of polymerisation, and use of 
radiations as an initiator. in the production 
of ion-exchangers and in vulcanisation; 

(iv) radiation cross-linkage; and 

(v) radiation chemisorption. 

(b) Applications of radioisotopes m catalysis, 
including: · 

(i) physio-chemical properties of radioactive 
solids; 

(ii) effect of radioisotopes on efficiency of cata
lysts; and 

(iii) influence of radioisotopes on electrochemical 
properties of solids. 

A/298 URSS 

Emploi des radioelements 
et des sources de rayonnement 
dans la recherche en physique et en chimie 

par P. L. Gruzln 

Le memoire passe en revue les principaux. resultats 
acquis au cours des deux ou trois dernieres annees 
en Union sovietique concernant l'utilisation des radio
elements et des sources de rayonnement dans la 
recherche en physique et en chimie. Les renseigne
ments foumis par l' Australie, la Belgique, le Canada, 
le Japon et la Pologne sont egalement etudies. 

Les travaux dans le domaine de la physique peuvent 
etre resumes comme suit: 

a) Diffusion dans les solides et les liquides. notam
ment: 

i) autodiffusion, en particulier dans les metaux; 

ii) determination des constantes de diffusion et 
des nombres de transfert aux bas niveaux 
de mobilite et aux foibles concentrations du 
diffusat; 

iii) diffusion volumetrique dans 1es solides; et 
iv) determination non destructive des modifica

tions de la radioactivite integrate~ 

b) Distribution des elements dans les alliages, 

notamment: 
i) distribution des elements dans des micro

volumes d'alliage; 

ii) etfets de l'allotropie, de la recristallisation, 
de la deformation, de l'alliage et d'autres 
facteurs sur la distribution des elements dans 
les aciers, les alliages et les semi-conducteurs; 

iii) etude de l'ecoulement des metaux dans le 
travail a chaud et a froid, par autoradio
graphie par contact; 

iv) epuration des metaux par la fusion par 
zone; et 

v) perfectionnement des methodes d'autoradio
graphie par contact. 

c) Interactions atomiques dans les metaux. notarn
ment: 

i) degre d'ionisation des atomes dans les 
solides; 

ii) moments rnagnetiques partiels des atomes 
dans les alliages; 

iii) distribution des electrons autour des noyaux 
atomiques et deplacement moyen quadra
tique des atomes dans les reseaux cristallins; 

iv) activite thermodynamique; 
v) caracteristiques des spectres de phonons; 

vi) deplacement d 'elements dissous sous l'in
fluence d 'un courant electrique; 

vii) sublimation des metaux et des alliages; et 

viii) applications de ]'effect Mossbauer. 

d) Nature des degats par irradiation dans les 
solides, notamrnent: 

i) effets des rayonnements nucleaires sur les 
proprietes elastiques et mecaniques des ma
teriaux; 

ii) nature physique des defauts ra~io-ind_uits 
(en particulier des boucles de d1slocat10n) 
et mecanisme de l'interaction des rayonne
ments avec les materiaux; et 

iii) methodes de traitement des solides par 
irradiation. 

La recherche en chimie a porte en particulier sur 
les domaines suivants: 

a) Recherche sur des questions de radiochimie, 
notamment: 

i) processus radiatifs elementaircs dam; les gaz, 
les liquides et ks solidcs organiques; 

ii) mecanisme des processus radioi~d~its dans 
les solutions aqueuses, en part1cuher dans 
le cas de la radiolysc; 

iii) mecanisme de la polymerisation et cmploi 
des rayonnements comme agents d'amor.~age 
dans la preparation des echangeurs d JOOS 

et clans la vulcanisation; 

iv) reticulation radio-induite; et 
v) chimiosorption radio-induite. 
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b) Applications des radioelemehts dans la catalyse, 
notamment: _ 

i) proprietes physico-chimiques des solides 
radioactifs ; 

ii) effets des radioelements sur l'efficacite des 
catalyseurs; et 

iii) influence des radioelements sur les pro
prietes electrochirniques des solides. 

A/298 URSS 

Utilizaci6n de isotopes y de fuentes 
de radiaci6n en la investigaci6n frsica 
y quimica 

por P. L. Gruzin 

En esta memoria se pasa revista a los resultados 
mas imporlantes obtenidos en la Uni6n Sovietica 
durante las ultimos dos o tres afios en fa utilizaci6n 
de is6topos y de fuentes de radiaci6n en la investiga
ci6n fisica y quimica. Tambien se examinan los mate
riales facilitados por Australia, Belgica, el Canada, 
el Jap6n y Polonia. . 

. La investigaci6n en fi.sica puede resumirse como 
sigue: 

a) Difusi6n en s6lidos y liquidos, sobre todo: 

i) autodifusi6n, especialmente en los metales; 

ii) determinaci6n de las constantes de difusi6n 
Y de Ios m1meros de transferencia para bajos 
niveles de movilidad y pequeiias concentra
ciones de las sustancias difundidas; 

iii) difusi6n volumetrica en los s6lidos, y 

iv) determinaci6n no destructiva de cambios en 
la radiactividad integral. 

b) Distribuci6n de los elementos en las aleaciones, 
sobre todo: . 

i) distribuci6n de elementos en microvolume
nes de las aleaciones; 

ii) defectos de alotropia, re.cristalizaci6n, defor
maci6n, aleaci6n y otros factores sabre la 
distribuci6n de los elementos en aceros, 
aleaciones y semiconductores; · 

iii) estudio del flujo de metales en el trabajo 
en caliente y en frio, utilizando autorradio
grafia de contacto; 

iv) limpieza de metales mediante fusion por 
zonas, y 

v) mejora de los metodos autorradiograficos. 

c) Interacciones at6micas en los metales, sobre 
todo: 

i) grado de ionizaci6n de los ~ltomos en los 
s6lidos; 

ii) momentos magneticos parciales de los ato
mos en las aleaciones; distribuci6n de 
electrones en torno a los nucleos atomi
cos y despJazamiento cuadnitico medfo de 
los atomos en las red es cristalinas; 

iv) actividades termodinamicas; 

v) caracteristicas de los espectros f6nicos;. 

vi) translocaci6n de elementos disueJtos bajo Ja 
influencia de una corriente electrica; 

vii) sub]jmaci6n de metales y aleaciones, y 

viii) aplicaciones de los isotopos de Mossbauer. 

d) La naturaleza de los daiios por irradiaci6n en 
los s6lidos, sobre todo: 

i) efectos de las radiaciones nucleares sobre · 
las propiedades elasticas y mecanicas de los 
materiales; 

ii) naturaleza fisica de los defectos producidos 
por Ja radiacj6n (haciendose especial refe~ 
rencia a los bucles de dislocaci6n) y rneca
nismo de interacci6n de las radiaciones con 
Jos materiales, y 

iii) metodos de tratamiento de solidos por 
irradiaci6n. 

La investigaci6n en quimica cornprende entre otros 
campos: 

a) La investigaci6n en la quimica de las radiaciones, 
sobre todo: 

i) procesos elementales de la irradiacion en 
gases, liquidos y solidos orga.nicos; 

ii) mecanismo de los procesos de irradiacion 
en soJuciones acuosas, haciendose especial 
referencia a la radi6lisis; 

iii) mecanismo de la polimerizaci6n y utiliza
cion de las radiaciones como iniciador, en 

· la producci6n de cambiadores de iones y en 
vulcanizacion ; 

iv) enlace cruzado por irradiacion, y 

v) sorci6n quimica por irradiacion. 

b) Aplicaciones de los radiois6topos en la catalisis, 
sobre todo: 

i) propiedades fisicoquimicas de los s6lidos 
radiactivos ; 

ii) efectos de los radiois6topos sobre la eficacia 
de los catalizadores, y 

iii) influencia de los radiois6topos sobre las 
propiedades electroquimicas de los solidos. 
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·The role of radioisotope techniques in hydrology 

By B. R. Payne, J. F. Cameron, A. E. Peckham, L. L. Thatcher* 

There is no doubt that water is the foremost requi• 
site for development of an area, but it is only relatively 
recently that widespread measures have been taken 
to ensure its most efficient use. In 1965 the Inter• 
national Hydrological Decade will begin under the 
auspices of UNESCO. The main objective of this 
programme is to accelerate the study of the water 
resources with a view to their rational development 
and use. In drawing up the programme it was 
recognised that more emphasis must be pla\ed in 
certain areas such as groundwater. During the Decade 
isotope techniques will be widely used. This paper 
reviews the role which these techniques are already 
playing and emphasizes how scientific hydrology can 
benefit by a wider use of these relatively new methods. 

APPLICATION OF RADIOISOTOPES 
IN GROUNDWATER HYDROLOGY 

The use of groundwater is based upon a knowledge 
of its origin, direction and velocity, quantity, acces• 
sibility and quality. Radioisotopes, because of their high 
sensitivity of detection, are now being used for the 
measurement of these parameters. The applications 
may be considered under three headings: localised 
groundwater studies involving the use of artificially . 
injected radioisotopes; regional groundwater studies 
where use is made of environmental radioactivity; and 
borehole logging in measuring lithological charac• 
teristics relevant to groundwater investigations. 

An important measurement that the groundwater 
hydrologist is frequently required to make is the 
velocity of movement of water through an aquifer. 
This may be regional movement from a large recharge 
area which gives inforqtation on the rate at which an 
underground reservoir is replenished, or it may be 
local movement at a single well which gives infonna• 
tion on the yield of this well. Conventional methods 
of estimating the velocity of water movement include 
computations from head and permeability considera• 
tions, pumping tests and dye or salt tracer movement 
between wells. Pumping tests are costly and not always 

• International Atomic Energy Agency, Vienna. 

applicable. Dye and salt tracing suffer from retarda• 
tion effects, density effects and poor detection sen• 
sitivity. Radioisotope techniques for velocity measure• 
ment offer advantages in both the localized and regional 
applications. Hence this is one of the major applica• 
tions of radioisotopes in groundwater hydrology. 

Localized groundwater studies 

Single well method for measurement of groundwater 
velocity 

In 1957. an isotopic method for the determination 
of the rate of horizontal flow of groundwater was 
developed by Ray~ond et al. [l] and by Moser eta/. [2]. 
This is the single well method which involves the injec• 
tion of a radioisotope solution into a confined section 
of a well and the measurement of the exponential 
dilution of the isotope solution with time as unlabelled 
water slowly moves into the well. The expression for 
the calculation of velocity is: 

o L....l..--'---.1...----'-----: 
1.0 1.2 1.5 2.0 3.0 5.0 

R/r 

Figure 1. Graph of Ogilvi's equation 

Boxes at right of graph indicate ratio of penneability of gra~ 
pack or mud cake to permeability of aquifer. R : outer radius 

of gravel pack or mud cake ; r : inner radius. 

216 
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Insertion ;n well 
~ 

Measurement 

A - E lect,.,..;cs head 
B - Upper rubber seal 
C - o .. teclo, 

D1- Lower ,ul,be,, .... r. d<oflaled 
Dz- Lower seal inlloted· 
E - EJ,.cfrol>ta!l"el reJeo,,. 
I" - Weight 
Gr Outer housing, insertion position 
G2- Outer hous;n!P, droppN 

figure 2, Point-dilution velocity probe, Mairhofer's design 

v. = -(V/<pFt) ln(CJC0) 

where v,, - the groundwater velocity 
V = the dilution volume 
F = the cross section of volume V 
t time 
C - tracer concentration after t 
co - tracer concentration for t = 0 
<p = coefficient taking into account the de-

formation of the hydrodynamical field 
due to the presence of the hole. This 
coefficient is defined by 

Q =tpQ., 
where Q === the flow rate of water passing through 

the cross section of the well 
Q., - the flow rate of water passing through 

the same cross section of the aquifer .. 

7?is equation is derived on the basis offiow through a 
section of a cylinder at right angles to the axis. There
fore it applies to horizontal flow in wells and successful 
a_pplication to field measurements requires that ver
tical · currents be insignificant. This is achieved in 
practice by confining the weII section within which the 
measurement is made by seals at the top and bottom 
of the velocity probe. 

The eva[uation of the coefficient cp under widely 
varying underground conditions remains one of the 
most difficult aspects in the application of the point 
dilution method. Research sponsored by the IAEA {3] 
is directed toward the analysis of the parameters that 
affect <p so that the method may be extended to new 
problems on a scientific basis. For an ideal case in 
which the permeability of the well is effectively infinite 
in comparison with that of the aquifer, rp is equal to 2_ 
Inasmuch as the coefficient is a function of relative 
permeabilities, it is affected by the porosity of the 

filter tube and any gravel pack or mud cake surround
ing the intake section. Values of '/J for a wide range 
of conditions determined by Ogilvi [4] on theoretical 
considerations are reproduced in Fig_ 1. 

It should be noted that the uncorrected measured 
velocity, which has been tenned filtration velocity (2] 
is itself very useful as it provides information on the 
yield of a well which can significantly reduce costly 
pumping tests. 

Jnvestjgation at the Bundesversuchs- und For• 
schungsanstaJt, Vienna f5J has been conducted in 

, model tanks to test the application ofOgilvi's equation 
to sand and gravel · aquifers found in Austria. The 
equation was generally confirmed and it was found in 
practice that filter tubes ';Vith 8 to 10 per cent perfora
tion were satisfactory at velocities up to 0.1 crn/s 
where 30 % perforation becomes necessary. At velo
cities below IO-' cm/s correction for diffusion was 
made. 

Development of refined point velocity probes has 
continued since the introduction of the first instru
ments in 1957. Moser has developed probes for meas
uring vertical velocity and an injector that permits 
sequential injections of isotope solution without remov
ing the unit from the well [6J. A schematic representa
tion of Mairhofer's probe [SJ is shown in Fig. 2. This . 
unit eliminates the mixing problem by use of a pre
mixed isotope solution which displaces almost all of 
the volume in the section to be tested. The solution 
is exposed to the groundwater stream by dropping the 
outer shell. Guizerix et al. [71 use an electrically driven 
stirring vane in the probe to maintain continuous 
mixing throughout the measurement. 

The isotopes most frequently used are 1311 and 82Br. 
Tritium was used in a technique which involved con
tinously removing samples from a well and 86Rb in 
a situation where lSlJ was highly absorbed. 

The absorption properties of iodine are used con
structively in the measurement of the direction of 
groundwater flow pioneered by Mairhofer. Radio
isotope cations such as silver are also used. After the 
isotope is injected into the measurement section it is 
allowed to drift · out and become adsorbed in the 
exposed aquifer. The section is then scanned radially 
with a collimated detector and the direction of exit 
of the isotope is determined. 

In the Federal Republic of Germany [8] the single 
well method was used to establish seepage patterns 
at the Rosshaupten Dam at a depth of 40 meters 
below the storage level. Similar tests were made at the 
Sylvenstcin Reservoir [9J and at another dam it was 
demonstrated that remedial measures had blocked 
under-seepage paths, but new seepage had developed 
JateraUy around the structure. These tests involved 
mainly the measurement of vertical flow which has 
now been successfully carried out at a depth of 
250 meters. In VorarJberg, Austria, results by the vane 
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meter method and the single well method were found 
to give good agreement. These tests involved per
meability measurements by pumping in water to 
create a vertical flow. Mairhofer has applied the 
single well method to determine the relative yields of 
wells supplying Vienna. 

In Poland, Borowczyk et al. [JO) have continued 
the development of the single well method and have _ 
analyzed the effect of the detector tube volume on the 
flow equations. Kr61ikowski (11, 12] has made further 
studies of the single well technique. 

Several specialized variations of the versatile single 
well technique have been developed for specific 
problems. These are described below. 

Underground storage stu</ies. Radioisotopes are 
being used in Israel in a UN special fund project to 
investigate problems of changes in the salinity of 
groundwater induced by artificial recharge of aquifers. 
Suitable techniques are being developed for the control 
of quality of groundwater by a carefully planned 
system of pumping. In cases where the differences in 
chloride content of the waters cannot be used as a 
tracer, 60Co in the form of potassium cobalticyanide 
is used to label large volumes of water which are being 
recharged through a pumping well. Water is then 
withdrawn from the same or another well and the 
concentration of 60Co determined by by-passing part 
of the flow through a large counting vessel of 1 m3 

-capacity containing a large crystal scintillator. The 
concentration versus pumped volume curves give 
valuable information on dispersion between the two 
water bodies of different quality and show the effect 
of natural flow superimposed on the recharge-pumping 
cycle. The experimental data is being used to test 
theoretical and model studies and is also being con
sidered as a means of control of the final operational 
programme. · 

Radioisotopes in pumping tests. A significant com
bination of radioisotope techniques with standard 
pumping tests to obtain additional information from 
the latter was reported by Degot et al. [l3J. In the 
standard pumping test a single well is pumped for 
several hours to establish a cone of depression in the 
water table around the well. The rate of depression 
with time is noted in the pumped well and nearby 
observation weHs. The rate of rise after cessation of 
pumping is also noted. Calculations that relate draw
down to time and area give the rate of water move
ment in the part of the aquifer investigated. 

Degot et al. used 82 Br in connection with pumping 
tests to obtain directional information and to find 
the velocities in two superimposed aquifers in addition 
to the average velocity normally obtained in a pumping 
test. The test site was near Montelimar in the alluvium 
of the Rhone Valley. Two aquifers contribute to the 
wells, an upper gravelly loam of 2 meters average 
depth and a much deeper alluvial deposit of gravel 
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and fine particles. Water velocities in the two aquifers 
had been measured -by modified Theis and Dupuit 
pumping methods and checked with micro-current 
meters. None of these gave quantitative directional 
information. 

Directional flow measurements were made using 
three injection wells around the pumping well. 82Br and 
fluorescein were used in one shallow aquifer test and 
gave the same velocities. The isotope was easier to 
detect and was used in the remaining surface and deep 
tests. The directions of flow to the pumping well were 
accurately defined in both aquifers and the fact that 
velocity was much greater through the surface aquifer 
was clearly established. Over-all the system was ana
lyzed in less time and in more detail than would have 
been possible by the pumping test alone. 

Differences in permeability between strata. Degot 
et al. [13] have used s2 Br to plot in detail sharp changes 
in the horizontal permeability with depth in a snh 
of boreholes in the harbour sediments off Boukgne. 
Sea water labelled with the isotope was pumped into 
the boreholes to force the isotope into the sedimentary 

· layers in proportion to their permeabilities. The water 
was then pumped out and the borehole scanned at 
timed intervals with scintillation and G-M counters as 
the isotope emerged. Activity at specified times was 
then plotted as shown in Fig. 3, which is for a series 
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Figure 3. Stratification of permeability (dissolved tracer\ 



SESSION F P/875 B. R. PAYNE et al. 229 

with poorly defined layering. The relative variations 
of -permeability with depth were clearly disclosed in 
detail. It is noteworthy that variations of permeabilities 
within a single layer may be as great as between layers. 
I~ other boreholes with more clearly defined stratifica
llon the variations of permeability corresponded more 
closely to the stratigraphy. 

A second method for the detailed ~xamination of 
st~atified water flow in wells has been presented by 
B1rd et al. [14] who used the method to identify per
meable strata for water flooding secondary recovery 
operations in oil fields. This involves the use of minute 
spherules containing an isotope. As the water under 
pressure moves into the permeable layers the spherules 
are filtered out on the face of the exposed aquifer in 
proportion to the permeability. The hole is then 
scanned with a collimated detector. Figure 4 shows the 
kind of plot obtained. 

Groundwater tracing 

. UN Special Fund Project, Greece [15]. This project 
m the Peloponnesus was intended to explore and 
develop the water resources of karstic terrain. Tritium 
tracing was used to investigate connections between 
sinkholes on the high plateau of Tripolis and springs, 
some of which issued under the sea. Two injections of 
tritiated water totalling l 400 c gave the following 
results: 

(a) Tritium could be successfully used to trace 
underground water movement over a distance of 
30 km in karstic terrain where fluorescein gave no 
result; 

(b) Two peaks at one spring revealed two distinct 
underground channels; 

(c) On the basis of the accumulated water discharge 
and the shape of the tritium discharge curve it was 
established that the stored volume between a major 
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Figure 4. Stratification of permeability (particulate tracer) 

sinkhole and spring amounted to }O 000 cubic 
meters; 

(d) The discharge of an underwater spring, which 
could not be measured by conventional methods was 
measured by integrating the concentration of tritium 
over the time of measurement and comparing with 
injected concentration. 

Tritium tracer to investigate leakage into a mine was 
reported by Lapointe (16]. A mine in Ontario province 
was troubled by seepage with a lake 200 meters distant 
as the suspected source. The lake was labelled with 
tritium and groundwater samples were taken between 
the lake and the mine, No tritium increase was observed · 
and thus the lake was ruled out. Tritium added to a 
sump in the rock wall outside the ore body revealed 
the true seepage path. 

A method for measuring groundwater velocity in dif
ferent strata was advanced by Inai and Inoue {17) who 
have tested it in a model tank with two sand layers 
separated by an impermeable membrane. A mixture 
of tritiated water and 90Sr was introduced· into the 
system and the respective breakthrough curves were 
observed. Substitution into an equation which includes 
factors for the relative adsorption hold up of the two 
tracers gives the velocity stratification. The method 
appears to involve several practical limitations which 
will have to be resolved for field application. 

Regional groundwater studies 

Under the category of regional hydrologic tech
niques the tritium technique introduced by W. F. Libby 
is unquestionably the most significant. Developments 
in recent years, however, have demonstrated the neces
sity for the closest cooperation between the hydrologist 
and the isotopic specialist for the intelligent applica
tion and interpretation of this specialized tool. As an 
example, Theis has called attention to the great 
significance of dispersion effects that spread the tracer 

/ front both laterally and longitudinally as it moves 
down gradient. Theis [18] provided a new interpreta• 
tion of the results obtained by von Buttlar [19] in his 
studies of tritium in groundwater of the Carrizozo 

. area, New Mexico. Studies at Hanford, Washington, 
1 demonstrated that a tracer in a glacial outwash forma

tion could undergo lateral dispersion of 30 degrees in 
only 3.5 km of travel. The extent of longitudinal dis• 
persion is indicated by the fact that approximately 
140 days were required for the tracer to pass an 
observation well. 

The extensive dispersion observed in this experi
ment is attributed to the great range of permeabilities 
found in the formation and the presence of se<:limentary 
lenses and other heterogeneous features. Theis noted 
that the wells observed by von Buttlar are situated 
near arroyos which are filled with water during storms. 
At such times there is recharge to the ground and the 
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new water would be expected to spread by dispersion 
in the course of its down gradient movement and thus 
to be intercepted by the wells. Hence the tritium con
centrations in the Carrizozo wells are to be interpreted 
as response to seasonal rainfall (diluted somewhat by 
dead water in the system) rather than as the result of 
down gradient movement from the head of the alluvial 
fan in which the wells are situated. 

Libby's group has provided further examples of the 
use of tritium in groundwater studies {20]. It was 
established that the San Fernando, California, city 
well situated 2.4 km east of the San Fernando reservoir 
was essentially tritium free and therefore indicated no 
measurable recharge from the reservoir. At the city 
of Santa Ana, California, an artificial recharge opera
tion to restore the lowered groundwater table has been 
in operation for some years. Tritium analyses revealed 
that the recharge water is moving in localized regions 

. into the groundwater rather than in a well mixed 
pattern. In the Montebello Forebay near Los Angeles 
a recharge operation has been similarly in operation 
for many years. Tritium analyses revealed that seven 
years after beginning operation the recharge w'ater had 
still not reached the intakes of relatively near wells in 
three major aquifers. Tritium studies have aided in the 
plaMing of water development by the Hawaii Water 
Authority by providing measurements of the average 
time that the rain water is held up in the porous vol
canic rocks which constitute Oahu's fresh water storage. 

An example of the unique value of tritium was 
contributed by Carlston et al. [21] who used the varia
tions of tritium content with depth in the Mullica 
River Basin of New Jersey to prove groundwater 
layering, a phenomenon which was theoretically 
required but could not be established by conventional 
hydrologic techniques. Thatcher et al. [22] studied 
water in wadi gravels of central Arabia. Here it was 
established that the water could not be more than 
10 years old and therefore has no connection with 
any large groundwater body. Brown [23) has presented 
a tritium study of the Ottawa River basin which 
includes an analysis of the groundwater system. Tri
tium has been used by several groups to establish 
whether thermal waters originated from precipitation 
or magmaetic sources. Brown and Tremblay (24] have 
studied flow rates in an aquifer of Quebec province 
where two lines of artesian wells are influenced by an 
escarpment. Fifteen tritium units were used as the 
pre-bomb tritium base, which gave dates of 1955, 
1930. 1926, 1916 for down gradient water samples on 
one line. The calculated flow velocity is 45 m/yr. T1'.e 
wells on the second line gave a calculated down gradient 
flow velocity of l IO m/yr. 

Brown et al. [25] have studied six deep wells and 
selected shallow wells in Saskatchewan. Wells at 
I 40-1 SO m gave water ages ranging from 26 to 48 years. 
A well at 9 m gave a tritium value of 754 tritium units 
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in 1961. This -indicates 1958 and 1959 water on the 
basis of known patterns of tritium in precipitation. 
From this it was deduced that the infiltration rate has 
been 3.2 vertical metres per year; which is consistent 
with the rate deduced from deep samples. 

Accurate application of the tritium geophysics 
method to hydrological problems in coastal, con
tinental, high and low altitude environments of the 
Northern and Southern hemispheres is based upon 
accut"ate knowledge of the tritium input function for 
the area of interest. It is found that tritium in precipita
tion varies widely, the concentration generally increas
ing with distance from the ocean and with altitude. 
Concentrations at inland sites in the Northern hemi
sphere in 1963 averaged 2-3 thousand tritium units as 
compared with 20-100 for the Southern hemisphere. 
The IAEA and WMO are conducting a world wide 
survey of precipitation at 103 stations. Monthly 
samples are collected and measured for tritium, deu
terium and 180. Results are published in IAEATritium 
Water Lists [26). 

14C has been proposed for the study of old, deep 
groundwaters in confined formations. The 14C half-life 
of 5 700 years ex.tends dating possibilities back to 
20 000-30 000 years to include recharge events during 
recessions of recent glacial periods. Studies have been 
presented by Vogel {27), Miinnich et al. [28). Studies 
in Arabia [22] indicated ages in the range of 20 000 
years for water from deep wells. 

Loss of 14C by exchange into the carbonate in an 
aquifer results in the assignment of an excessive age. 
The question of exchange must be resohred to place 
the hydrologic application ofl'C on a firmer base. This 
is the subject of an IAEA sponsored investigation by 
MUnnich [29]. 

Research in groundwater tracing 

Dispersion 

Study of dispersion phenomena in groundwater is 
of interest whenever knowledge of movement of dis
solved substances in the subsurface is desired. The use 
of artificially injected tracers to investigate penneabil
ity or iroundwater velocity and direction of flow, and 
studies of the spread of pollution or contamination in 
groundwater are the major types of investigations the 
interpretation of which 1:equires an understanding of 
dispersion mechanics. These studies always consist in 
introducing a tracer at one point in an aquifer and sub
sequently observing the dilution which occurs during 
tlow through a portion of it. The amount of dilution 
which occurs is used as an integrated index of disper
sion which i~ caused by the more or less complex 
physical and chemical characteristics of the system. 

As early as 1887, Thies [30) developed a method for 
measuring groundwater velocity by dispersing a salt 
tracer in an aquifer. His method was further developed 
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by Stichter [31] but these early studies of groundwater 
movement ~ere often frustrated by lack of know1edge 
of _the P~~s1cal dispersive and chemical phenomena 
wb.ic~ cnt1cally affect the movement of dissolved 
constztuents in groundwater. 

ditions in Roubidoux sandstone. It was established 
that tritiated water was the best tracer and 1311 and 

124Sb (EDTA) were satisfactory. 60Co (EDTA) and 
192lr (EDTA) were less satisfactory but could be used 
if corrections for tracer delay and loss were made. 

Several workers have studied dispersion phenomena 
11s, 32-45]. 

Thei~ has em~hasized heterogeneity in geological 
f~rmations as being of utmost importance in influen
cing the spread of contaminants in the subsurface. 
Ino~ ~nd Kaufman (46] have developed a method for 
pred1<:1mg the breakthrough times and concentrations 
o~radionuclides moving in solution through the ground 
without making a direct or detailed assessment of the 
~eterogeneity of the formation through which disper
s:00 tak~s place. However, the accuracy of the predic
lJon vanes _as a function of the heterogeneity of the 
strata .. Their prediction was closely verified in a 
formation having a permeability varying by a factor 
of 3.5. 

. The Weizmann Institute is also conducting research 
m the dispe · f · · • rs1on o tnllurn during underground 
mo.vement. The model of piston flow appears to be 
satisfactory for relatively homogeneous, confined aqui
fers wh_en the length of travel exceeds the depth of the 
fonnatton by a large factor. The field experience of 
others'. however, indicates that piston flow may be the 
exceptton rather than the rule. Undoubtedly the 
Prob! · ' em requires much study and early conclusions 
mu5t be accepted with caution. 

Nelson and Reisenauer [47) have developed .perhaps 
the mo_st a?vanced mathematical approach to hydro
d}'.llanuc dispersion. They point out, however, that 
this can only be used meaningfully when applied in a· 
system.where a detailed basic flow analysis is available. 
The d_1fficulty and expense of developing such an 
~nafys1s to which tracer tests may be routinely applied 
ts very great and can seldom be justified in normal 
?"oundwater supply investjgations. In areas where 
md~trial or radioactive wastes are discharged into 
aquifers, however, an elaborate analysis may be the 
only means of obtaining the required knowledge. 

Comparative tracer evaluation 

The literature contains many reports of tracer 
studies and laboratory tests of individual tracers. Few 
comparative evaluations of tracers under controlled 
conditions have been offered, however, since the early 
work of Kaufman and Orlob [48) and others. The 
conclusions of field experiments are frequently weak
ened by uncertainty about the tracer performance. 
A Critical report on the performance of nine radio
isotope tracers for use in water flooding operations in 
oil fields was presented by Heemstra et al. [49). They 
studied both breakthrough characteristics and the 
long tenn loss of tracer under continuous recycle con-

Other papers which provide useful infonnation on 
tracer performance are Hours [SO], Lacey et al. [51], 
Halevy et al. [52] and Knutson et al. [53J. 

Borehole logging 

Radiation logs are used in boreholes for locating and 
studying the characteristics of water bearing strata. 
Three types of radiation logs are in common use; the 
natural gamma log for measuring radioisotope content 
of rocks, the neutron log which measures hydrogen 
content, and the gamma backscatter or gamma
gamma log which measures formation density [54, SSJ. 

The content of the naturally occurring radioisotopes 
of uranium, thorium and potassium differ signi
ficantly from one rock type to another. Silts and clays 
generally show higher gamma ray activities than gravel 
and sand formations. Limestones and basalts, which 
are important aquifers in some areas generally have 
very low gamma ray activities. The natural gamma ray 
log is most useful in logging cased holes, dry holes, 
or holes filled with oil base muds when electrical 
methods of logging are ineffective, and is mainly 
used to obtain correlation from one borehole to 
another. 

The neutron log uses a radioisotope source of fast 
neutrons and measures the effect of the strata in slow
ing down or moderating the neutrons. Hydrogen is 
the most effective element for neutron moderation and 
hence the neutron log gives a signal which decreases 
with increasing hydrogen content. Thus if consecutive 
natural gamma and neutron logs are run in a bore• 
hole, penetrating a water bearing limestone or sand
stone, both the natural gamma signal and the neutron 
signal will be low. Clays which have a highbound 
water content can be picked out by the high signal 
which they give on the natural gamma curve [56]. 

Formation density obtained by gamma-gamma logs 
when combined with information on fluid content and 
fluid density can be used to evaluate porosity [55J. 

New developments in radioisotope logging include 
neutron activation logs, neutron gamma ray spectral 
logs, natural gamma ray spectral logs and the use of 
borehole neutron generators [57). 

The use of radioactivity logging techniques as an · 
adjunct to groundwater investigations can be par
ticularly valuable when combined with other geo
physical logging techniques including resistivity, 
spontaneous potentia], temperature, sonic and caliper 
logging and examination of drill cuttings, water quality 
difference and other available hydrogeological, geo
physical and geochemical knowledge. 
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APPLICATION OF RADIOISOTOPES 
TO SUR.FACE WATER RESOURCES 

P/'o/5 

For efficient use of surface water for domestic 
agricultural, industrial and hydroelectric purposes: 
accurate measurement is required of the amount of 
available water, both as it is precipitated as rain or 
snow and subsequently in the soil, and as it flows in 
rivers. Radioisotope techniques are employed for 
measuring the flow rates of rivers and soil moisture 
and for estimating the quantity of snow deposited in 
a catchment area. 

Sediment transported by rivers and subsequently 
~eFsited. at points where the turbulence and velocity 
1s msuffic1ent to transport it further, is a major prob• 
1cm as the silt gradually accumulates in reservoirs 
navigable rivers and estuaries. To keep rivers and 
estuaries navigable, costly dredging schemes are 
necessary. Sediment deposited in reservoirs limits the 
life of dams in some areas as it reduces the storage 
volume. Cases are known where the storage volume has 
been reduced by a factor of 2 in 10 years. Sediment 
content of rivers also provides an integrated measure 
of the effectiveness of land conservation methods. 
Thus an accurate assessment of the mass rate of trans• 
port of sediment is required and radioisotope methods 
provide a means of accomplishing this. 

Gauging river flow 

Four principal methods exist for measuring the 
flow of water in streams, canals and rivers. One 
method consists in establishing a stage discharge 
relationship at a gauging site which enables the flow 
to be estimated from the given stage height of the 
river. Flow rates are also measured from the discharge
head relationshlp established for hydraulic structures 
such as critical throated flumes. Another frequently 
used method, known as the velocity area method, 
consists of measuring the velocity of the flow at a 
number of points across the cross section with a 
current meter. From a knowledge of the area of the 
cross section the flow can then be calculated. The 
drawback of this method is that the cross•sectional 
area is not always easy to measure and may even 
change with time. In the case of a large river the 
method is quite time consuming and will lead to errors 
if there is a change in flow rate during measurement 
of the velocity. The salt dilution method is the fourth 
technique and consists of introducing a known amount 
of salt into the stream and measuring its concentration 
at a point sufficiently far downstream to permit com• 
plete transverse mixing. In some countries this method 
is routinely used for ftow rates up to 50 m3/s. The 
method is not easily applicable to muddy water and 
for higher flow rates this method becomes more dif
ficult and less economical because of the larger quan
tities of tracer required. 
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The use of radioactive material was suggested for 
flow gauging as long ago as 1922 by Joly [58]. However, 
it was not until the more widespread availability of 
artificial radioisotopes that serious attention was given 
to this possibility based upon the premise that the 
higher sensitivity of detection of radioisotopes wou1d 
lead to more accurate measurement. Since radioiso
topes are simply another form of tracer they have 
mainly been used in the salt dilution technique. Their 
use in the velocity area method has mainly been 
restricted to flow in pipes because of the difficulty in 
measuring the cross-sectional area of open streams. 
The following discussion is therefore restricted to the 
different modifications of the salt dilution method. 

The tracer may be injected instantaneously into the 
stream as in the pulse or integration method. If A is 
the quantity of tracer injected then the mass flow 
equation is 

A = Qf cdt 

Q = Alf cdt 

This method consists of evaluating f cdt at a measur
ing point downstream where transverse mixing is 
complete. 

ln the dilution method the tracer at a known con
centration C1 may be continually injected into the 
stream at a known rate q. Sufficiently far downstream 
to have ensured complete transverse mixing the meas~ 
ured concentration of the tracer will be C2• If Q is 
the flow rate of the stream then the following tracer 
balance is obtained: 

qC1 = (Q + q)Cz 

Thus 
Q = q(C1-C2)/C2 

Hull [59] first reported the use ofl118Au in the pulse 
method. A Geiger counter was submerged in the 
stream to record the total number of counts from tb.e 
radioisotope as it passes. The counter was previously 
calibrated in a vessel containing 198Au of known con~ 
centration so that the flow rate could be computed. 
Moser et al. {60, 6l} have also employed this tech· 
nique using 82Br, 1311 and 24Na and a scintillation 
detector. Owing to the difficulty of placing the detector 
in an infinite• volume in the stream Moser pumped 
water from the stream through a container of known 
geometry in which the scintillation counter is placed. 
Clayton et al. [62] have also investigated this method 

• by pumping water from the stream through containers 
placed in the ground to reduce effects due to the tracer 
passing in the river. This work was part of a comparison 
with the dilution, and continuous sample methods. 
In the latter periodic samples were taken during the 
passage of the tracer cloud. The concentration of the 
samples enabled the integral to be computed. • 

Guiz:erix et al. [63] have a different approach to the 
determination of the integral. They remove water 
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from t?e stream by means of a small battery-driven 
pump mto an 18 l container fitted with a constant 
head _device. The diameter of the input pipe to the 
co~tamer from the constant head device may be 
adJusted so that the time for filling of the container 
embraces the time of passage of the tracer cloud. 
A scintillation counter is immersed into the 18 1 con
tainer to measure the mean concentration of the total 
~pie. The same container is used for counting an 
aliquot of the injected solution. Mention should be 
~de of the necessity of making a very accurate dilu
tion of this aliquot if the flow is to be gauged with an 
accuracy of a few per cent. This difficulty is accen
~ted in the measurement of higher flow rates when 
~t may be almost impossible to carry out this dilution 
m the field because of the higher activities required. 
Both this technique and that of taking individual 
~mples have a number of advantages over the immer
sion_ of a detector in the stream. The difficulty of 
placmg a detector in an infinite volume is avoided which 
i~ particularly important for shallow rivers. It is pos
sible to take samples from the edge of the river; and 
the counting of the sample or samples may be carried 
out under standardised conditions. 

. _Ds: of the dilution method requires the constant 
mJectron of a solution of radioisotope of known con
centration over a period of time sufficiently long to 
ensure that at the sampling point the concentration 
has reached a steady value. This value may be obtained 
either by placing the counter in the stream or in a 
container through which water is pumped from the 
stream or by taking samples. 

The prime requisite for all tracer methods is that 
transverse mixing is complete at the sampling point. 
A rough indication of this point may be obtained 
visually in the case of small streams by injecting a 
dye in the stream. Guizerix employs this method and 
checks that mixing is complete by pumping samples 
from these points across the river. 

A number of attempts have been made to estimate 
this distance. Hull [64] has proposed that the mixing 
length ~z is given by 

Lm1~ = a Q½ 

where a = 50 for centre point injection, and 200 for 
injection at the side of the stream. 

A number of subsequent experiments by other 
workers have shown that this formula underestimates 
the mixing length. 

R.irornar [65] assumed that vertical mixing was much 
more rapid than transverse mixing and proposed the 
fonn.ula 

(B
2

) (0.7C + 6) L.n1i = 0.13 C H g . 

where C = Chezy coefficient; B = breadth in metres; 
H = depth in metres; and g = gravitational constant. 
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This formula seems to give more realistic estimates 
of the mixing length. However, a more systematic 
study is required of the determination of lateral and 
longitudinal dispersion. 

The longitudinal dispersion determines the duration 
of sampling and also the quantity of radioactive tracer 
to be used. Smith [66] in a recent series of experiments 
reports a fairly close agreement with the theoretical 
dispersion calculated from Taylor's [67] formula for 
dispersion in turbulent flow through a pipe by using 
the hydraulic radius of the stream and estimating the 
friction factor of the stream bed. 

Present experience shows that a few tens of milli~ 
curies of 82Br or 1311 per cubic metre are necessary for 
the pulse injection method of measuring flows of the 
order of 10 m3/s. The choice of the radioisotope is 
dependent upon· half-life, type and energy of emitted 
radiation, maximum available specific activity and the 
maximum permjssible level in drinking water. Careful 
consideration must be given to the possible loss of 
tracer- by adsorption which would invalidate the 
method. 

Considering the merits of the two main methods, 
the continuous dilution method has the advantage 
that one does not have the difficulty of measuring the 
long tail of the pulse in the instantaneous pulse injec
tion method. On the other hand, if the period of injec
tion is too limited and large longitudinal dispersion 
occurs it can be difficult to establish the equilibrium 
concentration at the sampling site, so that the pulse 
injection method would be preferred. Moreover, for 
larger flow rates the quantity of tracer required for the 
dilution method would become uneconomical. Gaug
ing large flows would be ,widely applicable if the 
accuracy of one or two per cent, obtainable at present 
with flows up to IOO m3/s, could be retained. The 
quantity of radioisotope necessary 'for large flow rates 
may be uneconomical in terms of cost and also the 
weight of shielded containers which would be required. 
One answer may be an extension of the enrichment 
procedure which has already been examined by Moser. 
He has precipitated silver iodide from the water sam
ples and counted the precipitate. Guizerix has shown 
that a factor of ten increase in sensitivity may be 
obtained by concentrating the radioisotope from the 
solution onto an ion exchange resin. The ultimate 
answer to the measurement of flows greater than 
1000 m3/s may lie in the use of tritium which does 
not have the problems of shielding and is relatively 
cheap. One may envisage the collection of a num
ber of samples to be analysed in a base Jaboratory. 
Consideration should also be given to the injection 
of inactive tracer and measuring its concentration 
by radioactivation or by the radiorelease method. 
In the latter a suitable inactive tracer releases radio
active ions from a radioactive metal immersed in 
the stream. 
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Measurement of snow deposition and soi\ moisture 

The mass of snow deposited in a caichment area is 
estimated by choosing snow courses about 200 m long 
which are found by experience to be representative of 
a much larger area. and taking and weighing samples 
every 20 m along the course. The number of these 
snow courses need not be large to cover a wide area. 
For example, most of the spring run-off from the 
Andes into Chile and Argentina is predicted from 
only 5 snow courses, and it is possible to predict the 
run-off with an accuracy better than 20 % in 99 % of 
the measurements. 

For a prolo~ged series of measurements one repre
sentative point on a snow course can be chosen. 
Measurements at such points are extremely difficult 
and hazardous even when helicopters are used and 
hence a self-contained instrument which continuously 
measures and either stores the information for periodic 
collection, or transmits it to a central accessible sta
tion, is highly desirable. 

Gamma-transmission gauges have been developed 
for this purpose. In one design. a 40 me 60Co source 
is mounted at the lower end of a heavy lead tube 

. inserted in the. ground with the Geiger counter detector 
mounted 5 m above the ground 168]. Over a range of 
up to I IO cm water equivalent the accuracy is better 
than 5%, 

Fundamental research on the hydrological charac
teristics and thermal qualities of m~untain snowpacks 
is being conducted with gamma backscatter density 
gauges {69]. It is hoped to correlate density variations 
and the presence of ice lenses with rate of melting in 
order to predict run-off more accurately and also 
assess the effect of vegetation in delaying melting to 
prevent floods. 

The amount of water in soil and rock strata can be 
measured using neutron moderation moisture gauges 
[70J. These instrum~nts consist of a radioisotope source 
of fast neutrons such as Ra/Be, a slow neutron detector 
and a means of indicating the counting rate in the 
slow neutron detector. A BF3-filled proportional 
counter is used as detector and the counting rate is 
measured with a portable, battery-operated scaler or 
ratemeter. Fast neutrons from the source are slowed 
down in the soil mainly by collisions with hydrogen 
atoms, and hence the number of slow neutrons pro
duced is a function of hydrogen or water content. 
Measurements are,made both on the surface and at 
depth. 

With a source activity of about 10 me, moisture 
content in the range 1·50% by volume can be measured 
with an accuracy of about i per cent in counting times 
of about 1 minute. The instrument integrates the water 
content over a cylinder of diameter about 6 in and 
length equal to the distance between source and 

detector. 
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If the water content is required in weight per cent, 
then an independent measurement of the soil density 
is required. This is accomplished with a gamma 
backscatter density gauge which gives an accuracy of 
l % in a measuring time of about one minute. 

Movement of sand and sediment in rivers 
and estuaries 

Sediment is transported both in suspension and 
along the bed of a river. Although the total mass in 
suspension is smaller than the total moving bed \oad, 
because of the higher velocity of the former, the pro
portion of sediment transported in suspension is often 
greater than 75%. The maximum concentrations reach 
as high as 200 g/1. but the concentration range of most 
interest is 1 to 50 g/l. · 

A portable instrument for measuring in this range 
has been constructed which uses the preferential absorp
tion of 22 keV gamma rays from 109Cd (71). With a 
2 me source and a scintillation counter detector, a 
source detector separation of 8 cm and a measuring 
time of 15 minutes, an accuracy of 20 % is achieved at 
a concefltration of 1 g/l and better accuracies at higher 
concentrations. 

Transport of silt; sand and pebbles as bed load in 
rivers, irrigation channels and estuaries is followed by 
using artificial silt labelled with a gamma-emitting 
radioisotope [72]. The movement of this siit along the 
bed of a river or estuary is followed by means of a 
scintillation or Geiger counter detector towed along 
the bottom on a sledge. The detector count-rate is 
indicated on a ratemeter in the boat towing the sledge. 

The silt is labelled either by irradiation in a nuclear 
reactor of specially prepared glass containing a suitable 
material for activation or by surface adsorption of the 
radioisotope on the grains. Radioisotopes used include 
1s:rra, 1921r, 51Cr, ,asc, aszn and soc0. The labelled sand 
is matched in particle size distribution and specific 
gravity to the sand whose movement is to be follow:e~. 
The activities used range from a few tens of m1lli· 
curies to 20 curies. Movement has been followed over 
distances up to several miles. . . 

AU such studies to date have -shown the direct1on 
and rate of movement of the labelled particles. Attempts 
are being made to obtain a quantitative estimate ?f _the 
mass rate of tlow of bedload using methods similar 
to those outlined above for stream gauging [73}. 
A good review of this subject has been made by 
Griesseier [72). 

POLLUTION STUDIES 

As countries become more industrialised and centres 
of dense population become more numerous the qu~s
tion of the pollution and quality of water supplies 
assumes an even greater importance. 
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Water quality 

He~e the impact of nuclear techniques ha~ been less 
than m other areas of hydrology because the well 
known and widely used methods of water analysis are 
~nerally satisfactory. Sensitive conventional tech
niques such as emission spectrography and polaro• 
graphy are av_ailable _for trace element analysis. Never
theless, _ as mdustnal requirements become more 
~emandmg and the physiological role of trace elements 
m wate:. becomes better understood, the application 
of sensitive nuclear techniques is likely to increase. 

A system for complete chemical analysis of water 
by neutron activation analysis has been developed by 
Blanchard et al. [14}. They combined gamma ray 
spectrometry with simple group chemical separations 
based on the traditional qualitative analysis scheme. 
They determined the major constituents and the 
fo~owing trace elements: As, Br, F, Cu, Mn, Rb, Sr· 
an_ ~- Accuracy for trace elements was superior to 
emission and flame spectroscopy. This analytical 
sche~e could be made economically competitive by a 
sufficient volume of work. Lyon et al. [751 have detected 
20 elements in tap water by neutron activation. 

The problem of detergents, fertilizer residues and 
~sticides :With their decomposition products is becom
mg acute m the ground and surface waters of certain 
ar~as. Detergents in groundwaters can be traced by 
using a detergent molecule labelled with a radioactive 
atom in the molecule. Some pesticides may be toxic 
at extremely low concentrations. Methods of accurate 
analysis at these concentrations are still in the research 
~tage. A promising approach is the use of sensitive 
isotope dilution techniques based on the dilution of 
labelled DDT, dieldrin, aldrin, etc., by the inactive 
pesticide in the water. 

Effluent disposal 

As countries become more industrialized and centres 
of dense population become more numerous the 
question of the pollution and quality of water supplies 
assumes an even greater importance. A number of 
tests in pipelines, treatment tanks and hydraulic models 
have been described. Radioactive materials have been 
used in evaluating the quantities of radioactive waste 
which may safely be discharged into a river. However,· 
there is an increased interest in the use of radioisotopes 
for tracing sewage effluent. Studies have been made 
of the flow characteristics of an anaerobic sewage 
treatment plant [76] and on the tracing of sewage 
discharged into the sea [77). Putman et al. [78] com
pared the use of radioisotopes and an easily recogniz
able bacteria for the labelling of sewage. These tech
niques are now helping to establish the proper design 
of effluent pipelines to guard against beach pollution. 
Earlier work gave qualitative information on the flow 
patterns, but Berg et al. [79] have taken the method 

a step further and are able to predict the concentra
tions of sewage water at different points to be expected 
from long term build-up. They make a point injection 
of 82Br in the form of ammonium bromide and assume 
that a continuous injection is made up of an infinite 
number of identical short-term injections. By integra
tion of the activity concentration with time a chart is 
constructed showing the distribution of sewage con
centration to be expected from a sewage outlet with 
a given flow. 

The Danish group have further developed the 
method [80], particularJy in presenting the data in a 
form which demonstrates the most economical solu
tion in terms of length of effluent pjpe and sewage 
purification factor. The two extreme solutions are 
either a Jong pipe discharging unpurified effluent or a 
short pipe discharging highly purified effluent. In 
practice three experiments are carried out by making 
three injections of 82Br at three different points corres
ponding to varying effluent pipe lengths. A diagram 
may then be prepared (Fig. 5) showing the total cost 

Purification factw 

0 from !:. eor;.so"1f)lio9 

X fftlffl isotope investigotiQn 

0 200 300 400 500 
Length of outlet pipe ("') 

Figure 5. Prediction of most economical combination of length 
of outlet pipe and purification factor 

for the most economic solution, which in this case is 
a pipe 300 m long discharging effluent purified by a 
factor of lQ-41_ Plans are being made for equipping a 
boat specifically for this type of investigation and itis 
hoped to record all the data on board on punched 
tape, which may be fed into a computor when the boat 
returns to harbour. · 

CONCLUSION 

It has been shown that isotope techniques are already 
being used in many branches of hydrology. The stage 
has now been reached when they should be looked 
upon as available tools capable of providing com
plementary and in some cases unique information to 
the hydrologist. In the solution of certain hydrological 
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problems the use of isotope techniques can be more 
advantageous!~ employed and indeed provide short~ 
c~ts to the desired goals [8]J. Consideration should be 
given _to the potentiality of isotope techniques in the 
planning of investigations leading to the rational 
development of water resources. 
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ABSTRACT-RESUME-AHHOTA'411fR-RESUMEN 
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Role des techniques radioisotopiques 
en hydrologie 
par B. R. Payne et al. 

L'emploi des techniques radioisotopiques comme 
moyen d'etude des phenomenes hydrologiques est 
deja repandu. Les auteurs passent en revue !es dif
ferentes utilisations et donnent des exemples de leurs 
applications. Quelques-unes de ces techniques sont 
actuellement assez perfectionnees pour justifier la 
generalisation de leur emploi; i1 s'agit notamment 
de celles qui concernent la determination des res
sources en eaux souterraines. 

MArAT3 

Ponb paAHOH30TOnHblX MeTOAOB e rHA
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6. P. n3HH et al. 
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A/87S OIEA 

Pape! de las tecnicas radioisot6picas en 
hidrologia 

por B. R. Payne et al. 

Las tecnicas radioisot6picas se han impuesto ya 
como un instrumento para el estudio de los feno
menos hidro!6gicos. Los autores examinan sus dife· 
rentes usos y mencionan ejcmplos de su aplicaci6n. 
A\gunas de estas tecnicas se encuentran actualmente 
en una etapa en que se justifica una aplicacion extensa, 
particularmente en la evaluaci6n de los recursos de 
aguas subterraneas. 
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Applications of isotopes and radiation sources in the physical sciences 

Chairman: I. I. Rabi (United States of America) 

Paper P/196 (presented by E. E. Fowler) 

DISCUSSION 

F. BEHOUNEK (Czechoslovakia): It should be pointed 
out that the use of radionuclides, especially pluto
nium-238, for the power supply of satellites will be 
limited by the extent to which they contaminate the 
atmosphere. Since most satellites will ultimately 
descend into the lower levels of the atmosphere and 
burn out, there is a danger of airborne radioactivity 
being produced from the radioisotopes used (most of 
which are alpha emitters). In the case of pluto
nium-238, the maximum permissible concentration in 
air is very low. 

G. I. KIKNADZE (USSR): At IAEA's Warsaw Con
ference in 1959 and its Salzburg Conference in 1963, 
several papers were submitted on the possibilities of 
using nuclear reactors together with special radiation 
loops for obtaining pure gamma-radiation fields.* 
Has any work been done in this direction in the United 
States? 

E. E. FOWLER {United States of America): The.re 
continues to be a great interest in the possibility of 
using reactors for chemical production purposes gener
ally. For the period you mention, no substantial 
progress has been made towards putting such utiliza
tion on a commercial basis, but research and develop
ment programmes are being carried on, particularly as 
regards using the energy of fission· fragments (as 
opposed to loops). 

N. E. BREZHNEVA (USSR): The United States have 
in fact announced a comprehensive programme for 
using radioactive fission products as a source of radio
isotopes. Am I right in.understanding that the realiza
tion of this programme cans for the processing of a 
large volume of waste solutions? 

E. E. FOWLER (United States of America): The 
activities to which you refer are a part of our normal 
waste management programme, in addition, of course, 
to the Jong-term storage of fission products. We have 
a continuing interest in separating out the main heat-

• See, for example, Breger, A. K., er al., Indium-gallium 
radiation corrtout- of the /RT-reactor, Large Radiation Sources 
in Industry, Vol. I, 55-65, IAEA, Vienna (1960, and Ryabu
k:hin, Y. S., et al.,· Reactor radiation loops as large gamma 
S<Jurce$, Industrial Uses of Large Radiation Sources, Vol. II, 
175, IAEA, Viellila {1963). 
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producing fission products, in order to optimize the 
waste handling process. But, as I have indicated, we 
are also very much interested in finding ways and 
means of making productive use of the valuable energy 
source present in fission products. We therefore take 
the fission products to the point of separation and 
purification. 

G. I. KIKNADZE (USSR): I think it is appropriate to 
mention at this point the results of measurements done 
on the two loop-type radiation installations described 
by Ryabukhin et al. at Salzburg in 1963. 

Measurements made on these installations after two 
years of operation show that, in the case of a 2 MW(th) 
IRT reactor, by using only leakage neutrons not needed · 
in the reactor, one can obtain a radioactive source 
equivalent to ,~ 500 kg Ra. Such a source could pro
bably be used for researchin radiation chemistry. 

H. ALBERT (France): In your opinion, Mr. Fowler, 
what are the factors which tend · to limit the use of 
fission products? Is is a lack of markets, the cost of 
processing, or the psychological aspects (i.e., the dan
gers involved in using radiations)? 

E. E. FOWLER (United States of America): I think 
that the limited use of fission products thus far has 
been due to a combination of several factors. The 
necessity of having large quantities of these materials 
available in a purified form at an economic cost has 
certainly been a major consideration. A second factor 
is that the technologies in which fission products could 
be used as radiation sources have been in the process 
of development during the last few years and only now 
have we reached a point where we can begin to see 
how they could be used productively. I do not believe 
that the psychological problems which you mention are 
as important as these two. 

M. F. ABDEL-WAHAB (United Arab Republic): In 
connection with the statement in the paper (under the 
heading Large-scale production of isotopes) that 
cobalt--60 is being produced in the United States in the 
form of high activity sources, could Mr_ Fowler 
describe the type of gamma-irradiation facilities being 
developed (indoor, outdoor, or both)? 

E. E. FOWLER (United States of America): The 
material of very high specific activity which we are 
currently producing is intended for experimental work. 
It is possible that it can be used in connection with 
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process radiation activities and also as a source of 
heat or power in selected applications. For the most 
part, the United States facilities are of what you ca\l 
the "indoor" type. i.e., they are water pools designed 
to serve as shielding. The source is raised to the open
air position for the purpose of irradiation. 

M. DEL VAL COB (Spain): Leaving aside the appli
cations of radioisotopes as intense sources of radi
ation, it might be useful to make a general study of 
developments in the remaining applications of iso
topes, say, as tracers in measuring and control systems. 
A basis for such a study might be provided by the 
known facts about investment in measuring apparatus. 

F. DE LA CRUZ CASTILLO (Spain):• We share the 
opinion of the author that progress in the production 
of radioisotopes has been very outstanding in recent 
years. We should like, however, to make a distinction 
between what can be expected with the means available 
in countries with extensive resources and the approach 
which must be used for the production of radioisotopes 
in small countries with limited economic resources 
and few facilities for irradiation. 

In this connection, Spain, which has a small, 
3 MW(th) research reactor, has in recent years been 
developing new methods, or adapting other known 
techniques, for the production of radioisotopes, taking 
into account the possibilities available with a reactor 
of this type. A summary of this work is to be found 
in paper P/492. • • In our opinion. radioisotope pro
duction methods intended for use under limited irra
diation conditions must be directed towards ease of 
separation, thereby enabling one to start with Jarge 
quantities or irradiated material (see description of 
production methods for S!iS, 1311 and 32P in paper 
P/492, •• and towards the use of nuclear reactions 
other than the (n, y) one, as far as possible. 

Paper P/298 (presented by P. L. Gru1ln) 

DISCUSSION 

P. S. PoLLAK (USSR): I wouJd like to mention 
some noteworthy prospects involving the use of 
radiation sources in connection with certain important 
types of polymerization which, as the author rightly 
pointed out in presenting his paper. cannot be carried 
out by chemical, thermal or any other methods. 
Among the projects of this kind on which we arc 
actively engaged is the radiation polymeriz.ation of 
inclusion complexes of the channel and layer type 
(matrix polymerization). by which stereoreg_ular 
polymers of high molecular weight and pre-determ~ned 
physical and mechanical properties can be obtained 

• This comment was not made during the meeting but was 
received subsequently in writing. 

•• Th~ Proceedings, Vol. 7, Session D. 

in high yields from such monomers as dimethylbuta
diene. acrylonitrile and many others. Another project 
is concerned with graft polymerization and the repro
duction of structures. This technique can be used for 
the preparation of simple models for use in the simu
lation of certain biological processes. 

Paper P/875 (presented by B. R. Payne) 

DISCUSSION 

AH. W. ATEN (Netherlands): I would like to have 
some information about labelling a lake or a similar 
quantity of water with tritium. How much tritium is 
needed to obtain an activity suitable for measurement? 
Is it possible to measure the activity of the hydrogen 
contained in the samples as such or does one have 
to resort to a tritium concentration process in the 
hydrogen? In other words. does the tritium in !he 
hydrogen have to be enriched by isotope separation 
before its activity can be measured? 

B. R. PAYN£ (IAEA): Lake Chala. which has a 
volume of 3 x 108 m3 was labelled with tritium so 
that the concentration ~as about 2 000 tritium units. 
The concentration in the lake is at present being 
measured directly by liquid scintillation counting. 
Samples of water from the springs scme ~iles_ from 
the lake are being enriched by electrolysis p~1or to 
scintillation counting. Later, lake samples w1Jl also 
need to be enriched before counting. 

C. A. MAWSON (Canada): I would not like the 
impression to be left that tritium is the only tracer that 
can be· used for large bodies of water. The Ottawa 
river is l to 2 km wide and flows at about 5 x 10

7 
m

3 

per day. When we investigated the dilution rate from 
the NPD reactor near to Chalk River. we put rhoda
rnine-B into the ~rocess sewer. We were still able to 
measure the dye concentration in the river water at 
Ottawa, about 250 kni down-river. We used a fluo!o
meter mounted in a boat, with continuous recordmg 
of dye concentration. 

J.P. BAXTER (Australia): In Australia there has 
been some fairly successful work on the 14

~ mea~ur~
ment of the age of waters in the great artesian_ basm m 
Queensland. Isotopic addition methods of nver-flow 
gauging have also been' used with success. I should 
like to ask Mr. Payne whether he has encountered any 

Public reaction to the addition of isotopes to natural 
· b · 1 s fe waters, even though the operatwns are o vious Y . a. · 

If so, has anything been done to educate the public m 

these matters? 
B. R. PAYNE (IAEA): We have not encoun_tered any 

strong reaction to the use of radioisotopes ~n hy~ro
logical problems. In the case of the Greek 1~ve511~a
tions, for example, we worked i~ ~ollabor~t10n _wit: 
the Greek Atomic Energy Comm1ss1on, which bnefe 
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the local people on the object of the proposed experi
ments and the way in which they were to be carried out. 

J. K. _BASSON (South Africa): In many South African 
gold mme~ there exist tremendous problems arising 
fr?m the mflow of underground water. Individual 
mmes may pump as much as 20 million gallons per day 
from a depth of 10 000 feet. This water is released 
on the surface and, consequently, it is important to 
kno'." whether recirculation takes place. Successful 
~tu~1es have been carried out, using a few curies of 

. 10dme-131, in which it was found that the labelled 
underground reservoir was as much as 2 000 million 
gal1ons. 

The addition of a suitable carrier for the iodine-131 
presents a problem as iodine compounds are rather 
expensive for large-scale use. Consequently we used 
ano~her halide, sodium chloride (ordinary salt), as 
earner material.* Could you comment on these 
techniques? 

B. R. PAYNE (IAEA): Personally, I would always 
treat the question of iodine with some reserve due 
to possible losses by adsorption or as free iodi~e. In 
the investigation you, mention, it would have been of 
interest to see what information would have been 
obtained by measuring the natural tritium content of 
the waters concerned. If recirculation was indicated 
t~is could then have been confirmed by the introduc~ 
t1on of a suitable tracer. 

A. MORENO y MORENO (Mexico): What is the 
present trend in tritium counting methods? Is the 
technique originally proposed by Libby still in use or 
is it being replaced by liquid scintillation counting? 

• See C. J. Yerwey, Proceedings of the National Conference 
on Nuclear Energy, Pretoria (1963). . 
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B. R. PAYNE (IAEA): The choice of counting 
system depends to a large extent on the levels of 
tritium to be measured. Measurement in a liquid 
scintillation counter is very convenient, but at present 
the best efficiency for counting as water is about 
15 per cent. However, 100 per· cent efficiency is 
obtained when using internal gas counting techniques. 
In this case, one must convert the water sample into a 
suitable counting gas in an appropriate apparatus. In 
summary, both systems are being improved and both· 
are being used, depending on the level of tritium. 

W. P. BEBBINGTON (United States of America): We 
have used deuterium as a tracer with some success in 
hydrological studies at Savannah River. The deute
rium is injected as D 20 and detected by activation 
analysis in situ by the gamma-photoneutron reaction 
by 24Na. The_ method is described by Jjaskell and 
Hawkins.** 

A. S. SHTAN (USSR): Tritium has been used in the 
Soviet Union for more than ten years for studying the 
movement of waters, e.g.,- to determine the direction 
of migration, flow and movement of surface and 
ground water (especially in the arid regions of Central 
Asia); to study problems of seepage through dams of 
hydroelectric power plants; and to investigate the 
movement of deep~seated waters and the flooding of 
boreholes. In this work use has been made of both 
natural and specially introduced tritium. The work 
of Soviet scientists in this field is well known and has 
been reported in scientific publications both in the 
Soviet Union and other countries. 

•• D,O-"Na method for tracing soil moisture movement in the 
field, to be published in the Proceedings of the Soil Science 
Society of America. 

Applications des radioelements et des sources de rayonnement 
dans les sciences physiques 

President: I. I. Rabi (Etats-Unis d'Amerique) 

Memoire P/196 (presente par E. E. Fowler) 

DISCUSSION 

F. BEHOUNEK (Tchecoslovaquie): II faut souligner 
que l'utilisacion des radionucleides, et specialement 
du plutonium 238, comme source d'energie dans !es 
satellites sera Jimitee par les risques de contamination 

atmospherique. Comme la plupart des sateUites 
descendront en fin de compte dans les couches infe~ 
rieures de !'atmosphere et s'y consumeront, les radio
isotopes utilises (generalement des emetteurs alpha) 
risquent d'introduire dans I'atmosphere une certaine 
radioactivite. Dans Je cas du plutonium 238, la con
centration maximale permissible dans I'air est tres 
faible. 
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G. I. K1KNADZE (URSS}: Aux conferences de l'AIEA 
de Varsovie (1959) et de Salzbourg (1963), plusieurs 
communications envisageaient l'utilisation de reacteurs 
nucleaires et de boucles speciales de rayonnement 
pour obtenir des champs gamma purs •. Ce type de 
recherches est-ii poursuivi aux Etats-Unis? 

E. E. FOWLER (Etats-Unis d'Amerique): La possi
bilite d'utiliser des reacteurs pour la production de 
produits chimiques en general continue a susciter 
un grand interet. Pendant Ia periode que vous men
tionnez, ii n'y a pas eu de progres notable conduisant 
a de telles utilisations dans des conditions commer
ciafes, mais les programmes de recherche et de deve
loppement continuent, en particulier en ce qui con
cerne l'utitisation de l'energie des fragments de fission 
(par opposition aux. boucles). 

N. E. BREZllNEVA (URSS): Les Etats-Unis ont 
effcctivement annonce un programme de recherches 
dctaillc pour l'utilisation des produits de fission radio. 
actifs commc source de radioelements. Est•il correct 
de penscr quc la realisation de cc programme impliquera 
le traitcment de volumes importants de solutions de 
dcchets radioactifs7 

E. E. FOWLER (Etats-Unis d'Amerique): Les acti
vites auxque11es vous faites allusion font partie de 
notrc programme normal de traitement des residus 
radioactifs, en plus, naturellement, du stockage a long 
terme des produits de fission. Nous nous interessons 
toujours a la separation des principaux produits de 
fission generateurs de chaleur, en vue d'optimiser Jes 
proddes de traitement des residus. Mais, comme je 
l'ai indique, nous· cherchons aussi avec interet les 
moyens d'utiliser de fa~on productive l'interessante 
source d'l:nergie que representent les produits de 
fission. Ced nous conduit a entreprendre la separation 
et la purification des produits de fission. 

G. J. KncNADZE (URSS): Je pense qu'il faut men
tionner les resultats des mesures rea!isees sur les 
installations du type a boucles decrites par Ryabukhin 
et al. a Salzbourg en 1963. 

Les mesures faites sur ces installations apres deux 
ans de fonctionnement montrent que, dans le cas 
d'un reacteur IRT de 2 MW(th}, !'utilisation des seuls 
neutrons de fuite, qui _ ne sont pas necessaires au 
reacteur, permet d'obtenir une source radioactive 
correspondant environ a 500 kg de radium. Une telle 
source pourrait etre utilisee pour des recherches en 
chimie sous irradiation. 

H. ALBERT (France): A votre avis, M. Fowler, 
quels sont les facteurs qui tendent a limiter l'utilisation 

• Voir, par exemple, Breger, A. K., et al., Circuit d'acli~at_ion 
ti' indium-gallium da1ts le reacttur nuc/eaire I RT, Large Rad1at1on 
Sources in Industry, Vol. I, p. SS, AlEA, Vienne (1960); et 
Ryabukhin, Y. S., et al., Boudes d'irradiation des rlacreu_rs 
nucleaires uti/isees comme sources gamma intenses, Jndu_str1al 
U$CS of Large Radiation Sources, Vol. II, Jl, 175, AlEA, V1enne 
((963). 

. des _produits de fission? Est-ce le manque de debouches, 
le prix de revient du traitement, ou les aspects psychol<>
giques (par exemple, tes dangers lies a l'emploi du 
ra yonnement)? 

E. E. FowLER (Etats•Unis d'Amerique): Je crois 
que l'uti\isation des produits de fission a, jusqu'a 
present, ete limitee par une combinaison de plusieurs 
facteurs. La necessite de pouvoir disposer de quantites 
importantes de ces produits sous forme purifiee a 
un prix de revient economique a certainement constitue 
un facteur important. D'autre part, Ies technologies 
qui pourraient utiliser !es produits de fission comme 
sources de rayonnement ont ete mises au point au 
cours des dernieres annees, et ce n'est que maintenant 
que nous atteignons le point ou nous pouvons com• 
rnencer a envisager des utilisations productives. 
Je ne crois pas que les prob\emes psychologiques que 
vous avez mentionnes sont aussi importants que ces 
deux facteurs. 

M. F. Ason.-WAHAB (Republique arabe unie): A 
propos de la phrase de votre memoire (a la partie qui 
traite de la production d'isotopes a grande echelle) 
selon laquelle du cobalt 60 est produit aux Etats-Unis 
sous forme de sources de haute activite, pourriez.vous 
decrire le type d'installations d'irradiation gamma en 
cours d'etude (type d'interieur, de plein air, ou les 
deux)? 

E. E. FOWLER (Etats-Unis d'Amerique): Le materiau 
de tres haute activite specifique que nous produisons 
actuellement est destine a des travaux. experimentaux. 
II pourrait etre utilise en liaison avec des activites de 
chimie sous radiation et aussi comme source de 
chaleur · ou d 'energie pour certaines applications. 
En general, les installations americaines sont du ~ype 
que vous appelez « d'interieur »: ii s'agit des pisc.ine~ 
qui assurent la protection. La source est amenee a 
une position a l'air libre pour Jes irradiations. 

M. DEL VAL Coe (Espagne): En dehors des appli
cations des radioelements comme sources intenses 
de rayonnement, ii pourrait etre utile de fa_ire _une 
etude generale de !'evolution des autres apphcat1ons 
des isotopes, par exemple comme traceurs dan~ des 
systemes de mesure et de controle. Ce qu'on ~a1t d~s 
investissements en appareils de mesure pourratt servir 
de base a une telle etude. 

F. DE LA CRUZ CASTlLLO (Espagne} .. : Nous par
tageons l'avis de L'auteur qui estime que la production 
des radioelements a fait des progres remarquables au 
cours des dernieres annees. Nous voudrions cependant 
etablir la distinction entre ce que l'on peut esperer 
avec les moyens disponibles dans les pays disposant 
de ressources abondantes et les methodes que l'on 
doit utiliser pour la production des radioelements 

• • Cette question n 'a pas ete posee en seance, mais a ete r~ue 
plus tard par ~rit. 
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~ans le~ petits pays qui n'ont que des ressources 
e_conomiques limitees et peu d'installations d'irradia
tton. 

Ace sujet, disposant d'un petit reacteur de recherche 
de 3 MW(th), nous avons, en Espagne, mis au point 
au cours des dernieres annees de nouvelles methodes 
pour _la production des radioelements OU adapte des 
te,chm~ues connues, en tenant compte des possibilites 
d un reacteur de ce type. On peut trouver un resume 
de ce. travail dans le memoire P/492 *. A notre -avis, 
~es~methode~ de production de radioelcments destinees 
~ e_tr~ ap~hquees dans des conditions d'irradiation 
hmitee dot~en_t tendre a faciliter la separation et 
pe°:1e_ttre. amst de partir de quantites importantes de 
matenau trradie (voir la description des mcthodes de 
production de 35S, 1311 ct 32P dans le memoire P/492 *) 
et a l' ·t· · ' . . utl 1sat1on, autant que possible, de reactions 
nucleaires autres que la reaction (n, y). 

Memoire P/298 (presente par P. L. Gruzin) 

DISCUSSION 

P. S. POLLAK (URSS): Je voudfais mentionner 
queJques aspects interessants de l'utilisation des 
sources de rayonnement pour certains types impor
ta~ts. de polymerisations qui, comme l'auteur l'a 
tr~s J~stement fait remarquer en presentant son 
memo?e, ne peuvent pas etre realisees chimiquement, 
thenmquement ou par toute autre methode. Parmi 
Jes projets de ce type que nous etudions activement 
ti~re la polymerisation par irradiation de complexes 
d 1.n~lu~ion du types lineraires ou en couche. (poly
m:nsat1on de matrice), qui permet d'obtenir des poly
meres stercoreguliers de poids molcculaire efevc et de 
proprietes physiques et mecaniqucs predetenninees 
avec des rendements eleves a partir de monomeres 
t~ls que le dimethylbutadiene, l'acryJonitrile, et bien 
d autres. Une autre etude interesse les polymeres 
greffes et la reproduction des structures. Cette tech
~ique peut etre utilisee pour la preparation de modeles 
simples, utilisables pour simuler certains processus 
biologiques. 

Memoire P/875 (presente par 8. R.. Payne) 

DISCUSSION 

A. H. W. ATEN (Pays-Bas): J'aimcrais avoir des 
renseignements sur le marquage au tritium d 'un lac 
ou d'une quantite d'eau du meme ordre. Combien 
faut-il de tritium pour obtenir une activite permcttant 
les mesures? Est-ii possible de mesurer l'activite de 
l'hydrogene contenu dans les echantillons telle queJJe, 
ou faut-il utiliser un procede de concentration du 

• Voir les pr~nts Actes, vol. 7, seance D. 

tritium dans l'hydrogene? En d'autres tennes, faut-il 
enrichir le tritium contenu dans l'hydrogene par 
separation isotopique avant de pouvoir mesurer son 
activite? 

8. R. PAYNE (AIEA): Le lac Chala, qui a un volume 
de 3 X l08 m3, a etc marque au tritium de fa~on a 
obtenir une concentration d'environ 2 000 unites 
tritium. La concentration est maintenant mesuree 
dans Je lac directement par comptage avec un scintil
lateur liquide. Les echantillons d 'eau vcnant de sources 
situees a quelques kilometres du lac sont enrichies par 
electrolyse avant comptage par scintillation. Plus tard, 
les echantillons du lac devront aussi etre enrichis avant 
comptage. 

C. A. MAWSON (Canada): Jc ne voudrais pas laisser 
se creer !'impression que le tritium est le seul traceur 
utilisable pour de grande volumes d'eau. La riviere 
Ottawa est large de 1 a 2 km, avcc un debit voisin de 
5x l01 m3 par jour. Quand nous avons etudie le taux 
de dilution pour le reacteur NPD, pres de Chalk 
River, nous avons injecte de la rhodamine B dans la 
canalisation de rejet. Nous avons encore pu mesurer 
la concentration en colorant de 1'eau de fa riviere a 
Ottawa, quelque 250 km plus loin. Nous avons utilise 
un fluorometre monte sur un bateau avec enregistre
ment continu de la concentration du colorant. 

J.P. BAXTER (Australie): Nous avons eu quelques 
resultats fort , satisfaisants en Australie en ce qui 
concerne le mesure au 11C de I 'age des eaux dans le 
grand bassin artesien du Queensland. Des methodes 
d'addition d'isotopes pour Ia mesure du debit des 
rivieres ont aussi etc utilisees avec succes. Je voudrais 
demander a M. Payne s'i1 s'est heurte a des reactions 
du public contre l 'addition d 'isotopes aux eaux 
naturelles, bien que ces operations soient evidemment 
sans danger. Si la reponse est positive, a-t-on essaye de 
preparer le public dans ce domaine? 

B. R. PAYNE (AIEA): Nous n'avons rencontre 
aucune opposition serieuse a l'utilisation des radio- · 
elements dans les problemes d'hydrologie. Dans le 
cas des etudes en Grece, par exemple, nous avons 
travaille en liaison avec la Commission de l'energie 
atomique de Grece, qui a explique aux populations 
locales l'objet des experiences envisagees et la fa~on 
dont elles seraient realisees. 

J. K. BASSON (Afrique du Sud): II y a, dans de 
nombreuses mines d'or d'Afrique du Sud, des pro
blemes considerables dus a la penetration d'eaux 
souterraines. Certaines mines pompent jusqu'a 20 
millions de gallons par jour d'une profondeur de 
10 000 pieds. Cette eau est rejetee a la surface et ii 
est done important de savoir s'il y a recirculation. 
Des etudes entreprises avec quelques curies d'iode 131 
ont pennis de montrer que le reservoir souterrain 
marque contenait pas moins de 2 milliards de gallons. 
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L'addition d'un entraineur convenable pour l'iode 
131 pose un probteme parce que les composes de l'iode 
sont relativement coOteux pour des utilisations a 
grande echelle. Nous avons done utilise un autre 
halogenure comme entraineur. le chlorure de sodium 
(set ordinaire) •. Que pensez-vous de ces techniques? 

B. R. PAYNE {AIEA): Personnellement, j'ai cer
taines reserves en ce qui concerne I 'iode en raison des 
pertes possibles par adsorption ou a l'etat d'iode 
libre. Dans l'experience que vous avez mentionnee, 
il aurait ete intcressant de connaitre les renseignements 
qu'aurait donnes la mesure de la teneur en tritium 
naturcl des eau~ considcrees. La possibilite de recir
culation aurait pu etre confirmee par introduction 
d'un traceur approprie. 

A. MORENO y MORENO (Mexique): Quelle est la 
tendancc actuellc pour le comptage du tritium? 
La technique initialement proposee par Libby est-elle 
toujours utilisee ou bien est-elle remplacee par le 
comptagc avec scintillateur liquide'? 

B. R. PAYNE {AIEA): Le choix du systeme de 
comptage depend en grande partie des niveaux de 
tritium a mesurer. La mcsure par compteur a sdn
tinateur liquide est tres pratique, mais le meilleur 
rendcment actuel du comptage pour l 'eau est de 
t'ordre de IS%. On obtient cependant un rendement 
de 100% quand on utilise des techniques de comptage 

• Voir Verwey, C. J., Comptcs rcndus de la Conference 
nationale 5ur l'encrgie nucleaire, Pretoria (1963). 
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inteme pour le gaz. Dans ce cas, il faut transformer 
l'echantillon d'eau en gaz de comptage convenable 
dans un appareillage approprie. En resume, les deux 
systemes font l'objet d'ameliorations et sont utilises 
tous Ies deux. selon le niveau de tritium. 

w. P. BEBBINGTON (Etats-Unis d'Amerique): Nous 
avons utilise avec uncertain succes le deuterium comme 
traceur pour des etudes hydrologiques a Savannah 
River. Le deuterium est il,ljecte sous forme de D20 et 
detecte par analyse par activation in situ par la reaction 
gamma-photoneutron avec 2'Na. La methode est 
dee rite par Haskell et Hawkins ••. 

A. S. Sm AN (URSS): 11 y a plus de dix ans que nous 
utilisons le tritium en Union sovietique pour etudier 
les mouvements des eaux, c'est-a-dire pour determiner 
la direction de migration, le debit et les mouvements 
des eawc de surface et des eaux souterraines (speciale
ment dans les regions arides d' Asie centrale); pour 
etudier les problemes d'infiltration dans les barrages 
des centrales hydroelectriques; et pour etudier les 
mouvements des eaux profondes et l'inondation de~ 
trous de sonde. On a utilise pour ces travaux aus~t 
bien le tritium naturel que le tritium introdu.tt 
specialement. Les travaux des savants sovi_eti~ue~ dans 
ce domaine sont bien connus et ont fa1t l obJet de 
publications en Union sovietique et dans d'autres pays_ 

u D
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the Field, qui sera public dans Jes comptes rendus de la Soil 
Science Society of America. 

npMMeHeHMe M30TOnOB M MCTO\fHHKOB POAMOL4MM B qntlHKe 

llpeoceoame.,u,: H. H. Pa6~ (CWA) 

)loKJlaA P/196 (npeAcTaeHn S. S. Ctlaynep) 

,O,~CKYCCHH 

<I>. BEfOYHEn f4CCP): Heo6xo;vmo y1..a

aaTi., 'ITO llCil0Jlh30B8HHe pa;IH0H30T0U0B, oco
fiemm Pu238, B a11eprcT1111ecxux ycTaHoBi.ax cuyT
trn.KoB· 6y;ieT orpaHIPJJIBaTbCR reM, B 1-axoii Ml.'J)C 
OHJI aarpR.aHfllOT aTMOCq>epy. IToCJW.'lhJ,y uo~ll,

lllaff 113CTb cnyTHHK0B B HOHl.\e HOHI.\OB cnycKaeT· 
c11 B 1111mn11e C'JJ0H aTMocl}:iephl lt cropaeT, cyn\e-
<'TB}'eT onacHOCTh TOrO, 'ITO HCil0Jlb30B3JIIIC 
ll30TO[l08 (6o.1!,l1IIUICTB0 tWTOpblX ucnyc1rncT 

~ -IJaCTHUbl) np1rne~eT K pa;:i,"oal<THBHOMY 3apa
meHHIO soa;zyxa. Ma.KcuManh»o ;ionycno1aH l\oH
l{eHTpanHn B soa,rtyxe ;i..•111 Pu238 o•IeHh Htta1<a. 

r. 11. l0H{HA~3E (CCCP): Ha l\OH<l1epen~ 
I.Ill.RX ~fAf AT8 B Bapmaee 8 1959 ron,y n r~ 
3aJJbl.l.OY\lf<l B 1963 ro;r.y 6wto npe,l1.cTaBJ1e1w .. u -·
ci-.onLi<.O ;i.mrna;:i,oB O noJtyqeHJfll 'H[CThlX [IOJtefl I 

• ., x peaKTopon co 
-U3.!1Ylf('J{JHI npn TIOMO~U B;l.l:"pnh1. * Bt•-
enenua !lbHblMH pa,l1.lf31.{HOHHbIMH neTJUH.Ul • 

• ~ ~ I B aTOllf HarrpaB.:W-
:mcr. nu mume-HHuYJJ.h pau0:.t · -
mm 11 Coe.:i.mwHHbIX UlTaTax. 

~ ::3 $AY.:1EP (ClllA): flo-npe»rneMY 6ol1v 
o. '- ' b HCJlOJlb• 

woe em1Ma1-rne npllB.!IeJHH!T BO:lMOiKHOC'J' 

• C., HanpH"eP A. K B reg er et al lndium-g~\li~rn 
·"•• ~• • · t L Rad1abon radiation contour of the IRT-reac ~r. arge 55_ 

Sources in Industry, Vol. l. )AEA, Vienna, 1960, PPd·. r n 
56 and Yu S Ray bu k h In et al Reactor ra ia 10 

loops as large· gamma source~ Industrial Uses oi Large 
Radiation Sources, Vol. II, V1enn11 1963, pp. 175. 
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30BaHHJI peaKTopoB B XHMlf'leCKOM npOH3BOACTB0. 

3a nepHo,n:, o KoTopoM Bw rouopeTe, He 6wno ;.t.o
CTHfHYTO cy1qecTBeuHoro nporpecca B oc~eCTB
JeHHH Ta«oro 0.cnon1,aonaum1 na KOMMepttec1wii 

ocuoee. Ho pa6oThI no nccJieJJ,oeaTeJI1,cKnM npo

rpaMMaM Be,n:yTC11, B 'IaCTHOCTH, B OTHomemm 

BCilOJlh30B8HHH :nieprHH OCKOJIKOB ,11.CJICHHH. 

H. E. BPEiKHEBA (CCCP): Coe~nHeHHIJe 
IIITan,r ony6J1H1<oean0 06mnpuy10 nporpaMMY ' 

lfCllOJIL30BaHHJI 11PO'AYKTOB JJ,eJiel(H}l B Ka•leCTne 

JICTO'IHHKOB pa.n:noa){TJIBHhlX H30TODOB. IlpaBHJlh

HO JIH ClfllTaTL, 'ITO peannaa1.vrn 3TOii nporpaMMLI 
TpeoyeT Depepa60TKH 60.lJLlllHX o6'beMOB i«llt'~l<HX 
OTXO'AOB? 

a. 3. <I>AYJJEP (CIIIA): Pa6oTLI, 0 KOTOphtX 

Bu rouopHTe, HBJJHIOTCH •iacTLIO nameii 06h111Hoii 

nporpaMMLI no o6pa60TKe OTXO]J,OB B ,11.0ilOJJHC

HHe, KOHe'IHO, K ]J,OJJroepeMeHHOMY xpaHenmo 
npo11yKTOB pacna,n:a. M LI npoAonmaeM HHTepeco • 
BaTLCJI Bhl.I(eJieuneM OCHOBHhlX npoll,yKTOB pac

na~a. BLii\eJJ.RlO~HX Temrn, 11To6w ycoeepmeHcT

IIOBaTL npou;ecc o6pa6onrn OTXOAoB. Ho, KaK JI 

yxaa1,rnan, MLI npoHBJJHeM TaKme 6om,rnoii HHTC

pec K H31,1CK3HHIO nyTeii H cpe,u;CTB }{JUI Toro, 'ITO

Ol,l nponaeo,u;HTem,Ho 11cnon1>aoeaT1> qeHHblH nc
TO'IBHK aHeprHH, KaKHM .RBJIHlOTCJI npCJJI,YKThr pac

na~a. lloaToMy Mhl o6pall.\aeM oco6oe BHHMamtc 
Ba Bhl,n:e.nenHe H O'IHCTKY npo~yKT0B pacnaAa. 

f. lf. Hl1HHA,A3E (CCCP): H 11.yMaIO, qTO no 

aroMy noso,u;y yMecn10 ynoMHHYTL peayJJ1>TaTLJ 
H3MepeHuit.. c;i,eJJaHHWX na ,u;syx ycTauosKax no 

o6.:ryqenmo neTJieBoro Tuna, HOTOphle 6hlJJH onn
cam,1 PH6yxnuwM H Jl.p. B 3aJI1>1..1;6ypre B 1963 
ro:.y *. 

llaMepeom1, npoBeJl.eHHwe Ha aTHx ycrnHOBKax 

IlOCJie ABYX JICT pa60Thl, IION83hlB3IOT, 'ITO B CJiy-

11ae peaRTopa 11PT Tennosoii MOll.\HOCThlO 2 AfBr 
npu ncnoJIL30BaHHH TOJJhKO HeiiTpOHOB pacceJI

HIIH Homtto IIOJIY'IHTL MCTO'IHIII( pap;HoaKTHBHO

CTH, 3KBHBaJieHTHhlii ~500 ~z Ra. TaRou: HCTO'l

BHK, BepOHTHO, llfOH<HO OhIJIO 6LI HCOOJlb30B8TL 

~JIH HCCJie~oBaHuii no pa}{H3QHOHHOH XHMHH. 

X. AJihEEPT (ct>pamvrn): KaKOBLI, no Balli~

MY 11,rneHlllO, r-H <I>ayJ1ep, Te 1J>ai.Top1,1, KOTOpLie 
orpaHH'IHB3IOT JICilOJll,3OB3HHe npoJJ,yKTDB µ;ene
HD.R? OTHOCJITC11 JIH X HIIJ\i ne]J,OCTaTOK pmrnoll, 

CTOBMOCTh nepepa6oT1m uJin nc11xoJiorn'lec1me 

acnel(TLl (TO eCTb onacemrn, BLl3BaHHhl0 JICOOJih-

30BaJrneM paAnaQMH)? 

a. a. (l)AYJJEP (CllIA): H AYMalO, 'ITO orpa

HH'leBHR B HCITOJIL3OB3HHH npoµ;yKTOB ,!(eJieHJffl 

no c11x nop o6ycnoenenu co'leTaeneM paanuqHhlX 

tf>aKTOPOB. fJJaBHl,IM npen1ITCTBHCM 6LIJJa, .Kone11-

Ho, ueo6xOAHMOCTh HMeTL e pacnopnmeHHH 6oJib
mee .KOJIH'leCTBa 3THX l\taTepHaJJOB B O'IHII40HHOl\l 

BH,lle R no He)J;oporoii ~eue. ,Qpyro.ii q>aKTop co
CTOBT B TOM, 'ITO T0XHOJIOI'ffqecKHe npou;eccu, B 

KOTOpblX npo,nyKTLl AeJJeHHJI MOrJIH Obi HCUOJib-

30BaT.bCR' Ra« HCTO'IHHKU panHaqnn, paapa6aTLI

B8Jll{Cl, B Te'leHne ueMBOfHX OOCJICAHBX JieT, II 

• Cw. TIIM 'Ke. 

TOJILRO reneph MLI AOCTHrJJH Toro ypoBHff, J<or,na 

MOJKHO HCilOJIL30B8Tb 'BX npoµ;yRTHBBO. JI ue lJ.Y
MaIO, 'ITO IlCHXOJIOfll'l0CKBe npo6.neMLI, 0 KOTOphlX 
BLI roeopnre, TaK me Bameu, KaK aTH !J.Ba <paK

Topa. 

M. <I>. AE,l(EJlh-BAXAB (OAP): B CBJl3H C 

yTBep>KJ{eHM-elf, C0J];epma~IUICJI B lJ.OKJla,Jte (B paa

~eJie •IlpOI13BO,!(CTBO H30TOllOB B mupoKOM Mae

ll1Ta6u), cornacao Koropowy Co60 npoH3BOAHTCJI 

B Coe.l{ttHeHHLlx IlhaTax B enJJ,e BLICoKoaKTHBBLIX 

IICTO'IBBKOB, He Mor 6u r-H <Day.nep OllHC3Tb TH

Ilbl npttMCHHeMoro 06opy,11.0BaHBII ]tJIH 1-00JIY1fe
HHH (BHemuero, BHyTpeHHero HJIB o6onx THUOB)? 

3. 3. <I>AYJIEP (CIDA): MaTepeaJJ 011eu1, BLI

eo«oii y)l,eJILHOll aKTHJIHOCTH, KOTOPLIH MLl npo
H3B0]\HM, npeAH33H311eH ]\Jl.fl aKcnepHM8HT8JILHLB: 

nccJieAoBaeHii. Bo3Momao, 'ITO ero Momuo uc
noJI1>30BaTL n npon:.eccax. Tpe6yioll.\HX npnMemi
HHH BhICOKHX 8J{THBHOCTeH o6Jiy'leHHJI, a ~aIOKe 

B HeKOTOphlX CJJy11a11x NaK HCTO'IHIIK TellJia HJUI 
aneprHn. B OOJILIDHHCTBe cJiy'laee B CIIIA uc

.JIOJIL3YJOTCJI ycTaHoBKH, KaK Bu eaaeanu, «BHYT• 
peeHero• THila, TO 8CTL o6JIY'f3TCJIL noMezn;_aeTCH 

1t eo.1vrnoii 6acceiiH, cnyma.ll\HH aall(HTOH. J),-11.11 

upoBe;qeHHH o6JIY1feHHH HCTO'IHHK UOJl,HHMaeTCH. 

M. ,AEJlb BAJJb ROB (lfcnaH11»)**: Ocrnu
mrn B CTopoHe npu111eneHHe Jf30TOIIOB KaK MOUl
HLIX HCTO'IHHKOB H3JJY'ICHIIH, 6LIJIO 61,1 noJieano 

Jl3Y'fHTb pa3BHTHe JJ,pyrux acneKTOB npHM0H0HHJI 
U3oTonoe, uaapurnp, B Ka'ICCTB8 HH!IDKaTOpOB 8 

H3MepHTeJlhHLlX H KOJITPOJJLHLIX CHCTeMaX. Ocuo
BOH ,11.nn TaKoro uay'leHHH Mornu 61.t CJTymnT1> 
-'aHHLJ.e o cpe;J.CTBax, aa1pa11unaeMwx ea paapa
ooTKY H3MepHTeJJhHblX npn6opOB. 

<I>. JJ,E JJH HPYC: KACTHJlhO (lfonanu11)**·: 
Mu paa,n:em1cM MHenne auTopa, 'ITO aa nocne;t

HHe ro,11.LI B npOH3B0,l\CTB8 H30TOllOB Ha6JIIO,'l,30TCJl 

aua1111reJiLHblH rrporpecc. O~HaKo M1,1 xo-re.nn 61,1 
yxaaaTL Ha paanmi;y Mem,ny Tel11, 11ero 11omHo 

O)KHJl,aTh OT npnMeHCHHJI pa,n:HOH30TOnOB npn 

HaJIH'lHH cpeJl,CTB, AOCTYIIHLIX B CTpanax C 06-

umpHbIMH pecypcaMH, H no~XOJ:{0111, !<OTOphlll )l,OJl

meH HCilOJlh3OBaTLCJI JJ,JIH npoH3BO;J,CTBa H3OTOflOB 
B MaJILlX CTpauax C orpaHH'ICHHLIMH 3KOHOMii'fe
CRHMH pecypcaMR H 11e60JihillHM • KOJIHqeCTBOM 

ooopy,noBaHHH ,ll;JIJI OOJIY'ICHHR. 
B aToii csRaH Jf cnaau11, Ko,_.opa11 Ml\reeT nc-

00JI1>moii HCCJICJJ,0B3TCJibCKHii peaKTOp MOllVIOCTl,IO 

3 Mer (Tenn.) paapa6aTLlBaJia B UOCJJC,'I,HH0 fOJI.LI 
HOBLI0 MeTOJJ;Ll HJIH npucnoca6JIHB3Jla H3BCCTHYIO 

,-exHHKY .)lJIJI npoH380.)lCTBa pa,llHOH30TOOOB, HMeJI 

H BHJJ.Y soaMomHoCTH peaKropa aroro Tuna. OneT 
06 aTon pa6oTe MOH<Ho Haiin1: B flOKJia;t,e P/492*·*~ 
no HaillCMY MHeHHIO, pa6oTLI no HeTOJJ;aM npona-

80,'l.CTBa pa,'l.HOH3OTOilOB, npnMeHJICMLie JJ;JJJI HC

IIOJlh3OBaHMH npu orpaHH'lCHH!dX B03MOlRHOCTRX 

o6JJy'leHHJJ, )l,OJl>KHLl 6hlTb HanpaBJieHLI Jta npo

u;eccw: paai1eJICRHR, 'ITO ll03BOJIHT H3'lHBaTL C 

.. 3rn aHle'laHBll OJ.l.lID C,ll;eJI8BW Be Ba 38CC]\8BBH, a 
DO.'JY'leBW D03AJl88 B DHCl>MeBHOM BIIA8. 

0 • JiarTORII\ee B3A8BHe, T. 7, aaee,1taeae D • 
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OOJibWHX KOJIH'lecTB o6JJy'leHHOro MaTepHaJJa ( CM. 
onHcaBHe JleTO;lOB npoH3BO,lCTB8 ;{JUI $35 Jl31 ff 

P32 
B JtORJJ8;le P/492 • ). H Ha HCHOJJb~oeam,e 

11;i;epuwx pcaKUJrir, OTJIH'IH'IJX HACKOJJLKO 3TO B03-
:\IO>KHO OT peaKl{IIH (n, l ). 

.lloMaA P/298 (npeACTaBMn n. n. rpy314H) 

Jll-1CKYCCHfl 
n. C. IlOJIAK (CCCP): H XOTeJt 61,1 OTMe

_TKTL BeKoTopwe HHTepecHNe nepcneRTHBbl }IC• 

nOJtL30B8HHR HCTO'IHHHOB H3Jly11enuJ1 B CBll3H C 

Ba>KBLUUt THllaMH DOJU1MepH38llHH, J<OTOpLle, Nat< 
cnpaBe,lJ,J)HBO yKaaan aBTop, npe~CT8BJIJIJI CBOIO 
pa6ozy, ne MoryT t'iLITL ,IlOCTHrHyTLI XHMH'ICCJ(H

MH, TepMH'leCKDMH HJIH JII06YMH ;lpyrHMJI cpe~

CTBUfH. K upoeKnM aToro po,Ita, Ko1opL1MH )11,1 

ftKTHBHO 3AHHMaeMCJI, OTHOCHTCJI panuan.HoHHUI 

DOJJUMepnaa~IUI J<OHOJleKCBLIX BKJJIO'leHHH Ka
HaJJr.Roro BJIH CJIORCTOrO THUa (MaTpH•IHaR llOJlll

MepU381f.HJI), 6naro;,.ap11 ROTopoH YAaeTCR nony-

118Tb C BLICOI<HH BIJXO.!lOli UOJIHMepLI C OOJU,WHlol 
MO.lleKyJIRPRYM BeWM H 3aJJ,aHHL1Mll 4>H3H'1ec1m

J(H H MexaHU'lecKHMH tBOiiCTBaMU )13 TaKJtX MO

HOMepoB, KaK ,lHMeTHJJ6yTa;ttHCH, aKpHJIOHHTpH.'J 

11 MHOnte ;tpyrHe. .IJ.pyroii npoeKT K8C88TCII 
rpa4,T-no.nHMepH38LtHH H BOCDpOH3Be;tteHHJI cTpyN

TypLJ. 3ra MeTO,lHKa MomeT 6L1T1, JfCDOJlb30B8H.l 

;tJJR nony,ienHJI npocTLIX Mo,leneii, cnyacamux 
;tJJJI JOIHT8QHH H8KOTOPLIX 6HOJIOnt'feCKHX npo
qeccoa. 

AoKnaA P/875 (npeACTaBH/1 &. P. neHH) 

,ltJ.iCHYCCHfl 
A. X. B. ATEH (Hm~epnaH]).1,1): fl XOTeJJ 61,1 

JlOJJy'IBTI, HeKoTopyJO JfH4'opMaqHIO OTHOCUTCJlbHO 
Me'leHHJI 03epa HJIH auanorlflfHOfO KOJlll'leCTBa BO
,ltLl tpnnreM. CKoJU,Ko nymno TPHTHR, 11Tou1>1 no-· 
Jlf'IHTI, 8KTHBHOCTL, AOCT8T011HYIO MR H3Mepc
ffHii? Momno Jiff H3MepRTb 8KTHBHOCTL BO~OPOA3, 

co~epmall{eroc,r a npo6ax Kate TaKoBLIX, mm 
HY>KHO npn6erayi. JC npol{eccy KOHQ:eHTPSJ.lHH 
TpHTIU( B BoJJ.opon,e? npyrHMH CJIOBaMH, uymno 
JIK o6ora~aTb eonopo;\ TPHTH(>M np11 TIOMOU{ll 

OTAeJleHHR 1130Tona nepc;i. TeM, KaK H3MepRTL ero 
3KTHBHOCTJ.? 

B. P. IlEflH (MAf AT3): O3epo lJaJta, uMeJ0-
11.\Ce 061,eM B 3. 108 .w3, 6LIJIO Meqeno TpHTHeM 
T8KBllf o6pa30M', 'ITO KOH(\eHTpao,un COCTaBJIRJJa 

np,rnepuo 2000 TpnnteBLIX e;(nHHI\. B uacToHIQee 

opeMR KouqenTpa~nn D oaepe uaMep11eTc11 Heno

cpe,J.CTBCHHO npn ITOMOII~H mnmmx CD,HJITHJl.'UI
TOpoB. ITpo61,1 80)1.LI, B311Thle H3 HCTO'IHHKOB B He

CKOJil,KHX MHJlJU( OT oaepa, nepen IlOJ.(,C'leTOM 
Cl\ffHTHJIJUII\HH 000f3ll\aJOTCR C noM0lU,hlO ;)JJeK
TJ)OJJJI3a. 60J1ee JI03'AHlte npo61,1 ua oaepa Tal{H<O 

upn.l\eTC.R o6onm_\aTL nepe,l\ no;i.e<teToM:. 

• JiacTo1111\ee aa~aone, T. 7, aaceJJ,anse 0. 

It A. MOYCOH (RaHa,!l;a): 1I ue xoteJI Gu, 
•rro6LJ ocra11oc1> une11aTneune, 11ro rpur11ii .Rn: 
JJ.ReTcR 8;:1.HHCTBeHHLIM HHJJJ,IRaTopoM, R0T0PLIII 

MOll<HO HCilOJlh30Bl\Th ]I.JUI 6om,wux Mace B0/1.JJ. 
PeKa OTTaBa HMeeT mHpimy OT 1 AO 2 1'M H pac
xon ~KOJIO 5 • 107 M3 B CYTKll. tfocJte)l.yH e:reneRl, 

pa36anneHHR OTXO)].0B oT peaKTopa NPD, pacnn

nomeuuoro BOJIH3H '-IoR-Ptteepa, MLI HCn0Jihaona· 
JJH po~aMHH B. MmKHo 6wJJo e11.te HaMepHTb Ho11-
l.\CHTpa1tmo KpaClfTeJUI B pe'IHOH B0)le B OTT8BI.', 
llpHMepHO Ha 250 KM BHH3 JI0 peJ<e, Mhl HCIIOJIJr 

30B3JJH ycraHOBJJeHHLlii B JJ0~Ke <f>JUoopoMeTp C 
neupephlenoii aanuc1.10 Kouu:enTpau:mr 1<pacute.1,r. 

]J.m. n. BAl{CTEP (ABcTpaJIHR): fl A11ctpa· 
JJHH oblJ1a nponeneoa )].0BoJ1LHo ycuemnaR patio

Ta no H3MepeHlUO BOapaCTa 00;\bl B OOJlbfilOM ap
TeanaHCKOM BO,llOeMe B l\em-1cJ1eH~e llpH ll0M0U\ll 

C14• MeTO'Ahl J(o6aencHHR uaororwe c ycnexoM 11c
uoJ11>aooanuci. TaKme ;(JHI onpe~enemrn ;.i.eonta 
JJO)lLI B pe1<ax. Mne XOTCJJOCh 6LI cnpOCIITb r-1111 

ITeHHa, HpHXO,!J;HJJOCb JIH eMy CTaJJJ<HBaThC11 C Jll'
<lKQHeH o6nteCT8('HHOCTJI Ha ;~o6aBJICIIHe H30TIIIIOH 
J( npHpOJ{HOii BO)le, :XOTH BII0JJHe Olfl'IUl,'.\HO, 'ITO 
:nu neiicTBHJJ JJBJ18IOTCR uo:•011aCllldMII. Er.1n ;111, 

TO UblJIO J11l 'ITO-lt116yll,b Cll,l'JU.\HO ]lJHJ ll[)0CBE.'1111'

UMR 0011\CCTBCHHOC'JH B :=ITHX ROUpocax? 

B. B. TIEnH (MAf AT3}: M1,1 HO BCTpen,.lll\(t. 

c <'HJJLHoii peaKJ.lneii na ncnoJJh30naune pa;i.w1• 

Jl30TOROB B pcmeum, rH].lpOJJOrfftJeCKHX npo6J1NI. 
HanpnMep, 11pw HCCJJe,!(onaHHRX B fpenm1 M.hl pa· 
ooTaJJ~ u coTpy~nH'lecTBe c fpe'ler.1mt1 1.oMut
CHeii no aTOMHOii aneprHH, I\OTOpaR KpaTKO 011°
BeCTHJJa MCCTHOC uacenemrn o npe.nMeTe npe~no
JtaraeMhlJ< axcnepnMeHTOB u cnoco6e, i-oroplJM 
OHR ll,OJl)KHhl 61>1J1H npoB0,lUtTbCH. 

nm. K GACCOH (IOAP): Bo MHOfHX JO»mo
ntJ)p111urnc1rnx 30JlOTh'IX py;:vnrnax cy~ecTBYl()T 

cepLe3HLle 11po6JJeML!, CBJl3aHHI,le C npffTOKOM 

rpyHTOBLlX BO]l. B OT,(\eJJbHhlX. manax. BblKa•Hl

naeTC.R OKOJIO 76 TLJC. M3 B JI.CHI, C rny6HHbl R 

3000 M. aTa 80,'.l.a Bh!OpaChIHaCTCR Ha llOlll'JIX

HOCTL, "· CJICJ(OBaTeJJLHO, BaiKH0 3119Tb, JIJlteeT 

Jill MeCTO oopaTHall QHpKyn11n«J1. fihlJJJI npoec
]l.0HLl ycneIIIHLIC HCCJJe,l\OBalIHJI C HCilOJlb30B3-
H H0M HecK0JJbKHX IUOpH J131 ; B peayn1,rare 3TflX 

pa6oT 6bIJJO o6uapy)l(eHo, 'ITO Me11eHMii noi1aeM
HblH peaepnyap con,ep>KHT npuMepuo 7,6 MJIH. Jll

3
• 

Ao6aoneHHe nOAXOJl.HUJ,ero HocnTeJI11 J131 
npe,1-

cTaBJ1.ReT npo6JieMy, Tai< 1ea1t eoeµ,uueHHJJ 110Aa 

;J,OBOJJl:,HO J\Opon1 )\Jiff HCDOJU,30B811Hfl 8 mnpol:WM 

Macm-ra6e. no:noMy » KaqeCTlle HOCliTeJUI Mhl HC
noJib30BaJIH ~pyroe ranon,ll,HOe coeA1rne1rne, xno
PDCThltt HaTpnii (o6hPIHYIO COJ1bft: 1ho Bhl cKa

mern 06 :JTOJU Mero'Ae? 

E. P. IlEJlH (MAfAT3}: Ilpu pememm eo
npoca O npnMeHeHllH HO,ll,a JI JIH'IHO C'IUTaIO U('

o6xo)].lfMhlM ecerµ,a COMJO]J.aTb HCKOTOpy10 OCTO-

° CM, C. J, Werwey. Proceedings or the National Con
ference on Nuclear Energy. Pretoria (1933), 
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pOlKHOCTh na-aa B03MO>HH1>JX noTepb BCJ1.eP,cTBJfl• 
8BAcop6. I.\HH HJJH l!Ll,'\e:1em;J1 CBo6o"HOro Ho-r•1 

JfCC.lJe rr '"' ,,, • 

6 
,,,o:eam1Hx, o ROTOpLrx Bhl roaopHTe nM<'-

/IO LI CMhlCJI onpe.u.emtTI,, J<al(yIO HH~Jop~al~IIIO 
llOJHHO IlOJJyqftTb npH IlOMOIQJf H3Mepemrn: eCTL'-
CT!eHHoro co,n;epiKaHHR. TPHTHJI B paccMaTpueat.>

xou Bo.a;e. EcJJu OLI TaKHM nyteM 61,ma o6aapy

meea pe~apKyJIJII\llJI, To aTo aaTeM Mo11mo 6b1Jlo 
DO;{TBep.n;HTb BBe,n;eeneM COOTB0TCTBYJOJ.Qero lIOCl1-
ren11. 

A. MOPEHO H MOPEHO (MeRc11Ha): Ra1w
BLI CDBpeMeHHhle TeH~eHIJ;ffH B paaBlfTHll M0TO,il_Oll 
IIO;J.t'ieTa KO"H'1ec , II .,, TBa TpHnrn:. ' CIIOJJbayeTCS{ JIii 

;~~6HMeTO,lJ,Jrn:a, nepBOHatiaJILIIO npe;J.JJ01K0HHHH 
• • IIJlH Otta 3aMeHJJeTCH IIO,il_Cl.JeTOM np11 rrn
lllOU\H it(ff,!Urnx C[\HlfTHJl,'lJITOpoe? 

B. B. fiEA:H (MAfAT3): BLl6op CHCTeM1,1 · 

tlfeTIJHJtOB 388HCHT B 6oJJhlUOi1 creneHH OT H3Ml'
pSt>Moro Ypo»HH co;tepif.aHHR rpurnR. ltmepemH• 
B )fUf;l{KOCTHOM CQHHTHJIJIHU,HOHHOM C'l0T'flfnl' 

O'lt'HJ, Y.100Ho, HO B HaCTOflI.Qee BpC;MR HaHGom -
lllaJI a"""eHTH" , 

W'i' uHOCTb C'ICTa !(JUI npo6 B BH;ll' 

~~ pae¥Ha npnMepHo 15%. MomHo :i,ooHTbC.H 

¼>-Hon a<J)q>eKT11BHOCTH, JICilOJJb3Y.R MeT0,'1.lfl\Y 
uo~c'leTa co.:i,epma~erocH raaa. B aroM CJIY4lH' 

=BO upeepaTHTb npo5y BO,'J,LI e flO,'J,XO,'J,R~ltii 

a~n npoeeAeHHH C'iera raa 1t coonercuy10me~r 
apa'te. B 061.QeJ.f, o6a Mew~a ycoBepnrnncr-
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BYlOTCR H ot'ia IICJJ0.7b3YIOTCR B aaBHCJ!MOCTH OT 

ypoBHH conepmaHHH TPHTHH. 

Y. IT. JIEPBMHfTOH (CIIIA): MY 11pu11em1-
m1 C HCKOTOPLIM ycnexoM It K311CCTBe HH/:\H:KaTopa 
B rn:~ponorH'IeCJrnx 11ccJieAOBaHn.11x na pe:Ke Ca
naHHa .!leihepuii. ~eiirepun neo.u.11rc11 B enne D20 
ll OOHapy»rnBaCTC11 np11 noMOlJ..llf 8KTUBilllHOHHorn 

,mamrna in sUu no (n. 1)-peai.u1m na Na24. Me
ro,:i, on11caH Xac1<eJJOM II XoKHHCoM*. 

A. C. IIITAHb (CCCP): B ConeTcr.o.\f Coio:,r1• 
rpMTHii yil<e 60.nee }l.eCHTII ,WT 11cnoJ1M1yeTCH 11,JIH 

113Y'leHH11 ABHiKeHHJl BO,l, 'l'O (.'CTI, ~JIH oupe;i;em•

HHH Hanpa1memrn Mllrpau.m1, ;J.l'Ul1Ta H ABH»(l'

mrn IIOBepxHOCTHbJX H rpyHTOBbIX BO;.{ (oco6eHHt) 

H aacywmrnLIX 00-'laCTRX IJ:eHTpa.'lbflUii A3HH)' 
J\.·ur nayqemrn npo6:reM npoca'fJtBaHHH •H'pea UJJO

THHbl rn,1.1poMeKTPOCT8Hl(Hii JI ,IlJI.R llCCJie;toBllHIHI 
.:.lBll)l(CHHR BOA rJJy6o:Koro aaJieniun11 » IJ>ouraan
ponaHtt.11 c1<Bam11H. B awii paooTe JtCJJOJJh30Ba

JIHCh RaK ecTeCTBeHHblri, TaK H Cll('ll,JUlJJbHO B13('

.:ICHHblH TPMTHff. PaooTLI COBeTCKIIX Y'lt'HhlX JJ 

aroii o6naCTH xopomo nanecrubl u orpamem,1 n 
HaytillblX ny6.irn~au,n11x KaK B Coaercf.oM Cmo;1<', 
TaK H B npymx ctpaHax. 
«D2O - Na method for tracing soil moisture 
movement in the field» roroBHTCH Ii 011y6mrno
eam1e B mypHaJie «Proceedings of the Soil 
Science Society of America»). 

Aplicaciones de los radiois6topos y de las fuentes de radiaci6n 
en las ciencias ffsicas 

Presidente: I. I. Rabi (Estados Unidos de America) 

Documento P/196 (presentado por E. E. Fowler) 

DISCUSl6N 

F. BEHOUNEK (Checoslovaquia): Debe sefialarse 
que el empleo de radionuclidos; especialmente plu
tonio-238, como fuentes de energia en satelites estara 
limitado por el grado de contaminacion que pro
duzcan en la atm6sfera. La mayor parte de los sate
lites finalmente descienden a los niveles inferiores de 
la atm6sfera y arc;ien, y existe el peligro de contami• 
naci6n radiactiva del aire procedente de los radiois6-
topos utilizados (la mayor parte de Jos cuales son 
emisores alfa). En el caso del plutonio-238, la con
centraci6n maxima permisible en el aire es rnuy baja. 

G, I. KrKNADZE (URSS): En las conferencias del 
OIEA de Varsovia en 1959 y Salzburgo en 1963, se 

presentaron varias comunicaciones sobre las posibi
lidades de utilizacion de circuitos especiales de irra
diaci6n en reactores nucleares para obtener campos 
de radiaci6n gamma pura •. ise ha llevado a cabo 
algun trabajo en este sentido en Estados Unidos? 

E. E. FOWLER (Estados Unidos de America): 
Contjnua existiendo gran interes en la posibilidad de 
utilizar reactores para la produccion de productos 
qufmicos en general. Durante el periodo gue usted 
menciona no se ha realizado ningun avance sustancial 
en el sentido de comercializar esta aplicaci6n pero 

. • Vease, por ejemplo, Breger, A. K., tt al., Circuito de radia
c:fones de indio-galio de/ reactor /RT, Large Radiation Sources in 
Industry, Vol., I, p. 55, OIEA, Yiena {1960}; y Ryabukhin, Y. S., 
et al., Empleo de rirC!1itos de i"adiarion de los reactores como 
fuerrtes gam/'1'111 de gran illlensidad, lndustr_ial Uses of Large 
Radiation Sources, Vol. JI, p. 175, OIEA, V1ena (196~. 



se est.in llevando a cabo programas de investigaci6n 
y desarrollo, especialmente en lo que respecta a 
utilizar la energia de los fragmentos de fisi6n (como 
altemativa al empleo de circuitos de irradiacion). 

N. E. BREZHNEVA (URSS): De hecho, los Estados 
Unidos ban anunciado un amplio programa para 

· 1a utilizaci6n de productos de fision como fuente de 
radioisotopos. l Estoy en lo ·cierto al suponer que 
la realizaci6n de este programa exige el tratamiento 
de un gran volumen de residuos radiactivos? 

E. E. FOWLER (Estados Unidos de America): Las 
actividades a que usted se refiere forman parte de 
nuestro programa normal de tratamiento de residuos, 
y ademas, naturalmente, del problema del almace
namiento a largo plazo de los productos de fisi6n. 
No decae nuestro interes en la separacion de los 
principales productos de fisi6n generadores de calor, 
con objeto de perfeccionar al rnaximo el proceso 
de manipulaci6n de residuos. Pero, como he indi
cado, tambien estamos muy interesados en encontrar 
procedimientos y medios para aprovechar la valiosa 
fuente de energia presente en los productos de fisi6n. 
Por lo tanto, procedemos a la separaci6n y purifica
ci6n de los productos de fisi6n. 

G. I. K1KNADZE (URSS): Creo que es pertinente 
mencionar en este momento los resultados de las 
medidas realizadas en los dos circuitos de irradia
ci6n descritos por Ryabukhin et al. en Salzburgo 
en 1963. 

Las medidas reaJizadas en estas instalaciones des
pues de dos anos de f uncionamiento indican que, en 
el caso de un reactor lRT de 2 MW(t), utilizando 
solamente el exceso de neutrones que no se emplean 
en el funcionamiento propiamente dicho del reactor, 
se puede obtener una fuente radiactiva equivalente a 
unos 500 kg de Ra. Probablemente una fuente de 
este tipo podria ser utilizada para investigaciones en 
quimica de la radiaci6n. 

H. Aumn (Francia): En su opinion, Sr. Fowler, 
lcuales son los factores que tienden a limitar el 
empleo de los productos de fisi6n '? t Es la falta de 
mercados, el costo del tratamiento o los aspectos 
psico16gicos (por ejemplo, el peligro inherente al 
empleo de radiaciones)7 

E. E. FOWLER (Estados Unidos de America): Yo 
creo que el uso limitado de los productos de fisi6n 
hasta ahora ha sido debido a la combinacion de 
varios factores. La necesidad de disponer de grandes 
cantidades de estos materiales en fonna pura, a un 
precio de costo economico, ha sido ciertamente una 
de las razones principales. Un segundo factor es que 
las aplicaciones a que podian destinarse los productos 
de fision, como fuentes ue radiacion, se encontraban 
en estado de desarrollo durante los ultimos anos Y 
s6lo ahora hemos llegado a un' punto en el que pode
mos comenzar a ver la forma en que podrian ser 

utilizados productivamente. No creo que los proble
mas psicologicos que usted menciona tengan tanta 
importancia como estos dos. 

M. F. AnDEL-WAHAB (Republica Arabe Unida): 
En relaci6n con la declaraci6n que figura en la me
moria (bajo el epigrafe Produccion en gran escala de 1 

isotopos) de que en Estados Unidos se esta produ
ciendo cobalto-60 en forma de fuentes de alta acti
vidad, c!POdria el Sr. Fowler describir el tipo de 
instalaciones de radiaci6n gamma que ' se estan 
desarroltando (interior, al exterior ode ambas clases)? 

E. E. FOWLER (Estados Unidos de America): El 
material de muy aha actividad especifica gue estamos 
produciendo en la actualidad se destina a trabajos 
experimentales. Es posible que pueda ser utiliza~o 
en determinados procesos que hacen uso de la radia
ci6n y tambien como fuente de calor o energia en 
aplicaciones especiales. En su mayor parte, las insta
laciones de Estados Unidos son del tipo que usted 
llama «interior», es decir, son piscinas de agua 
disenadas para servir como protecci6n. La fu~nte 
se eleva sacandola al aire libre para efectuar la irra
diacion. 

M. DEL VAL Cos (Espana): Dejando a un lado 
-las aplicaciones de los radiois6topos como fuent~s 
intensas de radiaci6n, podria ser util hacer un es!udio 
general del desarrollo del resto de las aplicac1ones 
de los is6topos, es decir, el uso de los radiois6topos 
como trazadores y en equipos de medida y control, 
conociendo las inversiones anuales de los diferentes 
paises en aparatos electr6nicos de medida. c:Po~rla 
por favor, el Dr. Fowler comunicarnos la c1fra 
correspondiente a los Esta dos Uni dos'? 

F. DE LA CRUZ CASTILLO (Espana)*: Compartimos 
la opini6n del autor de que el progreso en la pro
ducci6n de radiois6topos ha sido muy destacado en 
los ultimos anos. Nos gustaria, sin embargo, estable
cer una distinci6n entre lo que se puede esperar ~on 
los medios puestos en juego por paises con ampl!?5 

recursos y la doctrina que ha de presidir la produccton 
de radiois6topos en paises pequenos con recursos 
econ6micos limitados y pocas posibilidades de 
irradiaci6n. ~ 

En este sentido, Espana, que posee un p~q~eno 
reactor de investigacion de 3 MW(t), en los ultnnos 
aiios ha estado desarrollando nuevos metodos, 0 

adaptando otros ya conocidos para la p~o~~cc16: 
de radioisotopos, teniendo en cuenta las pos1b1hdade 

q ue ofrece un reactor de este tipo. Se encontrara un 
P/492° resumen de este trabajo en el documento . , · 

En nuestra opinion, los metodos de produc~io~ de 
· · d · a· · 6n hm1tada radioisofopos en cond1c10nes e 1rra 1ac1 , 

• Esta pregUnta no se hizo durante la sesi6n y se presento 

posteriormente. 
•• Estas Actas, Vol. 7, sesi6n D. 
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deben estar orientados hacia la facilidad de separa
tion, permitiendo con ello partir de grandes canti
dades de materiales irradiados (vease la descripci6n 
de los metodos de producci6n de 35S, l31J y 32p en 
el ~ocumento P/492) •, y hacia el empleo, en lo 
pos1ble, de reacciones nucleares distintas de la (n, y). 

Documento P/298 (presentado por P. L. Gruzin) 

DISCUS16N 

P. S. POLLAK (URSS): Me gustarfa mencionar 
algunas notables perspectivas referentes al empleo de 
~uentes de radiaci6n en relaci6n con ciertos tipos 
.unportantes de polimerizaci6n que, como acertada
mente sena16 el autor al presentar su memoria, no 
pueden llevarse a cabo por metodos quimicos, termi
cos o de cualquier otro tipo. Entre los proyectos de 
esta clase en los que estamos activamente empeii.ados, 
se encuentra la polimerizaci6n por radiaci6n de 
complejos de inclusion del tipo de canal y de capa 
(polimerizaci6n en matriz) mediante el cual se pueden 
obtener con altos rendimientos polimeros estereo
regulares de peso molecular elevado y propi~dades 
risicas y mecanicas previamente establecidas, a partir 
de mon6meros tales como dimetilbutadieno, acrilo
nitrilo Y otros muchos. Otro proyecto se refiere a 
la producci6n de polimeros injertados y a la repro
duccion de estructuras. Esta tecnica puede ser utili
z.ada para la preparaci6n de modelos sencillos para 
ser utilizados en la simulaci6n de ciertos procesos 
biologicos. 

Documento P /875 (presentado por B. R. Payne) 

DISCUS16N 

A. H. W. ATEN (Paises Bajos): Me gustaria tener 
alguna informaci6n sobre el marcado de un Iago o 
una cantidad similar de agua con tritio. c:Que cantidad 
de tritio es necesaria para obtener una actividad 
adecuada para su medida? c:Es posible medir la 
actividad del hidr6geno contenido en las muestras 
como tales o hay que recurrir a procesos de concen
traci6n del tritio en el hidr6geno? En otras palabras, 
1,tiene que ser enriquecido el tritio en el hidr6geno 
por separacion isot6pica antes de poder ser medida 
su actividad? 

B. R. PAYNE (OIEA): El Iago Chala, que tiene 
un volumen de 3 x 108 m3, fue marcado con tritio 
de forma que la concentraci6n era de unas 2 000 
unidades de tritio. En este momento se estA midiendo 
directamente la concentraci6n del tritio en las mues
tras de agua tomadas del Iago con detectores de 
luminoforo liquido. Las muestras de agua de los 
manantiales que distan algunos kil6metros del lago 

• Estas Actas, Vol. 7, sesi6n D. 

se enriquecen por electr61isis antes de la medida con 
luminoforo. liquido. Tambien sera preciso enriquecer 
antes de su medida las muestras tomadas en el Iago 
posteriormente. 

C. A. MAWSON (Canada): No quisiera que quedara 
la impresion de que el tritio es el unico trazador 
que puede utilizarse para grandes masas de agua. 
El rio Ottawa tiene una anchura de I a 2 km y un 
caudal de unos 5 x 107 m3 diarios. Cuando estudiamos 
el grado de diluci6n de las aguas residuales del reactor 
NPD, proximo a Chalk River, aiiadimos rodamina B 
en Ia instalaci6n depuradora de las mismas. Todavia 
pudimos medir la concentraci6n de colorante en las 
aguas del rio en Ottawa, unos 250 km aguas abajo . 
Utilizamos un ftuorimetro montado en una barca, 
con registro continuo de la concentracion de co!o
rante. 

J.P. BAXTER (Australia): En Australia se ha tra
bajado con bastante exito en la determinaci6n, por el 
metodo del carbono-I 4, de la edad de las aguas en la 
gran cuenca artesiana de Queensland. Tambien se 
han utilizado con exito los diferentes metodos de 
adici6n de radiois6topos para la medida de caudales 
de rios. Me gu.staria preguntar al Sr. Payne si ha 
encontrado reacci6n publica en contra de la adici6n 
de isotopos a las aguas naturales, aunque, evidente
mente, las operaciones son seguras. Si es asi, tSe ha 
hecho algo para educar al publico en estas cuestiones? 

· B. R. PAYNE (OIEA): No hemos encontrado nin
guna reacci6n fuerte en contra del empleo de radio
is6topos en problemas hidrol6gicos. En el caso de las 
investigaciones realizadas en Grecia, por ejemplo, 
trabajamos en colaboraci6n con la Comision de 
Energia At6mica Griega que infonn6 a los habitantes 
de la zona sobre el objeto de las experiencias pro
puestas y la forma en que se realizarian. 

-i. K. HASSON (Sudafrica): En muchas minas de oro 
de Africa del Sur se plantean tremendos problemas a 
consecuencia de la afluencia de agua subteminea. 
Determinadas minas pueden bombear hasta 90 millo
nes de litros diarios de una profundidad de 
3 000 metros. Esta agua se vierte en la superficie y, 
por consiguiente, es importante saber si se pr~duce 
recirculaci6n. Se han llevado a cabo fructlferos 
estudios, utilizando unos pocos curios de yodo~ 131, 
con· Jos que se ha determinado que el dep6sito sub
terrAneo marcado contenia 9 000 millones de litros. 

La adidon de un portador adecuado para el yodo-
131 constituye un problema, ya que los cornpuestos de 
yodo son bastante caros para aplicaciones en gran 
escala. Por consiguiente, utilizamos otro haluro, el 
cloruro s6dico (sal comun) como portador**-c!Podria 
usted hacer algun comentario sobre estas tecnicas? 

•• Vease C. ]. Verwey, Actas de la National Conference on 
Nuclear Energy, Pretoria (1963). 
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B. R. PAYNE {OIEA): Personalmente, yo siempre 
trataria la cuesti6n del yodo con cierta reserva, debido 
a las posibles perdidas por absorci6n o en forma de 
yodo libre. En la investigaci6n que usted menciona 
habria sido interesante ver que informaci6n se hubiera 
obtenido midiendo el contenido en tritio natural de las 
citadas aguas. Si hubiera indicaciones de que se pro
ducia recirculacion, esto podria haber sido confirmado 
mediante la introducci6n de un trazador adecuado. 

A. MORENO y MORENO (Mejico): iCual es la actual 
tendencia en los metodos de medida del tritio? iSe 
utiliza todavia d metodo propuesto inicialinente por 
Libby o esta siendo sustituido par la medida con 
luminoforo Jiquido? 

B. R. PAYNE (OIEA): La elecci6n del sistema de 
medida depende en gran parte de las cantidades de 
tritio a determinar. La medida en un detector de 
luminoforo liquido es muy c6moda pero, en Ia 
actualidad, la maxima eficacia para la medida en 
forma de agua es del orden del 15%. Sin embargo, se 
obtiene una eficacia del 100% cuando se utilizan 
tecnicas de medida en fase gaseosa. En este caso se 
debe convertir la muestra de agua en un gas adecuado 
para la medida en el equipo apropiado. En resumen, 
ambos sistemas esttn siendo perfeccionados y ambos 
sc utilizan, dependiendo de la concentraci6n de tritio. 

W. P. BEBBINGTON (Estados Unidos de America): 
Hemos utilizado con cierto ex.ito el deuterio como 
trazador en estudios hidrol6gicos en el rio Savannah. 
El deuterio se introduce en forma de D20 y se deter
mina in situ por analisis par activaci6n con 24Na por 
reacci6n gamma-fotoneutr6n. El metodo es descrito 
por Hankell y Hawkins •. 

A. S. SHTAN (URSS): El tritio se ha utilizado en 
la Union Sovietica durante mas de diez aiios para 
estudiar el movimiento de las aguas, es decir, para 
determinar Ia direcci6n de Ia migraci6n, el flujo Y el 
movimiento de las aguas superficiales y subterraneas 
(especialmente en las regiones aridas de Asia Central); 
para estudiar el problema de las filtraciones en !as 
presas de las centrales hidroelectricas y pa_ra esttul:•?r 
el movimiento de las aguas profundas y la mundacion 
de perforaciones. En estos trabajos se ha hecho uso 
del tritio natural y de tritio aiiadido artificialmente. 
El trabajo de los cientificos sovieticos en este ca?1po 
es bien conocido y ha sido publicado en revistas 
cientificas, tanto en la Union Sovietica como en otros 
paises. 

• D,O-14Na merhod for tracing soil moisture_ mo~emenl in.the 
field, que se publicarA en Proceedings of the 8011 Science Society 
of America. 
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Les traceurs en biologie 

par C. Chagas • 

La_ contribution·ta plus importante que les techniques 
phys1~ues on_t apportee au· developpement de nos 
conna1ssances dans le domaine biologique est sans 
aucun doute celle de J 'utilisation des traceurs et 
pJus particulierement celle des traceurs radioactifs. 
On peut la comparer au role qu'a eu le microscope 
po~r. le~ sciences morphologiques. Les isotopes sont 
amves a un moment de l'evolution de la science ou 
les connaissances accumulees devaient permettre un 
developpement exponentiel de notre comprehension 
des phenomenes biologiques. 

Bien que ·['utilisation des isotopes radioactifs ait 
ete faite dans tous Jes domaines de la biologie moderne, 
c'est en biochjmie et en physiologie que les progres les 
plus notables ont ete realises: Jes principaux cycles 
du metabolisme intermediaire ont ete dechiffres et les 
vitesses de nombreux processus ont ete mesuree~ dans 
des structures biologiques plus ou moins complexes. 

L'importance merne qu'ont prise les traceurs dans 
toutes Jes recherches biologiques rend impossible une 
revue complete des resultats obtenus, puisque cela 
reviendrait a resumer les connaissances acquises en 
biologie depuis 1946. Il faut done operer un choix, 
qui sera fonde sur la portee des progres realises grace 
a l'emploi des traceurs dans Jes domaines qui, au 
moment actuel de l'evoJution de la pensee biologique, 
ont le plus d'attraits et qui debouchent sur de vastes 
perspectives d'avenir. C'est dire que ce memoire 
n'aspire pas a etre complet: il s'etforcera particuliere
ment de preciser la partie qui revient aux traceurs 
radioactifs dans l'avancement de nos connaissances. 
. L'interet de l'utilisation des isotopes radioactifs en 

b1ologie a ete reconnu a l'epoque OU l'on ne possedait 
que des isotopes radioactifs naturels. C'est ainsi 
que G. Hevesy {IJ a utiUse le plomb 210 pour aborder 
un probleme de physiologic vegetate. Mais le pas 
decisif en ce qui concerne l'application des isotopes en 
bioJogie a ete franchi par la decouverte de Ia radio
activite artificieJle par F. Joliot et I. Joliot-Curie [21 
puisque les elements chimiques les plus importants 
en biologic sont des elements legers dont les isotopes 
doivent etre prepares artificiellement. 

Deux. dates importantes sont celle de l'utilisation 
du phosphore 32 par Hevesy [3] et ceHe de Ja prepa-----• Institut de biophysique de I'Uoiversite du Bresil, Rio de 
Janeiro. 
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ration de la thyroxine marquee a l'iode [4]. Ce n'est 
qu'avec Ia mise au point des reacteurs nucleaires que 
fa production des radioisotopes devint suffisante pour 
permettre une generalisation de Jeur emploi et l'essor 
de la preparation des molecules marquees soit par 
voie chimique, soit par biosynthese. Des perfec
tionnements techniques importants ont facilite les 
recherches: compteur a flux gazeux, chambre d 'ioni
sation proportionnelle, compteur a scintillation liquide, 
emulsions nucleaires. 

L 'utilisation des traceurs radioactifs repose sur les 
considerations suivantes: 

a) On admet qu'un radioisotope suit dans un sys
teme donne les memes voies metaboliques que l'element 
stable correspondant. Ce postulat est valable pour les 
traceurs dont fa rnasse atomique est proche de cefle 
de ]'element stable correspondant. II est discute pour 
certains isotopes, en particulier pour le tritium, qui 
est trois fois plus lourd que l'hydrogene normal; 

b) La sensibilite de la methode, qui permet frequem
ment de detecter des masses inferieures au my sous 
reserve que la radioactivite specifique du corps utilise 
soit suffisante dans le cas des traceurs radioactifs ou 
que le flux de neutrons soit assez eleve dans le cas de 
l'analyse par activation; 

c) La facilite avec laquelle un compose marque 
peut etre suivi grace a Sa radioactivite; 

d) La possibilite d'etudier le comportement de 
systemes biologiques intacts sans perturber Ieur fonc
tionnement . 

ll ~onvient d 'ajouter que [es isotopes radioactifs 
ou stables peuvent etre utilises conjointement aux 
diverses techniques physiques ou chirniques, dont 
ils accroissent considerablement la portee. 

Enfin, l_'emploi des traceurs a permis d'introduire 
le parametre temps dans de nombreuses experiences 
ou ii etait impossible de l'utiliser auparavant; de 
nouvelles voies de recherche sc sont ainsi ouvertes 
grace a l'analyse cinetique. 

Compte tenu de ce qui precede, nous pensons que les 
exemples qui vont suivre sont particulierement aptes 
a illustrer Jes diverses utilisations des traceurs en 
biologic, de la chimie a la physiologie en passant par 
Ia pharmacologie. 
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H2CO-CO- C 15 H31 

Figure 1. Formule developpee du 1ulfo\ip\de 

UN SULFOLIPlDE DES PlANTE.S VER.TES 

Le premier cxempte concemera ta mise en evidence 
d'un compose naturet inattendu ct l'elucidation de 
sa constitution sans quc cc compose ait cte isole sous 

. forme chimiquement pure. A.A. Benson et al. {51 
cultivercnt des organismes photosynthetiques dans 
un milieu contenant du uso1• Us reussirent a ex.traire 
a la lumiere Jes lipides et les separerent par chromato
graphic su.r papier suivie de radioautographie: la 
radioactivite est concentree dans une tache qui doit 
correspondre a un sulfolipide inconnu. Dans un 
second temps, l'organisme photosynthetique est cultive 
a la lumiere en atmosphtre de 14COa et l'extrait lipi
dique est chromatographic comme precedemment, 
ce qui permet d'obtenir le sulfolipide unifonnement 
marque au carbone 14. 

L'hydrolysc acide du sulfolipide donna naissance a 
du glycerol (A), des acides gras (B) et un compose 
inconnu (C) migrant trcs peu sur Ie papier, deux fois 
plus radioactif que le glycerol et devant done contenir 
2 x 3C =6C. Si l 'on hydrolyse le sulfolipide marque 
au S5S, toute la radioactivite se trouve dans (C), dont 
l'acidite correspond a celle d'un sulfonate. (C) donne 
une osazone et une hydrazone et peut etre acetyle: 
ii s'agit d'un hexose-sulfonate, plus precisement du 
glucose-6-sulfona te. 

La radioactivite des acides gras marques au 14C 
indique Ja presence de 34 atomes de carbone. Une 
sulfolipase vegetale enleve un seul acide gras (6) qui 
est identifie a l'acide linoleique (C-18). Le second 
acide gras est libere par hydrolyse acide et est identifie 
a l'acide palmitique (C-16). 

Si l'on tient compte de la stabilite du giyceryl
glycoside-6-sulfonate vis-a-vis de la beta-galactosidase 
et de sa sensibilite vis-a~vis de l'a/pha-galactosidase, 
on peut etablir la formule complete du sulfolipide 
inconnu (fig. )). 

Les proprietes du sulfolipide sont celles d 'un 
detergent et son role dans les chloroplastes semble 

etre de stabiliser les couches successives de chloro
phylle et de lipoproteines. 11 peut en outre servir de 
reserve soufree et de transport pour le sulfite. 

ANALYSE PAR ACTIVATION 

L'analyse par activation est en plein developpement. 
Con~ue initialement pour doser des quantites tres 
faibles d'elements - notamment des oligoelements
rendus radioactifs par capture de neutron {7, 8}, elle 
est devenue une technique complernentaire de la 
chromatographie sur papier [\ \ }. La rnethode ne peut 
etre appliquee qu'aux elements susceptibles d'etre 
rendus radioactffs et presentant une section efficace 
de capture de neutrons suffisante. La separation du 
rayonnement induit d 'autres rayonnements parasites 
se fait soit en operant la mesure de la radioactivite 
dans un domaine donne du spectre, soit en laissant 
decroitre les elements a periode plus breve que celle 
de l'element interessant, soit en effectua.nt une sepa
ration prealable par voie chimique. C'est ainsi que 
Keynes et Lewis l9J ont mesure la teneur en sodium 
et en potassium du nerf en repos et du nerf stimule, 
et ils ont constate que la stimulation s'accompagnait 
d'une augmentation de la teneur en sodium et d'une 
diminution de ta teneur en potassium. Comar a dose 
l'iode thyroidien total (lOJ. 

L'analyse par activation ne peut pas s'appliquer 
aux molecules organiques, car !'activation li~ere e~ 
general l'element de ses liaisons chimiques. La d1fficul~e 
peut etre tournee en employant la chromatographic 
par activation, ainsi que l'a montre A.A. Benson [I l)· 
Les composes organiques non radioactifs sent sep~res 
par chromatographie bidimensionnelle sur pap1er, 

. puis le chromatogramme est irradie par un flux de 
neutrons. Les impuretes activables du papier chromato
graphique ont des periodes breves et on attend le_ur 
decroissance pour mesurer la radioactivite indmte 
dans les composes que l'on desire doser et dont 
l 'identite est etablie par l'autoradiographie. Les 
composes phosphoryles se pretent tres bien a ce genre 
d'analyse [11). Beaucoup de composes ne sont pas 
activables directement; on peut alors les transformer 
en derives contenant un atome activable tel que le 
brome. C'est ainsi que l'on peut doser les acid.es 
organiques sous forme d 'esters P-bromo-phenacyles, 
!es oses et acides cetoniques sous f orrne de P-bromo
phenylhydrazones, et les acides amines sous fonne de 
P-bromo-benzenesulphonylamides [12}. 

L'ASSIMILATION DU CARBONE 
DANS LA PHOTOSYNTHtSE 

ET DANS LA CHIMIO-AUTOTROPHIE 

L'assimHation chlorophylienne comprend deux. p~o
cessus distincts: 1) la conversion de l'energie solar re 
en energie chimique dans les chloropla~tes; 2) la for-
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mation de glucides et de divers composes organiques 
a partir du CO2 de l'atmosphere. 

L'etude du premier processus et son expression en 
tennes physicochimiques et biochimiques est difficile, 
comme toute etude de transformation d'une forme 
d'energie en une autre; elle en est a ses debuts et 
s'oriente vers des voies interessantes. 

L'etude du second processus - celui des voies 
metaboliques du carbone - _ peut etre consideree 
comme achevee dans ses grandes lignes. Elle a abouti 
a l'etablissement du cycle photosynthetique (13J. 

Une nouvelle technique d'application tres generale, 
a permis en queiques annees de resoudre le probleme 
pose. Elle consiste a associer Ia chromatographie 
bidimensionnelle sur papier a la radioautographie, 
qui revele la presence des composes radioactifs formes 
a partir d 'un substrat marque, et permet ensuite 
l'etude dynarnique des reactions biochimiques d'un 
organisme intact [14). Plus predsement, elle cornprend: 
a) l'etude cinetique· de }'apparition de la radioactivite 
dans Jes metabolites intennediaires, dont on mesure 
la radioactivite totale et dont Ia nature chimique 
devra etre etablie; b) la mesure de la radioactivite 
presente dans tel ou tel atome de divers metabolites; 
cJ la repercussion de modifications brusques des 
conditions exterieures, telles que la suppression de 
l'illwnination OU la diminution de la concentration en 
anhydride carbonique, sur le marquage de divers 
metabolites. 

Si l'on expose une plante verte a de l'anhydride 
carbonique marque, le premier produit stable forme , 
est l'acide 3-phosphoglycerique [15]. La degradation 
cbimique de l'acide 3-phosphoglycerique a etabli que 
la radioactivite etait incorporee d 'abord dans le 
groupe carboxylique puis ulterieurement dans les 
atomes de carbone alpha et beta. Mais les resultats 
indiquaient que les atomes de carbone alpha et beta 
ne provenaient pas directement du 14CO2, mais du 
ribuJose diphosphate, dont la presence venait d 'Stre 
etablie dans les plantes vertes [I 6]. La fixation de 
CO2 correspond done a une carboxylation du ribulose
diphosphate, qui se scinde ulterieurement en deux 
molecules d•acide phosphoglycerique, dont une 
seulement contient le carbone 14 nouvellement 
incorpore. 

L'acide 3-phosphoglycerique est ensuite reduit en 
3-phosphoglyceraldehyde et en dihydroxyacetone
phosphate. qui se condensent en fructose-diphosphate 
[J 7]. selon un processus inverse de celui de la 
glycolyse. En fait, le marquage des hexoses est plus 
complique, puisque le · C4 est plus marque que le 
(;, et puisque Ci et ½ sont plus marques que C5 
et C, [18]. Ces constatations ne sont pas en 

· desaccord avec le cycle photosynthetique puisque 
l'asymetrie du marquage C:,-C4 peut resulter de la 
masse variable du pool de la dihydroxyacetone, dans 
laqueJie la dihydroxyacetone marquee se dilue, et 

celle des atomes (;-C2 et C5-C6 peut tenir a 1a rever
sibilite de l'action de la trancetolase. Cinq triosephos
phates forment trois pentosephosphates (13). 

Deux experiences ont etabli !'existence de relations 
cycliques entre 1 'acide phosphoglycerique et le ribulose
diphosphate au cours de l'assimilation chlorophy
lienne: si l'on eteint la lurniere, la concentration en 
ribulose-diphosphate baisse rapidement [19) du fait 
que la reaction de carboxylation continue a l'obscurite 
et. que la phosphorylation du ribulose-5-phosphate 
cesse, faute d'ATP qui est produit a la lumiere. 

D'autre part, si on fait baisser brusquement la 
tension de CO2 au cours de la photosynthese, on . 
observe une augmentation rapide du marquage du 
ribulose 14C-diphosphate. et une diminution de l 'acide 
phosphoglycerique marque [20}, ce qui s'explique par 
le falt que le ribulose-diphosphate est le substrat. de 
la reaction de carboxylation aboutissant a la formation 
de l'acide 3-phosphoglycerique. 

Diverses tentatives ont ete faites pour identifier 
le premier produit de fixation . de l'anhydride. car
bonique; elles n'ont pas permis d'isoler avec cert1t~de 
un compose instable qui soit precurseur de l'ac1de 
3-phosphoglycerique, meme en travailla~t a tres 
basse temperature et en utilisant des te~hn,ques ~lus 
douces que celles de la chromatographic sur pap1er. 

En conclusion a chaque tour du cycle, une molecule 
de CO est fixee' et une molecule de ribulose-diphos
phate :st resynthetisee. 11 faut six tours pour former 
un hexose et douze tours pour former un <lisaccharide 
comme le saccharose. 11 ressort de ce qui precede 
que Ia complexite des etapes intermediaires du cycle 
photosynthetique ~ rapporte dans. la fi~e 2 -
est telle qu'il e0t ete pratiquement 1mposs1ble de les 
etudier sans l'aide des traceurs radioactifs. 

L'assimilation du carbone dans la chimio-autotr~
phie a Iongtemps intrigue les bacteriologistes. ~n sa1! 
que Wino grad ski a decouvert l' existence de bactenes q UI 

requierent !'anhydride carbonique comme seul substrat 
carbone [2lJ. Depourvues de chlorophylle, c~s bac
teries chimio-autotrophes se developpent parfa1tement 

figure %. Cycle de !'assimilation de !'anhydride cubonique 
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a l'obscurite en utilisant l'energie d'ox.ydo-reduction. 
provenant de l'oxydation d'un substrat mineral 
couplee a Ia reduction d'un autre substrat mineral. 

L'etude de l'assimilation du carbone par l'une de 
ces ~acteries, Thfobacif lus 11riooxidans, a montre que le 
s~hema de fixation d anhydride carbonique est iden
tlque a cehd de l'assimilation chlorophylienne [22, 23] 
- apres unc courte exposition au uco2, la repartition 
de la radioactivite dans les atomes de carbone de 
l'aci~e 3-phosphoglycerique, du ribulose-diphosphate, 
du sedoheptulose-diphosphate, est identique a celle 
que l'on observe dans !'assimilation chlorophylienne. 
Le rnarquage des atomes de carbone est parfaitement 
syrnetriquc ct toute 1a radioactivite est pratiquement 
prcsente en Ca et c.: il faut admettre dans ce cas que 
le pool en dihydroxyacetone-phosphate est tres petit. 

La nature cydique du schema est etablie soit en 
abaissant brusquement ta concentration en compose 
rcducteur (thiosulfate): le ribulose.1'<:-diphosphate 
diminue et l'acide 3-phosphogtycerique-1'C augmente, 
soit en abaissant la concentration en 14C02 : le ribulose-
1'C-diphosphate s'accumute et l'adice 3•phospho
glyccrique diminue [23]. Le cycle du carbone decrit 
a propos de l'assimilation chlorophyllienne est done 
general, puisqu'il s'applique egalement aux micro
organismes autotrophes. 

En cc qui concerne l'etude de la conversion de 
l'energie d•oxydoreduction en energie uti1isable par 
la cellule, il a ete possible de demontrer que l'ATP 
est le premier produit riche en energie forme. 11 n 'a 
pas etc possible. neanmoins, d'etablir les etapes 
intermediaires precedant la formation d'ATP [24]. 

LE CODE GENETIQUE 
ET LA SYNTH~SE DES PI\OTEINES 

Parm, les travaux qui concernent le controle de 
la synthcse d'une molecule proteique par le code 
genctique, beaucoup auraient ete irrealisables sans 
l'aide des traceurs lourds et radioactifs. On doit a 
Crick ct Watson [25] le concept du code genetique, 
qui, pour la biologic rnoderne, represente l 'une des 
idees les plus stimulantes. 11 n'entre pas dans notre 
intention d'exposer les theories actuelles relatives au 
code genetiqueet au mecanisme par lequel t'ordonnance 
des quatrc bases des acides nucleiques conditionne 
l'incorporation des 20 acides amines qui entrent, dans 
un ordre determine, dans la composition des proteines. 
Les figures 3 et 4 resument le role du code tel qu 'il 
a ete mis en evidence pour des bacteries, en parti
culier pour £. coli et ses phages. 

On voit sur le schema de la figure 4 qu'une molecule 
d' ADN situee dans un gene sert de matrice a l'ARN 
rnessager, auquel elle transmet des informations 
codecs par la sequence de ses propres bases. Les bases 
complementaires des nucleotides se conjuguent. 
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Figure 3. Representation schematique de la synth~se 
proteique: 

I . Acide desollyribonucleique: 2. Acide ribonucleique messager 
porteur du code; 3. Ribosome; 4. Ribosome et ARN code; 
S. Acide amine; 6. Acide amine active; 7. ARN de transfert 
(ARNT); 8. Acide amine active lie a l'ARN de transfert; 9. Con
jugaison des bases de 1' A RN ribosomique avec celles de I' ARNT 
specifique pour un amino-acide donne et formation d'une chaine 
polypeptidique; 10. Transferase; 11. Liberation de la chaine 

peptidique · 

Le processus est semblable a celui de la replication 
de l'ADN, qui assure la permanence d'un caractere 
et 'au cours duquel la double helice de l'ADN se 
divise et chaque ruban d' AON se conjugue avec des 
nucleotides du pool, pour former deux molecules 
nouvelles. 

L' ARN messager porte en soi l'information ne
cessaire a l'incorporation d'un acide amine dans 
une chaine peptidique. La sequence de trois 
bases porte le nom de triplet et les triplets seront 
identifies au niveau du ribosome par l'ARN de 
transfert, auquel est attache un aminoacide active 
provenant du pool. 

Le role de l' AD N dans la transmission de I 'infor
mation genetique ressortait des experiences d'Avery 
et al. [26] relatives au principe transfonnant du 
pneumocoque. La preuve irrefutable fut apportee par 
Hershey et Chase [27]. Ces auteurs ont marque le 
phage T

2 
en utilisant le phosphore 32 pour l'ADN 

et le soufre 35 pour ks proteines, puis ils ont infecte 
des bacteries. lls ont constate que la radioactivite 
du 32P etait presente dans le phage nouvellcment 
synthetise a l'exch.t..;ion de la radioactivitc du 3liS. 
Cette experience etablit l'importance de l'ADN clans 
la transmission de !'information genetique et exclut 
une participation proteique dans ce processus. Puis 
Meselson et Stahl (28] ernploient l'azote lourd pour 
etudier le mecanisme de replication de l'ADN; 
des bacteries sont cultivees dans un milieu contenant 
11•NH-lCl comme unique aliment azote, puis sont ensuite 



D0U~LE HfLICE 

ADN 

ALIGN EM ENT DES 

NUCLtOTI DES SUR 

UNE TRANCHE DE 
L' Hf LI CE 

POL YM E R I SAT ION 

D£ LA MOLtCULE 

DU ARN m 

RIBOSOME/ 

/A RN 

ARNT 

A A♦ 

POL YMI!: RASE 
PEPTIDl<iUE 
TRANSFl!RASE 
P O L Y. P E P T I OE 

A-ADENINE 

T-THYMINE 

C-C YT OS IN E 

U-URACIL 

G-G U AN 1 NE 

, 87't 

SESSION G P/874 C. CHAGAS 

T-T-A-T-T-T-T-A..C-T-T-A-T-C-C-T-C-G-T-T-C 
I I I I I I I I I I 1 I I I I I I I I I I 
I I I I I I I I I I I I I I I I I I I I I 

A-A-T-A-A--A-A-T-G-A·A-T-A-G-G·A-G-C-A-A-G 

A-A-T-A-A-A-A-T-G-A-A-T-A-G-G-A-G·C-A-A-G . 
I I I I I I I I I I I I I I I I I I I I I 
I I I I I I I I I I I I I I I I I I I I I 
I I I I t I I I I I I I I I I I I I I I I 
UUAUUUUACUUAUCCUCGUUC 

~ 

I I I I I I I I I I I I I I I I I I I 
I I I I I I I I I I I I I I I I I I I 

I I I I I I I I I I I I I I I I I I I I I 

257 

(a) 

( b) 

( b} 
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I I I I I I I I I I I I I I I I I I I I I 
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AAUAAAAUGAAUAGGAGCAAG 

LfJ 4J 4-J 4-J 4-J 4-1 LfJ 
TYR PHE HIS ISOLEU GLY ALA SER . 

[ TYR - PHE - HIS_ ISOLEU-Gl...Y - ALA - SER I 
TYR _ T Y R O S i N E 

PHE --PHENILALANINE 
HIS _HISTIDINE 

ISOLEll- l S O LE U C r N E 

GLY _;... G LY C I N E 

A LA - A L A ,N I N E 

SER -SERINE 

figure 4. Formation du ARNm et codage d'un polypeptide 
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transferees dans un milieu neuf contenant du chiorure 
amm_onium ordinaire. Par centrifugation dans un 
gradient de densite de cesium, l'ADN marque a 
razote 15 est separe de l'ADN ordinaire. 

11 resulte de ces travawc que la molecule d • ADN 
se reproduit de fa~on semi-conservative, c'est-a-dire 

· que la double helice d'ADN se dedouble et se replique 
en fixant des nucleotides du pool sur' !es bases azotees 
de chaque ruban d'ADN qui sert de moule. 

D'autre part, Ochoa et al. [29) ont prepare des 
polyribonucleotides synthetiques, et Kornberg et al. 
[30} ont obtenu des polydesoxyribonucleotides synthe
tiques par voie enzymatique. Pour determiner la 
frequence avec laqueUe un nucleotide donne est lie 
aux autres nucleotides, Kornberg et al. ont mis au 
~~t l'analyse sequentielle du voisin immediat, qui 
utilise le nucleotide marque au 32P (30A). C'est a 
l'heurc actueUe la methode la plus interessante pour 
essayer de dechiffrer l'ordonnance des bases. 

L'cxistence d'un ARN labile au moment de la 
multiplication viralc a etc demontree par Volkin et 
Astrachan {31} a l'aide du np et du systeme E. coli 
et phage T2• En sc fondant sur'ce travail sur ce1ui de 

. ' 
Brenner tt al. {32} et sur celui de Gros et al. [33J, 
Jacob et Monod (34] ont postule l'existence d'un 
ARN messager servant d'intermediaire pour \'infor
mation genetique. Brenner et al. [32] ont associe les 
isotopes lourds 16N ct UC, destines a pennettre ,me 
separation des acides nucleiqucs par gradient de 
dcnsitc aux isotopes radioactifs uc et ftp utilises pour 
marqucr les acides nucleiques et 86S utilise pour 
marqucr Jes proteincs. lls ont demontre qu'apres 
!'infection d'£. coli par le phage T,, un ARN labile 
est formc, qui s'attache a l' ARN des ribosomes exis
tant avant l'infection. Gros et al. [331 ont pu cx.traire 
cette ARN labile et en ont determine la constante de 
sedimentation. 

Les polyribonucleotides prepares par Ochoa et al. 
[291 peuvcnt servir de modele pour comprendre le 
r6le de l'ARN messager. Un messager synthetique 
polyuridylique induit la formation de la chaine de 
potyphenyl-alanine dans un systemc contenant des 
ribosomes bacteriens (Nirenberg et al. (34} et Ochoa 
et al. [35D. D'autre part, Jukes [35Al a essaye de 
comparer les mutations portant sur u.n seu1 acide 
amine aux chaogements d 'une base unique dans 
certains triplets d'ARN messager. 

En.fin, Weiss et Nakamoto (36] ont polymerise des 
ribonucleotides en presence d'ADN, et l'ARN obtenu 
etait moule par le «primer» d'ADN. 

Du point de vue morpho1ogique, l'activite de 
J'ADN et de l'ARN peut etre mise en evidence dans 
les chromosomes polyteniques des glandes salivaires 
de Chironomide et de Rhynchosciarae. A l'aide de 
thymine, de cytidine et d'uridine marquees au tritium, 
Ficq et Pavan [37J ont montre par l'autoradiographie 
que J'ADN et l'ARN etaient synthetises • dans Jes 
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renflements que presentent ces chromosomes et que 
l'activite variait d 'un point A l'autre des chromosomes 
en fonction de l'ltge de la larve (fig. 5). 

L' ANALYSE CIN~TIQUE 

Les premieres etudes entreprises a l'aide de traceurs 
radioactifs se proposa.ient de resoudre des problemes 
simples, et la notion la plus importante qui en decoula 
fut celle de renouvellement et d'equilibre dynamique 
[38]. Depuis quelques annees, les problemes ont 
evolue et sont devenus plus complex.es: l'interpretation 
des resultats fait appel a l'analyse cinetique, c'est-a
dire a l'analyse mathematique et a l'elaboration de 

·modeles. 
L'analyse cinetique se propose de dechiffrer, a 

!'aide de radioisotopes, Jes donnees experimentales 
telles quc la variation de radioactivites specifiques en 
fonction du temps, pour les traduire en parametres 
physiologiques, dans lesquels la radioactivite n 'apparait 
pas, telle que, par exemple, les masses composant le 
pool echangeable ou les vitesses des principaux 
processus physiologiques (masse par unite de temps). 

Les principes de !'analyse cinetique peuvent ltre 
resumes de la facon suivante: 
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a) 0~ inti:odu_i! rapidement, dans une phase liquide 
du systeme etud1e, une quantite negligeable en poids 
de traceur radioactif; 

b) Des prelevements echelonnes dans le temps 
pennettent de determiner la variation de la radio
activite specifique en fonction du temps; 

c) ~•expression mathematique de la variation de 
la, radioactivite specifique est composee generalement 
d une somme de fonctions exponentiellcs decrois
santes, dont le nombre est reduit au minimum compa
tiole avec la precision des mcsurcs. 

' 
·. d) L'expression mathematique qui reflete le fonc-
tionn~ment du systcme etudic doit etre resolue et 
tradwte en un modele qui rende compte des donnees 
conn_ues ~e la physicochimie, de la biochimie, de la 
physwlog1e et de la pathologie. 

L'anal · · · yse c1netique a permis de distinguer deux 
types de mouvements: mouvement d'echanges entre 
deux phases, qui ne t·accompagne pas de variation 
de ma~se~ et mouvement irreversible, qui s'accompagne 
de vanatton de masse (Jes processus d'excretion par 
exempJe). ' 

En outre, le fait que !'evolution en fonction du 
temps de la radioactivite specifique puisse s'exprimer 
sous. fo~e _ d 'une somme de fonctions exponentielles 
suggere I extstence de compartiments dans Ies modeles. 
Il convient de remarquer que le systeme doit com
prendre ~n nombre de compartiments egal au nornbre 
~e fonchons exponentielles, sous peine de devenir 
:115°luble. Si le nombre de compartiments est superieur 
a_ d~ux, plusieurs modeles peuvcnt etre envisages qui 
diJfereront entre eux par la disposition des comparti-
11!:nts et leur liaison par l 'intermediaire de processus 
d echanges et par le ou les compartiments sur lesquels 
porteront les entrees et les sorties irreversibles. 

Dans !e cas le plus simple, celui de deux comparti
~en~s, s1 Jes phenomenes d'echanges sont univoques, 
Il existe cependant de nombreuses combinaisons en 
ce qui concerne la disposition d'une ou de plusieurs 
entrees et sorties irreversibles. Tous ces modelcs sont 
egal~ent vraisemblables du point de vue mathe
matique, et ii faudra choisir cclui qui tient le mieux 
compte de l'ensemble des donnees connues. · 

Salomon (39] et Robertson [40) ont montre les 
J)OSsibilites d 'etude qu 'off re l 'analyse cinetique a l'aide 
de quelques exemples theoriques. 

L'analyse cinetique rend de grands services pour 
l'etude du metabolisme mineral, et le comportement 
du calcium et du fer a fait l'objet de nombreux travaux 
qui tenaient compte des considerations precedentes. 

Chez le rat, I 'association de la methode des bilans 
a !'interpretation de la decroissance de la radioactivite 
specifique du calcium serique apres injection intra
\'eineuse de "6CaC12 a pennis a Milhaud et al. [41] et 
A.ubert et MiJhaud [42] d'etablir un modele a deux 
compartiments et de mesurer les principaux para• 

Figure 6. Modele du metabolisme du. calcium chel le rac 

Masse du compai:timent P contenant le calcium sanguin, le 
calcium extracellulaire, le calcium cchangeable des tissus mous 
et la fraction rapidement echangeable du calcium de l'os. -
Masse du compartiment E, representant le calcium, plus lente
mcnt echangeable de l'os. - Vitesse d'echange entre ces com
partiments, Ve. - Anabolisme 'OSseux, Vo..-. - Catabolisme 
osseux, V ,,__ - Excretion du calcium endogene fecal, Vf. -

Quantile de calcium absorbee, au cours de la digestion, Va 

metres du metaboiisme du calciwn, qui sont repre
sentes sur la figure 6. 

Ce modele a ete utilise pour etudier l'cffet, sur le 
metabolisme du calcium et de l'os, du rachitisme 
experimental et du traitement par Ia vitamine D2 [4JJ, 
de la cortisone [43], de l'hypophysectomie et du 
traiternent par Ia somathormone et la thyroxine [44], 
des glandes thyroides et parathyroides [45], de l'age 
[46], et des relations entre les divers processus chez le 
rat normal [47]. 

Dans le cas du metabolisme du fer, qui est parti
culicrement important pour l'ctude de l'erythrocine
tique, le modele initial comportait un seul comparti
ment [48], puis deux [49]; sa fonne simplifiee actuelle 
en comporte trois [50]. 

Ces modeles ont rendu de grands services pour 
eiucider Jes mecanismes physiopathologiques des 
affections interessant le metabolisme du calcium, du 
fer et l'erythropoiese. Ils presentent un interet parti
culier pour evaluer I 'importance de I 'incorporation 
des radioelements dans la biosphere. 

INFLUX NERVEUX ET MOUVEMENTS IONIQUES 

Certains aspects de la theorie ionique de Hodgkin 
et Huxley [51], par Iaquelle ces auteurs expliquent 
la fonnation et la propagation du potentiel d'action 
des nerfs, ont ete confirmes par !'utilisation de sodium 
et de potassium marques. Cette theorie admet un 
changement de penneabilite de la membrane de l 'axone 
produisant un influx de sodium et un efflux de potas
sium. Les principales caracteristiques de ces flux ont 
ete precisees par Keynes (52] et les valeurs observees 
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sont en accord avec les resultats obtenus par les 
methodes electrophysiologiques. 

Enfin, la production d'un potentiel d'action modifie 
ces flux, ainsi que la theorie le prevoyait. 

LE CURARE ET LE PROBL£ME DU RtCEPTEUR 

Dans ses l~ons sur Jes substances toxiques et 
medicamenteuses .. Claude Bernard a demontre que 
le curare paralysa1t Jes muscles en agissant au niveau 
de la plaque rnotrice. · Puis ii faUut attendre une 
centaine d'annees pour que le mode d'action du curare 
puisse ctre ctudie en termes biochimiques. Des que 
des ~gents curarisants marques furent prepares _ 
curansants de synthcse tels quc le TR1Ec.1cc [53] 
ou curare naturel tel que le diiodo•methylate de 
!'ether dimethylique de la D-isochondodendrine-1'C 
[SJ) ou la dimethyl-o-cubocurarine-14C - Ies progres 
furen~ tres rapides. L'organe clectrique d'Electrophorus 
electricus se cornporte comme une plaque motrice 
geante, dont I~ curarisation abolit le potentiel {54], et 
~~ns un premier temps !'agent curarisant marque fut 
JOJecte par Chagas et al. [SS, 561 dans !'animal vivant 
pour en suivre la distribution dans l'organisme et 
l'elirnination. lorsque la rcponse clectrique est abolie 
l'organe e1ecirique est extrait et ta radioactivite se 
trouve liee a une fraction de poids moJeculaire tleve 
{57), qui fut identifiee 1 un mucopolysaccharide 
acide [58}. 

Compte tenu du fait que le curare n'est pas meta
boli~ dans l'organisme. il fut ainsi possible d 'etudier 
in vitro la liaison de divers agents curarisants avec le 
mucopolysaccharide acide purifie et de montrer l 59]: 

1) Que le rneme nombre de µM de curare est lie 
par mg de mucopolysaccharide adde, qu'il s'agisse 
d'un curarisant nature! possedant dewc groupes 
d'ammonium quatemaire, ou de curarisant synthetique 
possedant trois groupes d'ammonium quaternaire. 
La liaison agent curarisant-mucopolysaccharide a<:ide 
ne correspond done pas a la neutralisation stoechio
metrique de fonctions acides par des fonctions am
monium quaternaire; 

2) Que le deplacement d •un agent curarisant par 
un autre agent curarisant est du type competitif; 

3) Que l'~uilibre atteint est le meme quel que soit 
l'ordre d'addition des agents curarisants. 

Si l'on rnesure l'affinite du mucopolysaccharide 
pour divers composes ayant des fonctions ammonium 
quatemaire par Ja quantite de compose necessaire 
pour deplacer 50 % du curare fixe sur le mucopoly
saccharide, on voit que les quantiles varient de J micro
mole pour l micromole a l micromole pour 100 micro
moles, et on peut ainsi classer les differents agents. 

Si l'on compare J'affinite de la liaison des curarisants 
in vitro avec le pouvoir de curarisation in vivo, on ne 

peut qu'etre frappe par le parallelisme entre les <lelll 
faits [59]. 

Le mucopolysaccharide represente un modele mole
culaire permettant d'etudier Jes interactions existantes 
entre Ia partie active d 'un recepteur et des agents 
pharmacoliques renfermant· des fonctions ammonium 
quaternaire. 

Si l'on utilise la plus petite unite intacte du tissu 
electrique, l 'electroplaque isolee [60], on peut suivrc 
le processus de fixation du curare marque et le relier 
a l'abolition progressive de la transmission de l'influx 
nerveux. On peut aussi relier la defixation du curare 
au processus de recuperation progressive de Ia trans
mission de !'influx (61]. 

L'autoradiographie a montre que fa fixation des 
curares dans l'organe electrique in vivo s'etfectue 
dans les synapses et dans du tissu conjonctif [62]. 
P. Waser a obtenu des images semi-quantitatives qui 
illustrent }'inhibition de la transmission cholinergique 
dans le diaphragrne du rat [63]. 

Ainsi done l'utilisation d 'agents curarisants marques 
a permis d'aborder un probleme fondamental de 1a 
phannacologie, celui des recepteurs spccifiques des 
agents phannacologiques 164}. 

CONCLUSIONS 

Pour terminer, degageons les perspectives qui se sont 
ouvertes en biologic grlke aux techniques d'utilisation 
des traceurs radioactifs. 

Nous avons vu comment !'existence de composes 
ch.imiques inconnus se revele par l'intermediaire de la 
chromatographie sur papier suivie de radioauto• 
graphie. Dans un cas privilegie, qui n'a cependant 
aucune raison de rester unique, la constitution chimique 
a ete etahlie a I 'aide de quelques microgrammes d'une 
substance qui n'a jamais ete isolee a l'etat chimique
ment pur. 

Nous avons vu par quelles etapes metaboliques 
}'anhydride carbonique etait incorpore dans la plante 
verte intacte ou dans la bacterie chimio-autotropbe, 
et, si la source d 'energie differe dans Jes deux cas, le 
cycle du carbone est exactement le meme dans l'assi
milation chlorophyllienne et dans l'autotrophie. 

Nous avons vu comment la diversite des especes 
vivantes, la variete des structures et des fonctions 
qui sont parvcnues jusqu 'a nous, la reproduction 
d 'individus de la meme espece, peuvent etre ramenees 
a l'etude du code genetique, qui controle la synthese 
des enzymes necessaires a la differentiation celluJaire 
et au maintien des processus vitaux. 

Nous avons vu comment, a l'aide de ranalyse 
cinetique, on pouvait mesurer des compartiments et 
des processus inacessibles a la mesure directe, sans 
perturber l'organisme etudie. 

Nous avons vu comment l'etude du phenomene 
de curarisation permettait d'aborder un probleme 
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pharmacologique fondamental, ~elui du recepteur 
de l'agent pharmacologique: le groupe actif du recep
teur peut etre isole et represente un. modele mole
culaire permettant d'etudier les interactions avec 
divers mediateurs et agents pharrnacologiques. 

Souvent on evite de perturber le systeme etudie, 
pour obtenir une image de son fonctionnement aussi 
normale que possible. Mais une perturbation judi
cieuse peut rendre au cours de l'analyse cinetique de 
grands services, soit en mettant en evidence des 
relations cydiques entre certains intermediaires au 
cours de l'assimilation chlorophyllienne ou de l'auto
trophie, soit en precisant le mecanisme des regulations 
qui assurent l 'homeostasie des organismes, puisque 
le type meme de reponse a Ia perturbation doit ren
seigner sur le tyPe de regulation. 

fl est hasardeux de faire des pronostics concernant 
les prochaines decouvertes qui seront dues a I'utili
sation des traceurs. Cependant, il semble logique de 
prcvoir que nos connaissances progresseront dans 
le domaine reliant les aspects morphologiques des 
structures et ultrastructures aux donnees biochimiques. 

Grace a I 'utilisation des radioisotopes, nous sornmes 
a meme de dechiffrer de nombreux messages - dont 
le code genetique n'est qu'un exemple - et ii ya tout 
lieu de penser que nous ne sommes qu'a l'etape du 
balbutiement du langage de la vie. 
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ABSTRACT-RESUM~-AHHOTA Ul-1R-RESUMEN 

A/874 BruU 

Tracers In biology 

8y C. Chagu 

Although Hevesy demonstrated the usefulness of 
natural radioactive elements in 1923, it was not until 
the discovery of artificial radio-elements by Joliot
Curie in 1934 and the subsequent developments in 
the production of radioisotopes by means of cyclotrons 
and nuclear reactors, that significant progress could be 
made in biological, biochemical and physiological 
research. 

The examples given in the paper show the importance 
of the use of the tool of radioactive tracers and radio
isotope techniques in solving biological problems or 
giving a clear picture of biological processes. 

Using ndioactive sulphur and carbon media for 
photosynthetic organisms, the presence of sulfolipids 
can be confirmed and their properties established. 
The various applications of activation analysis, its 
advantages, disadvantages and additional variations 
for analysing organic or biological compounds are 
discussed. A detailed review is given of the processes 
involved in the assimilation of carbon dioxide by 
plants and bacteria through photosynthesis with the 
use of 1'C- labelled carbon dioxide, as well as the 
kinetic processes involved. The elegant ways in which 
isotope techniques have contributed to answering the 

question of how the genetic code of cells influences 
and regulates the biosynthesis of proteins are also 
shown. Finally, some examples are given of kinetic 
studies, such as the metabolism of calcium and iron, 
the relation between ion movement and nerve impulse 
and the problem of receptors of pharmacological 
agents as curare. 

A/87 4 6paa1tJ1MII 

PaAMOaKTHBHble HHAHKaTOpbf B 61-10110-
rHH 

C. Warac 

XoTR XeBemn e~e B 1923 r. noRaaaJI ~e$eco-
o6paanocTL HCIT0JIL30BaHHJI CCTCCTBCHIILIX: pa,11.110-

aKTHBHhlX aJieAlellT0B, no T0JibR0 IT0CJJe OT1'pb1TH1l 

D.Cl<YCC'l'BeHHblX pa;a,HoaKTHBHhlX 3JleMeHT0B iKo
JlHO-ll'.IOpH B f934 r. H nocne~y10m;ux yco»epmeH
CTBOBaHnii npoqecca nony•renn11 pa,11.n:oal(THBHLl::t 

lf30T0U0B Ha l.OlK1IOTpoHax II B fl;tepHLIX peaNTO
pax y;i.aJIOCh t1,ocT1irHy1"1, cym;ecTBemn,1x ycnexou 
B 6uoJ1on11rect:nx, 6uoxHMH'leCRHX 11 <}>nauoJiorn
lfec1mx HCC.1e,n:0BaHIUIX. 

IT pnBet1,eHHLie B J),OKJ1a11,e JipmrepbI noKa3LIBaIDT 
:ma'lemrn npHMenemrn: noro ROBoro cpet1,cTBa -
pa,:J.noaKTIIBHblX lnt,11.Jl}{aTopoB H pa~HOH30TOURl,I.X 

MeTo,1toe npn pememm 6nonorH'lecmtx npo6JJe1'1 

JIJJH JI,.Jlll nonyqeHnH ncuo:ii 1rnp-i-11H1>1 6noJJor111Je
CKoro npou,ecca. 
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IlyreM Jicno,'H,3onarurn pa,l11oa J.Tnnnoii cep'U 11 

yrJ1epo;i.11oii cpe,'J.LI ,lJHI oprannaMon, ocymecTBMl
lOil\HX !pOTOCIIHTCa, Momuo nmrn:rnn, npucyTCTBHe 
ry.uqJO.UUJH.l,08 II onpeJJ,CJIJITL llX CBOiicTna. Pac
CHaTpHBalOTCJI paa.1nquue 11p11Ml'Hemrn aKTIJ11a-
1i11ouuoro aHaJJnaa, ero npeJJMYlltPCTBa, He;:(ocnn
i.11 It cne1uia.,Mu,1e IIJMenenuH ;noro MeTo;i.a ;i.:rn 
aRa.ll1.~aa opram111cct-11x mm fi110.11ornqecK11x cop,;u1-
nr111111. JlaeTrn no,1po6uwii o6aop npoQeccou, can- • 
33BHLlX C YCBOl'HlleM pacTCllJU!Mlf ][ 6a1itep11.RMU 

;1Byo1rncn yrnepo,1a. Meqcm1oii C14, nyreM (f>OTo
r»nrc:ia, a ra1rnrn JalHenmy an1x npo1(eccon. 

Tai.me IlOKaaam, 11:rn~HblC MCTO;(b[ 1130TOJIHOii 

TeXlflU,H, no~_BOJIJIBillJfe BhlHCIIJITh RHJiJllf o6paao.u 
refleTn'leCK1111 HO;t 1c1ero1- 01-a:n,macr nmumttc u 
~ery.111pyeT 6HOCUHT(':J JJl}OT('IIHOB; II, HaJ-oHe~. 
.talOTC11 ueirnTopwe llpUMPpu 1-:JIIICTJl'JeCl<UX HC

C.1C;:{OBam1ii - llCTa60.1J113M J.aJihI.UUI H iJWJJl.'3a 
833HMOCB113L MCiK;iy ABJlil\CHitCll JJOIIOB JI nepn2 
llld)I JllfITY,'lbCOM, II HpOOJICMa JJCl~CllTOpOB TalillX 
cfiapi1aa.oJJonl'1ec1mx arenToo 1.a-.. :i-;ypape, 

Los trazadores en biologfa 

por C. Chagas 

A/874 Brasil 

Si bien Hevesy demostr6 en 1923 la utilidad de 
los elementos radiactivos naturales, hasta que los 
fisicos Joliot-Curie descubrieron en 1934 los radio
elementos artificiales y hasta la subsiguiente evoluci6n 

en la producci6n de radiois6topos rnediante ciclo
trones y reactores nucleares, no se pudieron realizar 
progresos irnportantes en Ia investigaci6n biol6gica, 
bioquimica y fisio16gica. 

Los ejemplos quc se presentan en 1a · mcmoria 
ilustran la importancia de la utilizaci6n de los traza• 
<lores radiactivos y de las tecnicas radioisot6picas 
para resolver· problemas biol6gicos o para formarse 
una idea cabal de los fen6menos bio16gicos. 

Mediante el uso de azufre radiactivo y medios 
carbonados en los 6rganos de la fotosintesis se ha 
podido confirmar la presencia de sulfolipidos y esta
blecer SUS propiedades. Se discuten las diversas apli- , 
caciones del amilisis por activaci6n, sus ventajas, 
_inconvenientes y variaciones adicionafes ~n el analisis 
de compuestos organicos o biologicos. Se examinan 

· detenidamente los procesos que entraiia la asimila
ci6n de di6xido de carbono por las plantas y bacterias 
merced a la fotosintesis utilizando di6xido de carbono 
marcado con u.c, asi como los procesos cineticos 
correspondientes. Tambien se muestra de que manera 
tan brillante las tecnicas isot6picas han contribuido 
a la resoluci6n del problema de c6mo el c6digo 
genetico de las celulas influye sobre la biosintcsis de 
las proteinas y la regula. Por ultimo, se presentan 
algunos ejemplos de estudios cinetiq:,s, como el meta• 
bolismo del calcio y el hierro, la relacion entre el 
movimiento i6nico y el impulso nervioso, y el pro
blema ·de los receptores de agentes farmacol6gicos · 
como el curare. 
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Advances in the use of isotopes and radiation sources 
in agriculture and food science 

By H. Broeshart,• C. M. Cho,• L. E. Engelbert,• L. E. Ericson,* M. Fried,* 
H. Goresline ••, J. Keller, • K. Mikaelsen, ** J. Moustgaard,•0 8. Sigurbjornsson* 
and P. B. Vose• 

Food production is the world problem of our time. 
About half the total world population is under
nourished, and it is predicted that the world population 
will be doubled by the end of this century. A corre
sponding increase in food production must be achieved. 

Increasing crop yields and animal production 
requires a varied technology, involving plant breeders, 
soil scientists, entomologists, plant pathologists, 
animal physiologists, veterinarians, etc. When the 
food has been produced there are problems of 
storage and processing. Losses in storage alone are 
enonnous. 

There is not one major field of agriculture or food 
science where isotopes or radiation cannot be used 
either to improve production or, more often, to 
carry out research, treatment or processing hitherto 
impossible. 

Since the Second Geneva Conference there has 
been steady progress in the application of nuclear 
techniques in all fields; in some consolidation and 
refinement, in others the development of new ideas. 
Thus there has been much work on food irradiation, 
and the problems of wholesomeness, palatability and 
economics are steadily being overcome. Radioactiva
tion analysis appears to have considerable potential 
for the detennination of trace elements in soils and 
biological materials, but many problems of procedure 
still remain for establishment on a routine basis. 
Of current interest is the development of reactors 
for the desalination of water for crop irrigation, but 
where the economics of the process remain a major 
problem. · 

This paper attempts a brief assessment of the present 
status of nuclear techniques in the most important 
areas of agriculture and food science. 

• Unit of Agriculture, Division of Isotopes, International 
Atomic Energy Agency, Vienna. _ 

• • Atomic Energy Branch, Food and Agriculture Organi
sation of the United Nations, Rome. 

••• Consultant to the International Atomic Energy Agency, 
Vienna. 

TRACERS AND SMALL RADIATION SOURCES 

Soils 

Soil chemistry 

Isotope techniques have opened a wide field in 
soil chemistry. The availability of plant nutrients is 
governed by: (a) the chemica1 potential of the elements 
in the soil solution; (b} the rate of movement of 
elements from the solid phase into the soil solution; 
(c) the magnitude' of the nutrient reserves that are 
able to move into the soil solution during crop develop
ment. 

The application of the isotope dilution ~aw. to 
equilibrium soil solution has enabled the ~et:rmmat_ton 
of ion exchange equilibria. Not only 1s 1t possible 
to study systems of very low salt concentration and 
low moisture content, but also these analyses can be 
done without extracting the soil with empirical extr~c
tion techniques. The use of empirical extraction 
techniques for the determination of adsorbed_ ele~ents 
invariably introduces large errorsduetochem1cal inter· 
action of soil and extractant [I, 2, 3]. By means of 
radioactivation analysis it is now possible to study 

· equilibrium soil solution of soil under natural moisture 
conditions, and detect quantities of elements that are 
far below the sensitivity of ordinary chemical methods. 

264 

The introduction of carrier-free radioisotopes 0 _r 
isotopes of high specific activity to equilibrium sot! 

· · f the rates systems has enabled the detennmation o . 
at which the reserves are able to exchange Wtlh 

I. . f 
elements in the soil solution. The app 1cation ° 
isotope techniques to ion exchange kinetics has 
yielded important information on the nature of_ the 
various exchange mechanisms of cations and anions 
in soil systems [4, 5, 6, 2, 7, 8, 9, 10, 11~ 12]. . 

The magnitude of nutrient reserve m the SOil, the 
so-called "labile pool" has been determined not only 
in soil suspensions but also with soils of normal 
moisture content, using the plant as a mea.ns ro~ 
sampling the soil solution and for the determmatto 
of its specific activity [13, 14, 15, 2, 16, 17, 18, 9, 19J. 
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Soil fertility 

When a plant i~ confronted with two sources of an 
element of different availability, it will take up the 
ele~en~ . from both sources in proportion to their 
ava1lab1hty. .1_'he application of this concept, using 
labelled fertilizer material, has resulted in a rapid 
development of all kinds of techniques with a: view to: 
(a~ comparing the availability of elements in different 
sotI~~ (b) comparing the availability of elements of 
f~rt1hzers of different chemical nature and particle 
s12e; (c) determining appropriate methods of fertilizer 
.applicati?n whi~~ result in the highest efficiency of 
the apphed fertilizers; (d) determining the best time 
of application offertilizer; (e) determining the residual 
value of fertilizers; (f) determining the interaction 
between different fertilizers. 

In. all the above cases, an exact me~ning can now 
be_ given to the availability_ of elements in the soil, 
usmg the availability of a particular fertilizer as a 
standard of comparison and the plant as the soil 
extractant [20, 21, 2, 22, 3, 16, 23, 24, 25, 9]. 

Soil physics 

The measurement of soil moisture by the neutron 
method is now well established [26, 27, 28]. 

There are substantial advantages in the neutron 
det~rmination of soil moisture, including direct and 
rapid determination in the field, repeated recording 
at any desired depth without further· disturbing the 
soil, instantaneous equilibration with soil moisture 
and its insensitivity to salt concentration in the soil'. 
Problems have centred around calibration of the 
instrument, and a number of papers have been con~ 
cemed with the efficiency of the method [29, 30, 31, 
32, 33, 34, 35]. Among studies made are: water-air 
space relations in soils (36], water availability for 
crops [37], control of moisture in gl_asshouse studies 
[38], and the measurement of infiltration characteristics 
of soils [39]. The initial cost of the equipment is at 
present a hindrance to wider use. 

Soil density play be measured by counting gamma 
rays emitted from a source and back-scattered by 
soil atoms to the detector. One study showed that 
the procedure was as precise as conventional soil 
core methods and over three times as fast [40). The use 
of gamma radiation to measure soil moisture has 
also been described [41, 42], and has been successf~lly 
applied to research on unsaturated water flow in 
soils [43, 44J. The internal water status of plants in 
relation to soil moisture supply has similarly been 
determined by beta-ray gauging [45]. 

The thermodynamics and kinetics of soil moisture 
have been investigated using a 60Co EDT A complex 
and it was possible to follow the change in the relation
ship between fluxes of moisture through the liquid 
and gaseous phases under varying conditio,ns [46). 
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The hydrophysical characteristics of peat have been 
studied using35S and131I asnon-sorbable indicators [47]. 

Plants· 
Plant physiology 

Tracers remain indispensable to progress in plant 
physiology. 

Thus, basic studies have continued on the absorption 
of nutrient ions by plants, extending our knowledge 
and theory of the process concerning 'almost all the 
major elements [48, 49, 50, 51, 52, 53, 54]. The absorp
tion and loss of nutrients by leaves have also been 
studied [55, 56, 57]. 

Substantial work on translocation has been con
cerned with the movement of assimilates, that is 
products manufactured by the plant, in tobacco [58], 
the soybean [59, 60, 61, 62], wheat [63, 64] and sugar 
cane [65, 66]. Carbon-I 1 with a half-life of only 
20.4 minutes has been used directly following pre• 
paration in the cyclotron [61). After the ac_tivity had 
been allowed to decay, it· was possible to use the 
same p]ants again · under different experimental 
conditions. An ingenious technique has been used to 
measure the lateral movement of assimilates in plants, 
consisting of exposing a leaf to 14C and then measuring 
the activity of honeydew from an a phis colony feeding 
on the opposite side of the stem [67, 68, 69]. Other 
studies have been concerned with the movement of 
inorganic ions in plants [70, 71, 72, 73, 74]. 

Instances of the use of isotopes, particularly u.c, 
in problems of synthesis and metabolism are many, 
but we may, note as representative the investigations 
of glucose utilization [75, 76], the incorporation of 
proline into proteins [77], malonic acid biosynthesis 
[78J, acetate utilization [791 and the incorporation of 
magnesium into chlorophyll [80]. 

· Plant pathology 

Losses in world agriculture due to plant diseases 
are obviously enormous. Tracers have been used for 
the study of the metabolism and physiology of the 
diseased or injured plant [81, 82J to study the trans
location of fungicides [83] and the fate of fungicides 
in the plant [84]. 

The quantitative evaluation of spray deposits, 
including the pattern of spraying and the losses due 
to rainfall has been studied using plant protection 
chemicals made radioactive by neutron irradiation 
[85]. Distribution patterns were investigated by 
autoradiography of the leaves. 

The uptake of fungicides by fungal spores has 
been :;tudied [86, 87]. In one investigation (87] using 
uc labelled fungicides, it was found that even with 
dosages as low as I ppm the spores removed large 
quantities of toxicant in a short time, but that the 
amount required to inhibit 50% of the spores was 
large. 
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~h:re appears to be scope for much greater use of 
rad101sotope tracers in plant pathology problems. 

Weed$ 

. Ra~ioi~otopes have played an important role in 
mvesugahons on the absorption. translocation and 
mode of action of herbicides and the persistence of 
herbicide residues. 

Elegant autoradiographic techniques have been 
deve!~ped l88~ for the precise study of the comparative 
mobility of different labelled herbicides [89] and the 
fact~r~ affecting translocation [90. 91J. The effect of 
herb1c1des on metabolism has been studied through 
the use of HC labelled compounds (92 93 94 
95}. . . . 

Work on 2.2-dichloropropionic -acid (DCPA or 
Dalapon) illustrates the manifold approach that is 
possible with isotopes, with studies on penetration 
and translocation {96], distribution and metabolism 
[97], general physiological action [98] and its absorp. 
tion from soil [99). 

Plant breeding 

In striving to increase world food production 
the~e is_ an incrcasi_ng demand for better crop plant~ 
whsch yield more. ripen earlier, resist diseases, drought 
a~d co)d, can utmze · heavy fertilizer applications 
without lodging, and lend themselves to mechanized 
planting and harvesting. The impro-vement in the 
plant's response to the natural environment and to 
rapidly developing agricultural practices depends on 
better genetic constitution. The discovery that the 
natural mutation rate could be .multiplied by the use 
of radiation opened up a vast new potential for the 
plant breeder [100). 

Mutation breeding has become increasingly impor
!ant i~ recent yea~s because the plant breeder, through 
mtens.1fied breeding of certain crop plants, is. running 
out of natural variability for further improvement, 
and the natural rate of mutations cannot keep him 
adequatly supplied with new genetic material. There
fore. there is increased emphasis on· breeding with 
plants which have been exposed to radiations-to widen 
the base of selection. Furthermore, as genes causing 
desired characteristics are now often found in wild 
species, distantly related to crop plants. radiation has 
proved to be an important microsurgical tool for 
transferring individual characters from one species 
to another [101, 102, 103). 

It has also been shown that even if a desirable 
character can be found in an unadapted variety of 
a species, it may be quicker and more economical 
to irradiate the seeds of an adapted species to induce 
the particular mutation than to hybridize with the un
adapted variety and select by means of conventional 
breeding methods [104, 105). 
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Recently a number of gamma fields have been. 
constructed in many countries, the classical gamma 
source, 60Co, being in many cases replaced with a 
better suited 137Cs source. Research reactors have 
been constructed in many countries, giving the 
advantage of a neutron source for irradiation. Some 
chemicals have been found to be efficient mutagenic 
agents [106, 107, 108]. This has resulted in increased 
research acti-vity and an improved understanding of 
the nature of induced mutations [109] and methods 
for their successful induction (I IO]. In some crop 
plants a number of induced mutations have been 
localized on the chromosomes (1 t JJ. New methods 
of screening for mutations have been formulated and 
tested [I 10, 112, 113}. 

Evidence has been found to show that artificial 
induction of mutations may not merely be the increase 
in the rate of naturally occurring mutations, but that 
there may exist differences in the spectra of natural 
and artificially induced mutations [II 4, 115]. 

Studies have shown that by alteration of the environ
ment prior to, during and after irradiation, the induced 
genetic changes may be modified and directed and 
the somatic damage reduced {I 16, J 17). · 

The mutability of the specific gene locus for resist
ance to lfelminthosporium victoriae in oats can be 
fundamentally increased by changes of the water 
content of the seed prior to treatment with X· or 
gamma rays (l l8J. 

ft has been shown that nuclear volume and chromo
some number particularly, are good indices for 
radioscnsitivity [I 19, 120]. 

Recent developments in the knowledge of mutation 
spectra of different kinds of radiations and chemical 
mutagens promise that within the near future it may 
be possible to use certain combinations of mutagens 
with appropriate modifications of the pre- and post
treatment conditions of the plant material to.induce at 
will certain specific desirable gene and chromosome 
changes {IOOJ. 

Much of the initial scepticism towards the usefulness 
of induced mutations in plant breeding programs has 
now disappeared as a result of an improved under
standing of the mutation process,.improved techniques 
of screening for mutants and important practical 
results which have recently been achieved with the 
use of radiation induced mutants in plant breeding 
[121, 122]. 

Examples of these practical results are another 
new barley variety developed in Sweden [121, 123], a 
new peanut variety (l24J, and a crown rust resistant 
oat variety [104]. 

A single X-ray treatment of Hibiscus sabdariffa 
resulted in progenies with a changed response to 
photoperiod, enabling it to grow l 000 miles north 
of its natural habitat {125]. 
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Animals 
Nutrition 

Following cJassical works in the field of mineral 
metabolism [126, 127, 128], numerous experiments 
have been carried out to study the relation between 
apparent and true digestibility of minerals, including 
trace elements, and· their distribution in the body. 
for example, the true digestibility of magnesium in 
b.ay was detennined by the use of 28Mg in studies 
with sheep [129, 130, 131J. 

Radioisotopes have enabled the location of that 
part of the intestine where absorption of various 
nutrients take place. It has been demonstrated with 
the isotope method that an excess of one mineral can 
greatly interfere with the digestibility of others (132]. 

Besides confirming previous knowledge of iron 
discribution inside the body, tracer studies with pigs 
have shown that possibly the entire intestinal tract 
takes part in iron absorption [133]. 

Metabolism 

Isotopes have been found very useful and sometimes 
indispensible tools in studies of the rate of biochemical 
reactions. such as the biosynthesis and fate of proteins, 
carbohydrates and lipids, and product-precursor 
relationship·s in these processes. Thus, while con
ventional analyses of liver biopsies do not throw any 
light on the rate of synthesis and degradation processes · 
when the liver maintains a nearly constant compo
sition, isotopes make these studies possible. Such 
studies with labelled materials have shown the role 
of the liver in phospholipid synthesis and the impor• 
tant role of phospholipids in fat metabolism and in the 

· transport of fat to the mammary tissue (134, 135]. 
Tracers have been extensively used in studies on the 

exchange of minerals between body fluid compart
ments and tissues. For example, with the use of 28Mg 
it has been possible to establish the total exchangeable 
and non-exchangeable body magnesium [129J. 

More recently it has been shown with the use of 
!BMg that during magnesium starvation, the soft 
tissue magnesium is primarily conserved and the bone 
magnesium is depleted [136]. 

Milk secretion 

The precursors of milk constituents have been 
extensively studied by the use of isotopes. Early 
experiments using isotopes had shown , that casein 
is synthesized in the mammary tissue from free amino 
acids taken up from the plasma {137]. Recent studies, 
using 14C-glucose and proxionate, have shown that 
the mammary tissue also synthesizes amino acids 
itself from non-protein sources {138]. Other tracer 
studies on milk fat synthesis have revealed many 
important facts about the origin of short and long 
chain fatty acids and glycerol {139; 140, 141]. 
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Reproduction 

Isotopes have been used in studies on spermiogenesis. 
The time interval between the formation of male 
gamete and its appearance in semen has been studied 
by injecting soluble phosphates which subsequently 
become incqrporated in DNA-32P of the sperm 
(142, 143, 144]. 

The use of autoradiographic techniques and 3H 
thymidine as DNA precursors have made possible a 
more differentiated interpretation of the age of sperm 
in the ejaculate [145]. 

The use of resin spheres impregnated with 198Au 
has made possible the exact determination of the 
speed of egg transport in the Fattopian tube [146]. 

Pathology 

Since earlier methods of using radioiodine for 
· studies on the thyroid gland [147, 148, 149, 150J are 
not fit for clinical investigations, a new, indirect way 
has been found, whereby a stabilized blood sample is 
mixed with labelled tri-iodothyronine (T3). • The rate 
of uptake of this compound by the erythrocyte 
reflects the functional state of the thyroid gland 
[151, 152]. This rapid test has been used on a large 
scale for measuring thyroid states in livestock [153]. 

In clinical evaluation of liver function the Rose
Bengal 1311 test has been useful. In sheep it has shown 
that the rate of uptake of the labelled compound is 
depressed in diseased livers (154]. 

Isotopes are also used in studies of disorders of the 
digestive system, caused by pancreatitis or biliary 
obstruction [ 155, 156, 157]. 

Evaluation of gastrointestinal bleeding is possible 
by labelling the circulating erythrocytes with 51Cr 
(158]. Labelling of erythrocytes with 51Cr .has also 
been used in studies on anaemias caused by acute 
gastro-enteritis in the ruminant [159] and in studies 
on blood compatibility in swine (160]. 

Fish 

Tracers have made it possible to tag organic materials 
and to release radioactive isotopes in water in order to 
study their uptake through various steps in a food 
system. 

The digestibility of plankton, the acceptance of 
various size particles by shellfish, the function of the 
blood in the transportation of various chemicals 

· and other such topics have been studied with greater 
ease with isotopes. 

Tracers have also provided much valuable inform
ation concerning the dispersal of fertilizers in natural 
waters. Phosphorus-32 can be added to waters and 
identified in quantities below limits detectable by 
ordinary methods. Field studies using 32P have con• 
firmed the suspected recycling of organic phosphorus 
through aquatic food organisms. Rates of dispersal 
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of fertilize·rs have always been of concern in waters. 
The use of 12P provides a tool for research on this 
problem (197). 

Insect pests 

Ecology 
An understanding of the ecology of insect pests is 

indispensable to the efficient and effective control or 
eradication of any insect species. 

By releasing known numbers of labelled insects 
and recovering both labelled and normal specimens, 
the rate of dispersal of an insect species, the maximum 
distance dispersed in a unit of time, the relative 
abundance of the insect per unit area and the longevity 
of the insect under field conditions can be determined 
(161). The day-time and night-time resting places of 
the labelled insects can also be located [162]. By 
labelling plants, the host preference and nectar 
requirements of certain nectar feeding insects can be 
detennined [163], and by labelling the food of social 
insects [164, 165, 166] the food ex.change among 
colony members can be readily studied. Mating 
behaviour of insects has also been studied by allowing 
radioactive males to mate with normal wild females;· 
from such matings radioactivity can be measured in 
the female and single or multiple matings deter
mined {166}. 

Examples of the use of radioisotopes in studying 
insect ecology are the studies on the movement of 
olive flies [167]. the dispersal of house flies [168), the 
migration of mosquitoes (I 691, and the movement of 
wire worms in the soil [170). 

Physiology 
Radioisotopes have greatly influenced progress in 

the study of the vital processes in insects. They have 
contributed to a better understanding of the physiology 
and biochemistry of nutrition [171], circulation [172], 
respiration [1731, locomotion, excretion [I 74}, secre• 
tion [17S), reproduction (176], and nervous system 
function. 

Tracers have been used in studies (l 77} on the 
permeability of 14C labelled glucose and 211Na and 
' 2K, through the continuous cellular and fibrous 
membrane that sheaths the insect nervous system, 
the biosynthesis of trehalose from carbon•l4 labelled 
o-g1ucosc in the fat body of the locust [I 78], the 
amino acid sequence in silk fibers produced by silk 
worms icd on mulberry leaves, dipped in solutions 
of carbon-14 or sulfur-35 labelled amino acids [179], 
and the intermediary metabolism of inorganic sulfur-35 
into organic sulfur-35 in insect tissues {180]. 

Control 
Insects compete with man for the agricultural 

products he produces in almost all s~ages of pro
duction, processing, storage and marketing. 
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Radioisotopes have provided an excellent tool for 
research workers to study the mode of action of 
insecticides on insects [181 ], the detoxification of 
insecticides by insects and plants [182], and the 
persistence of insecticide residues and metabolites in 
plants and plant products [183], and in animals [184]. 

An ex.ample of the application of radioisotopes in 
insect control and insecticide residues is the studies 
on the metabolism of 32P labelled Thiinent (phorate) 
by plants, insects and animals [185]. 

Eradication 
Eradication of a harmful insect species from large 

tracts of land seems to be the most economical and 
practical solution to many problems. Insects can be 
eradicated by chemical, cultural or biological methods. 
Chemical means are generaHy undesirable because of 
insecticide residues and the destruction of useful 
species, while cultural methods are generally expensive 
and uncertain. Eradication by biological means 
offer the best prospect, particularly by the sterile male 
technique. This technique utilizes the normal inherent 
mating instinct to bring about the eradication of ~ 
species without molesting any other species in the env1

• 

ronment. The technique has been found to be more 
economical than any other technique utilized (186]. 

Radiation has provided an excellent tool for induci~g 
sterility or lethal dominants in many insect species 
such as screw worm [187), house fly [188], several 
species of fruit flies, locusts, mosquitoes, tsetse fly, 
and several species of beetles {189]. 

The screw worm was eradicated from the south• 
eastern United States by releasing 50 million sterilized 
screw worm flies a week, until no egg masses co~ld 
be found on wounded animals and no normal flies 
could be collected in traps. The project required 
approximately five million dollars and saves livestock 
producers approximately twenty million dollars a 

year [190]. 

REACTORS AND LAR.GE RADIATION SOURCES 

Plant breeding 

The use of neutron irradiation for plant bree~ing 
purposes has been limited in the past by the relauvely 
small number of reactors and accelerators. As these 
facilities have become more abundant, there has 
been an increase in the use of neutron irradiation _for 
plant seeds. Though less is known about the biological 
effects of neutron than of X- and gamma irradiation, 
the information about neutron effect which has 
become available in recent years indicates that wor!h· 
while results can be expected from more extensive 

exploitation [191]. . 
More densely ionizing, neutrons are m general 

many times more effective in causing chromosomal 
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~is~u~bances than the more commonly used sparsely 
iomzm~ X- and gamma radiations [192}. Their genetic 
effec~ .'s much less dependent on the physiological 
conditions of the cell, oxygen pressure, moisture 
content. and temperature, for instance [193]. They 
affect directly the hereditary substance in the cell 
nucleus with minimum physiological damage {194]. 

Ne~trons have recently been shown to affect specific 
gc.-~es in barley in different ways to X- or gamma rays. 
This has resulted for the first time in the induction 
of specific desired mutations [ 194, J 95, J 96]. 

Food Irradiation 
Wholesomeness 

The results of extensive testing have shown no 
un~ow~rd e!fects on animals or man resulting from 
~atmg irradiated foods. Accordingly such results led 
m 1963 to the clearance for human consumption, in 
the USA, of radiation sterilized bacon and wheat 
~roducts treated by irradiation for the control of 
insects during storage. 

C?t~ada had previously permitted the use of ionizing 
rad1~t10~ for inhibition of sprouting in potatoes, an 
~pphca!1on that has also been employed on a semi
tn~ustna I scale in the. USSR. Applications are now 
being made to public health authorities to obtain 
clearance for additional irradiated products both in 
North America and in Europe. 

Disinfestation 

Control of insects is necessary to prevent losses 
~nd to keep grain clean and minimise the spread of 
insects by grain moving in international trade. 

Investigations in the UK and the USA demonstrated 
that a radiation dose of 16 000 rad is sufficient to 
sterilize or kill all insect species commonly occurring 
in stored grain (198]. This dose does not impair the 
milling and baking properties of the grain nor docs 
it decrease its nutritive value. The radiation treatment 
is practically instantaneous and disinfestation could 
thus be carried out during intake or unloading of 
grain at a terminal, in contrast to fumigation where 
treatment is carried out in static storage, If radiation 
were used for grain in bulk, it appears competitive 
with fumigation. 

IAEA has outlined a program for a pilot' plant for 
grain irradiation and is at present investigating the 
location of a proposed plant. The IAEA program 
includes a comparison of both isotope and electron 
Tadiation at commercial handling rates in oTder to 
test efficiency, reliability, economical parameters, and 
integration problems. 

A bulk grain irradiator is being constructed in the 
USA, and in the USSR grain irradiation on a semi
industrial scale has been tested with encouraging 
results. 
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Radiation sanitation 

A number of products and commodities are potential 
hazards to both human and animal health as they are 
possible sources of Salmonellae and other pathogenic 
organisms. 

Frozen meats, egg products and various feeding 
stuffs like meat, fish, bone and blood meals are among 
the most likely sources of pathogenic microbes. 
Destroying the microbes by heat treatment is costly 
and changes the appearance and texture of the pro• 
ducts. Radiation offers a promising alternative. If a 
radiation plant could be used for treating large 
quantities of product, radiation control would be 
cheaper than heat treatment. The cost for gamma 
irradiation in London of imported frozen horse meat 
would be about t4 dollar:; per ton, using a plant 
treating 13 000 ton per year at 0.65 Mrad [199]. 
Heat treatment would change the product and would 
not be practicable for this bulky material. The cost 
for radiation control of frozen egg would be similar 
to that for meat, whereas heat treatment would be a 
very costly procedure. 

Radiation for the elimination of pathogenic microbes 
in dried materials, such as meat or fish meal, is under 
investigation in several countries. In the virus field 
mention should be made of the interesting studies on 
radiation inactivation of foot-and-mouth virus in 
both moist and dry products f200]. 

Radiopasteurization 

Improving the keeping quality of perishable foods 
is an age-old problem of world-wide significance. 
There is need for a treatment technique that leaves 
the original commodity largely unaltered but prolongs 
its keeping qualities. Early hopes that ionizing radia
tion could be used to sterilize fresh foods, such as 
meats, fish and fruits, without changing taste, colour, 
texture or other qualities, have not been fulfilled. 
Nevertheless, treatment of such commodities with 
lower doses of radiation has in recent years convincing
ly demonstrated the potentials of radiopasteurization 
as a complement to refrigeration, curing, etc. 

It has been shown that it is possible to increase 
many-fold the keeping quality at refrigerated temper
atures of haddock, sole fillets, clams and crab meat 
by the use of radiation doses of the order of a few 
hundred kilorad [201]. Promising results have also 
been obtained with shrimp and oysters. It has ber,1 
calculated that in the UK this advantage could be 
achieved at an increase in the retail price of only 2 % 
[202]. The feasibility of radiation pasteurization of 
marine· products will be further tested on an industrial 
scale at a 300 000 curie 60Co radiati0n facility now 
under construction in the USA. Rapidly growing 
commercial interest in the radiation preservation of 
marine foods is predicted. 
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A major problem associated with any preservation 
~roccss for ~sh, that does not lead to a sterile product, 
1s t?e potent.tat hazard caused by Clostridium botulinum. 
Th,s da?ger?us spore-fo~ing organism is exception
ally rad1ores1stant and w1l\ survive the doses visualized 
for the. radiation pre~er~ation of marine products. 
The van?us factors '."'h1ch influence the radiosensitivity 
and toxm production of this organism have been 
studied [2?3, 204]. It has been concluded that although 
Cl. botulurum undoubtedly constitutes a potential 
hazard, this hazard is no greater than with some 
other accepted commercial products and could be 
adequately controlled by keeping the irradiated pre
packed fish at temperatures near the freezing point 
and by indicating a maximum storage life for the 
various products [202]. 

During recent years interesting observations have 
accumulated in a number of countries on the potential 
usefulness of radiation treatment of fruits. There 
is considerable agreement as to the effectiveness of 
radiopasteurization of strawberries. whilst sweet 
cherries. figs, and oranges also show promise. The 
most promising results so far come from treatments 
for the reduction of microbiological damage which 
require doses of the order of only a few hundred r 

kilorad. 
Large•scale storage and shipping studies of irradiated 

fruits and vegetables have been initiated by the USDA. 

Activation analysis 

Activation analysis has been found to be a most 
highly sensitive and versatile method of elemental 
analysis for many elements {205]. 

The recognition of the importance of trace elements 
in agriculture aroused much interest in activation 
analysis and research on its applicability and versa
tility (206, 207, 208, 209, 210, 211]. 

A complete radioactivation analytical chart for 
common trace elements in biological materials has 
recently been compiled [212, 213]. 

Recent improvements in the accuracy and versatility 
of activation analysis have greatly increased its appli
cation in agricultural research. By its use, for example,· 
it· has been possible to correlate minute quantities 
of manganese in flooded rice paddy soils with the 
degree of reduction and the productivity of such soils 

(214J. 
Activation analysis has been used to study minerals 

in biological material {209, 215]. Antagonism between 
two ionic species of the same periodic groups with 
regard to their absorption by plant roots may be 
conveniently studied with activation analysis. Classical 
chemical methods and double labelling techniques are 
far inferior for this purpose. 

Activation analysis of trace elements in insects has 
made it possible to determine their origin, as the trace 
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element composition of an insect varies with its 
habitat [216]. 

Neutron activation analysis is not generally appli
cable, but other charged particles, such as alpha, 
deuteron and proton have been successfully used to 
determine aluminium, beryllium, sodium and phospho
rus. The use of these charged particles is, however, 
rather limited by their comparatively small cross 
section and the considerable dissipation of heat from 
the target during analysis. 

Desalination of water for irrigation 

There has been considerable interest in the utili
zation of heat generated in reactors for the desalination 
of water for agricultural purposes. While the potential 
uses for providing drinking water are very attractive, 
the cost of reactor.desalinated water makes its general 
use for irrigation uneconomic at present. However, 
for off-season production of high priced vegetable and 
fruit crops this may be feasible in the future. For 
detailed information on desalination in reactors, refer 
to other papers at this conference. 

IMPLICATIONS FOR THE FUTURE 

Some applications of radiation and traces have 
greater potentialities for development than othen. 
Thus, the application of food irradiation has not 
started commercially, while in soil, plant and animal 
science we can expect few applications that are 
fundamentally new. 

Several applications of food irradiation have 
reached a stage where they can be commercially 
exploited when cleared for human consumption. 
We may, therefore, expect substantial contributions 
to food supplies through the extension of storage life. 

In entomology the use of radioisotopes should lead 
to much improved mass~rearing techniques, which 
with improved radiation sterilization. should lead 
to an increase in the number of insects which can be 
controlled by induced male sterility. 

Radiation induced mutations are likely to become 
increasingly important to plant breeders. The use of 
neutrons has so far been limited, but their increased 
efficiency in causing chromosomal disturbances with 
minimum physiological damage suggests that their 
use may increase. 

The desalination of water by heat from nuclear 
reactors has the widest implications for · areas where 
crop production is limited by lack of water. 

There are few scientific areas where radiation or 
tracers cannot play a part, either in ex.tending basic 
knowledge of crop growth, or in increasing production 
through improved yielding varieties, pest control or 

food preservation. 
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ABSTRACT-R~SUM~-AHHOTAL.tl•1JI-RESUMEN 

A/876 AIEA et FAO 

Progres dans l'emploi des radioisotopes 
et des sources de rayonnements 
dans l'agriculture 
et la science de l'alimentation 

par H. Broeshart et al. 

Les auteurs evoquent quetqucs probtemcs d'agri
culture que l'emploi des indicateurs et des rayonne
ments permet de resoudre tres facilement. II passent 
en revue quelques-uns des principaux faits survenus 
dans ce domaine depuis la deuxieme Conference de 
~cncv~. e~ 1958, ct donnent des excmples typiques 
d apphcauons modernes de ces techniques dans la 
recherche et la production agricoles. 

Le memoire a egalement trait a quelques-uns des 
resultats les p\us remarquables obtenus grace al 'emploi 
des indicatcurs ~t des rayonnements. Les auteurs y 
font une place rmportante au role des reacteurs de 
rechcrche dans la recherche agricole. 

A/876 MArAT3 H B03 

YcnexH B HCnOJlb30BaHHH HSOTonoa H 
HCT0'-4HHK08 H311Y48HHR B cenbCKOM xo .. 

3ffttCTBe 

X. 6peoxapT 

PaccMaTJHIB;llOTCR oT;(t'.1bllL1C 11poo.1CM I.I re:11,

CKOro X03RiicTBa, ROTOpLIC MofYT OLITL :ierno pc

llleffl,l C IIOMOJl.(1,JO MC'TO;\OB U30TOIIHL.IX nn;utlia
Topoe II ua.1y11i'Hlfit. PaCCMaTp1188IOTCR ocHoB-

Jll,JC yr11exu B JToii o6JJaCTU, ;(OCTHrllYTbJe 11oc.1e 
lhopoii lte»qynapO.:\lH>ii Komlit•pcltl\'1H 110 MJtp«o
MY ucnoJ11,:1onamno aToMnoii :mcpnut (llie11eea. 
1958 ro;(}. Ha i-orrnpcTHI.IX up11Mepax 110Ka:Ja11L1 
TU lllf•IHLH.' CJJy•ta If l1 plUf('lf ('HIUI :JTJIX M('TO;.\OB B 

cem,ci.oxo:u1i'1cTRcnnwx 11cc.:1<.•;i,onamrn:x 1t na npo· 
11380;.(CTJJC'. 

PaccMnTpllRaJOTCR TaJmrn HCKOTOpLIC )13 11a11-

00JICl' llMtnlLIX pcayJJhTaTnB, IIOJI),''lCHHhlX 6J1ar11-

~apa lfC110.lll,30BaHJUO 11:JOTOIIHWX ntt.:.irnaTOj)OD J( 

ua:iy•rcm1ii. Oco6oc nn11Manuc Yl\eJJSICTCR JJ0.1H 

llCCJJe,l,oBaTCJTLCliMX pcaKTOpou B C('JJJ,CnOX03HiiCT

U('11Hl,I.X UCCJIC;\OB:.\HlUIX. 

A/876 OIEA y FAO 

Progresos realizados en la utilizaci6n 
de isotopos y de fuentes de radiaci6n 
en la agricultura y en la tecnica alimentaria 

por H. Broeshart et al. 

En la memoria se esbozan algunos problemas agri· 
colas que se resuelven con facilidad aplicando tecnicas 
basadas en el empleo de indicadores y de radiaciones. 
Se examinan algunos de los adelantos mas notables 
registrados en esta esfera desde la cefebraci6n de la 
Segunda Conferencia de Ginebra, en 1958. Se dan 
ejemplos de aplicaciones recientes y caracteristicas de 
estas tecnicas en los estudios y en la producci6n 
agricola. 

Asimismo, se 'exponen algunos de los resultados 
mas importantes obtenidos gracias a los indicadores 
y a la irradiacion. Se destaca particularmente el papel 
de los reactores de investigacion en los estudios 
agricolas. 
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Advances in the use of isotopes 
and radiation sources in medicine 

By E. H. Belcher,* M. Cohen, * R. A. Dudley, * H. G. Parker, ** K. C. Tsien • 
and H. Vetter* 

This paper reviews the current status of the use of 
isotopes and radjation sources in medicine. At present, 
~tween 80 and 90 % of all isotopes which are produced 
m the world are used for medical work. The current 
rate of scientific publications on this subject is about 
J 5'J? ~r year if only diagnostic and therapeutic 
~pphcat1ons are considered, and some 4 000 per year 
if fundamental medical research is included. Hence, 
the task which the authors have been given is a most 
difficult one. Fortunately, a number of excellent survey 
papers as wen as reports on new findings were given 
~t the Second Geneva Conference. The present paper 
1s therefore confined to a review of developments that 
have occurred since then. But even so, the review must 
necessarily be a superficial one. 

. The discussions at the isotope conferences in Oxford 
m 1951 and 1954, at the UNESCO conference in 
Paris in 1957 and the two prevfous Geneva conferences 
made it clear that the most widespread and intensive 
use of isotopes in the 1950s was in the medical field. 
Since then, further advances in the availability of 
isotopes and labeUed compounds and improvements 
in equipment and instrumentation have brought about 
further increases in the scope and intensity of medical 
radioisotope work. This, in turn, has provided stimuli 
to isotope producers and equipment manufacturers to 
increase their range of products. However, two 
significant developments have been apparent during 
the period under consideration. 

During the fifties, isotopes and radiation sources 
were afmost exclusively used in the technologically 
advanced countries. Nowadays, there are only a few 
Countries, certainly not more than 20, where isotopes 
have not yet been introduced. Fig. I is a good 
illustration, compiled from figures provided by a 
Latin American country, of how rapid an increase has 
occurred in the number of medical isotope licences 
granted during the last six years. It was found impos-

• Medical Section. International Atomic Energy Agency, 
Vienna. · 

•• Radiation and Isotopes Unit, World Health Organization, 
Geneva. 
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sible to obtain reliable figures on isotope production 
. for medical purposes irt the whole world but Fig. 2 is 
· thought to be representative of recent trends. The data 
by a European producer show a steady increase in 
annual shipments of medical isotopes, whilst figures 
supplied by a firm in an Asian country show a much 
more rapid and nearly exponential rise. Also during 

. this 'period, a number of countries outside America 
and Europe have acquired research reactors which 
are now producing isotopes on a modest scale. In some 
of them, sufficient quantities of medically important 
isotopes such as 1311, 32P and 198Au are produced not 
only to satisfy the country's own needs but to permit 
export of appreciable quantities to neighbouring 
countries. In certain pa.rts of the world the use of some 
short-lived isotopes such as 24Na and 42K has become 
an economic proposition for the first time since it is 
no longer necessary to pay for the long-distance air 
transport of heavy containers. 

The other significant development is that nuclear 
medicine is beginning to be recognized as a medical 
speciality of its own. The number of those who still 
hold the view that isotopes are a tool that can be used 
by any medical doctor as can a microscope, is rapidly 
diminishing. Chairs of nuclear medicine have been 
established in a number of medical faculties; National 
and multi•national societies of nuclear medicine have 
been organized not only in Europe and the United 
States but also in Asia and in Latin America. Together 
they have several thousand members and publish their 
own specialized journals of nuclear medicine. Looking 
back at the way in which the medical applications of 
X-rays grew to proportions that required the establish
ment of radiology as a medical discipline in its own 
right, there can be little doubt that nuclear medicine 
will take the same course. 

DIAGNOSTIC APPLICATIONS 

Isotopes and labelled compounds 

Some idea of how greatly the availability of radio
isotopes and labelled compounds has increased further 
in the last five years may be gained from the issues of 
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the International Directory of Isotopes published by 
theJAEA in 1959, 1962 and 1964,respectively(Table 1). 
While not al\ of the items listed in this Directory are 
used in medical work, the availability of radioisotopes 
and compounds for medical use has certainly increased 
in a parallel fashion. The past six years have seen 
numerous further improvements · in shipn,ent by 
producers of radioisotopes in reliable and standardized 
fonn, sterile and ready for human use. 

Table 1. Statistics on availability of radioisotopes 
and labelled compounds 

(From IAEA International Directory of Isotopes and Labelled 
Compounds) 

Fint 
(1959) 

Number of suppliers listed • 44 
Number of isotopes and 

labelled compounds listed 
(excluding stisbte isotopes); 

Different items . · . . l 400 
Number of entdes a • • 5 600 

Edition 

Second 
(1962) 

64 

I 950 
7500 

Third 
(196-4) 

83 

2 950 
12 300 

• In most ca~. a particular item is marketed by more than one 
producer. 

There have been certain developments in this area 
which deserve special comment. The use of certain 
radioisotopes in medical wor~ is limited by their short 
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physical ha1f-lives which make transport over long 
distances uneconomical. In the last decade, methods 
have been developed that permit the milking-off of 
certain short-lived isotopes from a longer-lived pa~ent 
isotope. The principle of this method is not new for 
it has long been employed to obtain short-lived radon 
from long-lived radium for the preparation of seeds 
used in interstitial radiotherapy. In a similar way, 
the 78-hour half-Hf e of 13ZTe is now- being shipped in 
a so-called "cow" to the consumer who, by simple 
manipulation, can milk off the 2.3-hour 1321. This 
isotope has found many applications in tests of 
thyroid function, blood volume measurements and 
circulation studies. 1321 is formed continuously from 
the parent isotope so that the "cow" continues as a 
source of 13i1 over several weeks. Other short-lived 
isotopes now obtainable in this ingenious way are 
'1.8A), 137BA, &8Ga, HOLa and tllTcm. 

There are other short-lived isotopes which cannot 
be so produced and therefore have to be used quite 
near the place of production. An extreme example 
is the 2.1-min 150, the use of which in cardiac an? 
pulmonary function studies is a technical and organ1-
zational tour de force. However, with the prospect of 
small cyclotrons being established at an incre~sin~ 
number of universities and medical research mstt
tutions, we may look forward to an increasing use ~f 
cyclotron-produced neutron~deficient radioisotopes m 
medical work. 

Great interest has recently been shown in the use 
of isotopes that emit gamnia-rays of low energy. 
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!h: pa_rticular advantage of such isotopes is found 
m in m•o uptake and localization studies, since the 
l~wer gamma.ray energy makes possible the use of 
lighter and more efficient collimated scintillation 
counters. Typical examples of such isotopes are 
''fem_ and 197Hg. m1 is also now widely used and is 
replacing 1311 in many applications. In these it is 
favoured not so much because of its low photon 
en_er;y, although it is used with advantage in certain 
scmtigraphic studies, but because the absence of 
particulate radiation lowers radiation dose to the 
patient and the longer half-life permits longer storage 
of compounds labelled with this isotope. Low-energy 
gamma-ray emitters such as 12.s1 or 147Pm also hold 
so~e promise _for a quite different diagnostic applic
ation, n~mely their use as radiation sources in port-
able radiographic equipment. _ 

Much progress has also been made in the production 
0 ~ new_l~belled compounds, particularly those labelled 
with tnt1um and 14C. Improved methods of production 
are_ ~lso giving labelled compounds of higher specific 
actJ~ity a notable advantage in many medical tracer 
studies. This is particularly true with tritium-labelled 
compounds, where the use of the Wilzbach technique 
often results in specific activities of the order of curies 
~r millirnol. The latest edition of the IAEA Directory 
hsts no less than 600 tritium-labelled compounds as 
commercially available. 

Equipment and techniques 

The most significant general advance in this field 
has been the introduction of fully transistorized 
electronic equipment into everyday medical isotope 
~ork. The availability of such equipment is of particular 
Importance in the developing countries for it is likely 
to stand up to rough conditions better than equipment 
With thermionic tubes and, furthermore, printed 
~rcuits incorporating transistors are readily replaced 
tn the event of break-down. Moreover,_ equipment 
!Uanufacturers are making determined efforts to set 
up efficient maintenance and repair services through
out the world, so that the task of keeping scalers, 
pulse height analysers, ratemeters, etc., in good 
working order is considerably less formidable now'
adays than it was five years ago. 

For in vitro measurement of low-energy beta
emitters such as tritium, 14C, 35S and ' 5Ca, liquid 
scintillation counting has become a routine method. 
Available equipment is highly automated, counting 
efficiency has greatly increased and self-quenching of 
coloured samples such as urine and plasma has largely 
ceased to be a problem. Both in liquid scintillation 
counters for low-energy beta-emitters and in solid 
well-type scintillation counters for gamma-emitters, 
automatic sample changers with data print-out have 
become available, allowing measurements of large 
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numbers of samples to be done overnight and freeing 
valuable technician time for other work. 

Considerable effort _has been made to improve the 
sensitivity and versatility of scanning• equipment 
designed to record automatically the distribution of 
gamma-emitting isotopes in the body or its organs. 
Conventional scanning machines with moving detec
tors now on the market embody a scintillation counter 
with a 5 inch sodium iodide crystal and large multi
hole focussing collimators giving greatly improved 
depth resolution. Magnetic tape may be used to store 
the information recorded and methods of background 
suppression and -contrast enhancement using photo
recording or closed-circuit television techniques are 
used to discard unwanted information and to emphasize 
information of potential diagnostic significance. 

· Parallel to these improvements of scintigraphic tech
niques employing moving detectors. the recording of 
isotope distribution with stationary detectors has also 
made considerable progress with the development of 
so-called scintillation cameras. The particular advan
tage of these instruments over conventional scanning 
machines lies in their ability to record changes of 
isotope distribution within periods of minutes so that 
quite rapid changes in distribution of radioactive 
materials in the body or one of its organs can be 
followed on a two-dimensional display. 

The development of whole-body counters for 
radiation protection work has offered clinicians the 
possibility of using these instruments for measuring 
the absorption and retention of small doses of radio
isotopes in diagnostic studies. According to a recent 
JAEA survey, more than 60% of the whole body 
counters now in operation are also used for clinical 
research work. Many of the counting systems developed 
for radiation protection work arc in fact too sensitive 
for diagnostic isotope applications and counters are 
now being developed that will be simpler and cheaper 
but still adequate for clinical work. The use of whole
body counters not only allows a reduction of radiation 
dose to the patient but also elifl)inates the troublesome 
and often incomplete collection of human excreta; 
however, whether these instruments will become 
established in routine medical isotope work remains 
to be seen. 

Many of these advances in in vivo measurement 
techniques are due to the progress that has been made 
in the production of large scintillation detectors. 
Sodium iodide crystals, the most useful general pur
pose scintillators, are now available in diameters up 
to 11 inches and thicknesses up to at least 5 inches. 
Caesium iodide crystals, offering a somewhat greater 
sensitivity per unit volume, have become available in 
somewhat smaller dimensions. Calcium iodide crystals 
have very recently shown promise of detecting lower 
energy radiation with higher resolution, but they are 
still , in the experimental stage. The most exciting 
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development of recent years in the area of radiation 
detection is, no doubt, the possibility of using solid 
state radiation detectors. At present, they are too 
insensitive and too difficult to use for widespread 
application in medical work, but their excellent 
energy resolution holds great promise for the 
future. 

The last six years have also seen the beginning of 
a more intensive use of electronic computers in 
medical isotope work. Analogue computers can use
fuUy be employed to analyse turnover data in radio
active tracer studies and to determine such parameters 
as pool sizes and rates of synthesis and degradation. 
Digital computers, on the other hand, appear to be 
particularly suited to the analysis of complex gamma
ray spectra recorded in whole-body counting studies 
or in neutron activation analysis. · 

Neutron activation analysis, although not strictly a 
medical application of isotopes, should be briefly 
mentioned here. This is in a very early stage of its 
development but there is no doubt it will find many 
applications in medicine, particularly for the deter
mina~ion of trace clements in human tissues or body 
fluids. Certain elements such as arsenic, iodine or 
sodium can already be determined without too much 
difficulty. The measurement of others, such as manga• 
nese or zinc requires more elaborate procedures and 
it will probably be several years before it becomes clear 
whether this method has a lasting place in clinical 
research work. 

· Advances In appllcatlons 

Improvements in diagnostic applications of radio
isotopes in clinical medicine have proceeded along 
the expected lines outlined at previous conferences: 
simplification of technique, reduction of radiation 
dose, choice of the most reproducible tests. increased 
reliability of isotopically labelled materials and count
ing equipment. and subjectjon of a wider variety of 
organs and conditions to scrutiny by isotopic methods, 
particularly by gamma-ray scintillation scanning and 
scintillation camera techniques. The time since the 
second Geneva Conference has been a period of 
further refinement of applications without the develop
ment of startlingly new ones. There has been a clari
fication of the real clinical, usefulness of many diag
nostic radioisotope procedures. Some simple, depend
able ones are in the ascendancy, finding their way into 
ever increasing numbers of general hospitals through
out the world. Others, once appearing equaUy promis
ing, have not progressed beyond the research stage. 
Some examples of procedures that are widely used, 
or show promise of wide usefulness, will be presented 
here. · 

l31I is still the isotope used in by far the greatest 
quantity and th.e 24-hour thyroid uptake test with 
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1311 still the most common isotopic test of thyroid 
function. The use of 1321, although a well developed 
procedure which reduces radiation dose to the patient 
strikingly, has not displaced 1311 for this purpose in 
more than a few centres. ru1 has recently become avail
able at competitive prices and will undoubtedly be 
increasingly used for clinical thyroid tests in the next 
few years: 

Widespread exchanges of standards and of informa
tion on methods of measurement in vivo have increased 
the accuracy of radioiodine uptake measurements, 
but have a1so disclosed rather wide variations in the 
results reported by various clinical isotope labora
tories (Fig. 3). Recent improvements in commercial 
equipment for measurements in \'ivo wilt make it 
easier to achieve more uniform results in the future. 

The radioactive triiodothyronine test of thyroid 
function, which requires no administration of radio
activity to the patient, and which was rather new at 
the time of the last Geneva Conference, is now quite 
widely used, especially as a screening procedure. 
Substitution of a resin for the red cells originally used 
in this procedure has further simplified it. 

The radioisotope renogram, a test of kidney 
function that involves the administration of a labelled 
substance selectively excreted into the urine and the 
recording of its passage through the kidneys by 
detectors placed over these organs, has become a w:H 
established procedure. Numerous refinements in 

technique have been suggested. Ortho-iodo-hippurate 
labelled with 1311, and more recently with 1251, has 
become generatty available for isotope renography. 

T 

,. 
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Figure 3. Resulu of 219 calibrations of thyroid radioiodine 
upnke measurements performed in 36 medical isotope labora
tories by an IAEA expert, el':pres~ as the ratio o( observed !o 
true uptake. About a third of at\ observed values were more th n 

10% in error 
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~s material is more selectively excreted by the 
kidney and has a lower uptake in the liver than the 
labe~le_d diodrast first· available for the purpose. 
Rad101sotope renography is still semi-empirical, as 
reflected by the wide variety· of methods of data 
analysis in the literature. However this situation is 
im~r~ving and in the next few years ~ore quantitative 
rad101sotope tests of kidney function will probably 
be developed. • 

Renograms used together with intravenous pyelo
~ms (the standard contrast X-ray examination of the 
kid~eys) h~ve proved very helpful in selecting hyper
tensive patients for study by aortography and divided 
renal _f~ction tests. This is an excellent example of 
a rad1~1sotope test fulfilling its promise as a simple 
screen~ng test, often eliminating the necessity for more 
extensive procedures that carry much greater risk to 
the patient . 

. Ga~a-ray scintillation scanning procedures for 
dtscerrung the distribution of radioactive material 
in the body or one of its organs have made consider
able progress. Scintillation scanning of such organs 
as thyroid, liver and brain has spread, with the 
development of good commercial equipment, into 
a great many of the large general hospitals. _ 

In liver scanning, it has been found that valuable 
information can be obtained by performing a number 
of scans in different planes. Use of gamma-camera 
techni~ues, in which the time required for a single 
scan 1s much reduced, permit such studies to be 
carried out on a routine basis. 

Theoretically, the best resolution for brain tumour 
detection is probably provided by positron scanning 
and positron camera techniques. Although these 
methods have been well established in a few centres 
for some time, they are not yet widely used because 
of the complexity of the equipment and the fact that 
the cost of the appropriate positron-emitting isotopes 
remains high. The steady improvement in equipment 
and reduction in cost of isotopes may soon make 
widespread application of positron scanning a reality. 
At present, however, other gamma-emitting isotopes 
appear equally useful and brain scanning is being done 
with a variety of gamma-emitting isotopes and 
recording techniques. A vast number of labelled 
rnateria!s have been tested for better tumour local
ization, but 203Hg-labelled neohydrin and 1311-labelled 
serum albumin are still the most widely used com
pounds. Many studies have been done with these 
rnaterials and the role of these techniques in diagnosis 
of brain disorders is more clearly defined. Sometimes, 
brain scanning provides information that can be 
obtained in no other way (Fig. 4). Moreover, in view 
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Figure 4. •trc• lateral photoscan ofthe head. Increased uptake 
c,f material In a superficially located brain tumour [11 

Figure S. · 10Hg-neohydrin photoscan of the kidneys. The uptake 
defect in the le~ kidney corresponds to :a. tuberculous lesion [2] 

the brain than the common radiographic procedures 
for the examination of this organ. 

In the past few years, techniques for scanning of 
kidney, bone, spleen and pancreas have also proved 
clinically valuable. Figure S illustrates the use of 
scanning procedures to study the topography and 
anatomy of the kidneys; however, scanning is begin
ning to be used also to investigate renal function. The 
use of the gamma-ray scintillation camera promises 
to give a continuous visual presentation of the passage 
of radioisotopic materials through the kidneys with 
reasonably small doses and in the next few years may 
well replace the renogram as the standard test. 

Scanning of the lung, bone marrow and lymph nodes 
has shown to be useful clinically and is also moving 
into the general armamentariwn of nuclear medicine. 
Scanning procedures of the heart and the stomach 
are examples of new achievements in the visualization 
of individual organs. but have yet to prove their 

of its freed om from risk, it is now being used as a 
screening test for more extensive diagnostic procedures 
even where there are relatively few clinical indications. 
Brain scanning involves even less radiation dose to , ability to compete with standard X-ray procedures. 
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In clinical haematology, there is a widening use 
throughout the world of Hfe and 51Cr for studies of 
red cell production, red cell life span. blood toss, 
gastro-intestinal iron absorption, etc. For measure
ment of vitamin B1i absorption in pernicious anaemia 
and related conditions, 117Co- or 118Co-labetled vitamin 
B11 is now commonly used in place of the 60Co-labelled 
vitamin. 17Co is especially useful in view of its tong 
shelf-life, good gamma counting efficiency and very 
low radiation dose to the patient due to the absence 
of particle radiations. Since the last Geneva Conference, 
the newer technology has allowed quantity production 
of this particular isotope for medical users. 

A variety of other procedures have proved them
selves in clinical work, for example the use of stNa 
or 1321-labelled albumin for the localization of the 
placenta, the use ofl311-labelled triolein and oleic acid 
tests for gastro-intestinal fat absorption, and the 
measurement of cardiac output by isotopic techniques. 
The employment of radioactive gases such as 86Kr 
or isaxe for studies of muscle blood flow, cerebral 
blood flow and lung function are evoking interest 
among clinicians and are emerging from clinical 
research laboratories into regular use in the larger 
medical centres. 

Tritium and HC incorporated into an ever-increas
ing number of organic molecules find useful appli
cations in biological and medical research. Clinical 
diagnostic uses of these materials, however, are as yet 
few. Concern about the administration to humans of 
compounds containing these long-lived radioactive 
atoms appears to have diminished somewhat, and many 
new research applications for them may soon be 
ready for wider use. 
J Methods of analysis of breath and excreta after 
administration of HC-labelled molecules have been 
further improved and experience has been gained with 
a few more "C-labelled materials. In the next few 
years, the application of these techniques to studies 
with various labelled compounds, for ex.ample amino
acids, will permit much more detailed study of inter
mediary metabolism in the intact patient. In pernicious 
anaemia and sprue, such studies have already shown 
their usefulness as simple diagnostic tests. 

THERAPEUTIC USES 

Systemic administration 

The majority of therapeutic procedures relying on 
systemic administration of the radioisotope make use 
of its selective metabolic localization in the organ to 
be irradiated. No new developments in this area have. 
occurred since 1958. Oral or intravenous 32P-therapy 
is still the method of choice for the treatment of 
polycythaemia vera. Mp is also very frequently used in 
the treatment of chronic leukaemias. However, some 
haematologists prefer to use colloidal 198Au. mainty 
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because this material is not excreted and problems of 
1 

radioactive waste disposal do not arise. 1311 continues 
to be widely used in the therapy of thyroid cancer 
and thyrotoxicosis. However, in the last two years 
careful analysis of long-term observations on patients 
treated for thyrotoxicosis have revealed the disquieting 
fact that permanent hypofunction of the thyroid gland 
may develop many years after 1311 therapy. In some 
centres, as many as SO% of the patients appear to be 
so affected 10 years after successful therapy of thyro
toxicosis. Although other centres report figures very 
much less dramatic and, in any case, the con~ition 
can be controlled relatively easily by replacement 
therapy, it is clear that the whole situation requires 
thorough reassessment. 

A number of new methods of non-metabolic loca)j. 
zation of radioactive material in tissue to be irradiated 
have been attempted with varying success. If tissw: 
is injured, for ex.ample, by invasive growth of a 
malignant . tumour, the coagulation system that 
converts fibrinogen to fibrin will be activated so that 
the protein is deposited in that area. Intravenous 
injection of 131I~labelled fibrinogen or antibody _to 
fibrin results in a selective concentration of radio
activity in tumour tissue to an extent that suggests that 
this method might be used successfully in the treatment 
of certain types of human cancer. . 

Lipiodol is an iodine--containingradiologicalcont~ 
medium which can be labelled with 1311 to a high 
specific activity. If given intralymphatically it ~s 
removed by the lymph nodes along the lymphatic 
ve!\sels so that substantial radiation doses can be 
delivered to the lymph nodes in this way. This form 
of therapy promises to be effective in the_ treat~ent 
of metastatic involvement of lymph nodes m pat1ents 
with cancer, particularly in the pelvic region. . . 

If compounds of a certain particle size are m1ected 
into the circulation, their removal is a simple mechan· 
ical process. Particulate matter having a diameter ~f 
the order of SO microns will not pass the small capil
laries when injected intra-arterially so that do~es as 
high as 100 000 rad may be delivered to a mahg?ant 
tumour, particularly if it is highly vasculanze~. 
Ceramic microspheres labelled with '°X or resin 
particles labelled with 32P are used for this purpose. 

Interstitial, lntracavity and surface therapy 

Considerable progress has been m~de sin~e _ 1958 i: 
further developing the use of artific1al ra~101sot?~ 
in place of radium and radon seeds ~or interstitial, 
intracavitary and surface therapy. As is well knowi:i, 
radium has a number of disadvantages as a therapeutic 
agent. It is expensive, it cannot be used as _a permanent 
implant, it emanates a radioactive gas which has ~o be 
contained; its use requires elaborate safety precaut~ons. 
The stock of radium sources in many hospitals, 
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Figure 6. Implantation of 112Ta wires for radiotherapy of a 
mesenchyma/ tumour in the region of the kidney [3] 

particularly in the developing countries, comprises 
a rather limited number of tubes and needles which 
are more often than not of inconvenient size and/or 
strength. Frequently, the specific activities of the 
different sources are so variable that the combination 
or so·urces -in a rational arrangement is impossible. 

In many therapy procedures radium can, however, 
be replaced by 137Cs and a set of tubes and needles 
containing this isotope is now produced commercially 
and is likely to be increasingly used. When an institute 
owns a stock of radium sources which is adequate for 
its work, it will probably continue to use this material; 
but a recent IAEA panel of experts has recommended 
that newly established institutes or institutes with 
inadequate or insuitable radium stocks should use 
137Cs sources instead. 137Cs rods for intracavitary 
application can be purchased in five different strengths 
(from 13 to 65 me) and 137Cs needles for interstitial 
therapy are also available in standardized dimensions 
and activity. The initial cost of these sources is much 
less than that of comparable radium sources so 
that a larger stock can be maintained to suit indi
vidual needs. There is no possibility of gas leakage 
and, even if leakage of solid material occurred, 
the isotope is much less toxic than radium. On the 
other hand, its half-life is short compared with that 
of radium so that sources have to be replaced perhaps 
every 10 years. 

In interstitial therapy it is sometimes necessary to 
adjust the dimensions and the shape of the source to 
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the particular anatomical characteristics of the tumour 
to be irradiated. In such cases, it is preferable to use 
radioactive wires such as those made of t10C0, 182-f a 
or 192lr. Figure 6 shows a typical arrangement of 
tantalum wire for · therapy of a large cancerous area 
in the region ·of the kidney. Of the three isotopes 
mentioned, 192lr is probably the isotope of choice. 
The material can be drawn to tough wire with a high 
degree of flexibility arid its lower gamma energy 
reduces protection problems. 

Decisive progress in application techniques has been 
made by the introduction of so-called after•loading 
methods. Their principle is to divide the placing of 
the radioactive sources into two stages: (a) the inser
tion of unloaded tubes and applicators, and (b) their 
after•loading with radioactive sources (Fig. 7). Thus 

I. Insertion 
of unlood•d tubes 
or opplicoton 

2. Afterloading 
with rodioac-tive 
sources 

Figure 7. Principle of after-loading techniques for interstitial 
and intracavitary radioisotope therapy (4) 

Figure 8. Example of the use of after-loading in interstitial 
ndiotherapy. Nylon tubes are first inserted in and around the 
tumour. They are subsequently loaded with "'Ir-seeds in nylon 

ribbons [41 
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tim~, unlimited by safety considerations, is available 
to insert nylon or plastic tubes or hollow stainless 
steel needles into the tumour in an optimal pattern 
with a maximum of accuracy. At any time thereafter 
and, if necessary, even at another hospital, radioactive 
sources of exactly the right number, strength and 
shape can be loaded (and unloaded) in a few minutes, 
thereby reducing the radiation exposure of personnel 
to a minimum. Figure 8 shows one example of the 
technique as used in the treatment of a tumour of the 
neck. A similar procedure is used in the intracavitary 
treatment of, for ex.ample, cancer of the uterus. This 

· technique combined with the use of 137Cs instead of 
radium would be particularly effective in some 
developing countries where the incidence of cancer 
of the cervix uteri is approaching 30% of an cancers 
seen and the five-year cure rates are likely to be 
higher than 50 % for the early stages. 

For permanent interstitial implants, radon seeds 
have been used for decades but 198Au seeds are now 
preferred since their uniform size makes for easier 
implantation by mechanical devices. For irradiation 
of small volumes of tissue, such as the pituitary gland, 
pellets made of the pure beta-emitter INly are advan• 
tageous because they can deliver a very high but 
localized dose. For surface therapy, the use of 00co 
instead of radium in the form of moulages is being 
advocated while beta-emitting surface applicators 
made of szp or '°Sr have gained an established place 
in the treatment of very superficial lesions such as 
those afJecting the eye. 

Radioisotope teletherapy 

The high energy of 80Co gamma rays offers advan
tages over the medium (180-250 keV) energy of the 
radiation produced by conventional X-ray machines. 
tOCo gamma rays penetrate deeper into tissue, they 
spare the skin and their differential absorption in bone 
is small. Consequently, deep-seated tumours can be 
treated more etf ectively and with less discomfort to 
the patient than with medium energy X•rays. 80Co 
units are also more dependable. The rapid increase in 

· the number of radiocobalt units in operation which 
was already apparent in 1958, has therefore continued 
in the past six years. Although the increase· on the 
North American continent has not been quite as rapid 
as was "predicted in 1958, a great number of units has 
been installed in Europe, Japan and the USSR and, 
more recently, also in the developing countries. The 
present situation in the world as a whole can be seen 
in Fig. 9 which was compiled from estimates made 
by the IAEA every second year. 

The trend towards larger units that was recognizable 
in 1958 has also continued. Units embodying 5000 c of 
'°Co are now in use, allowing longer treatment 
distances as well as shorter irradiation times with 
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Figure 9. Estimated number of radioisotope teletherapy units 
in operation throughout the world (closed circles). Open tirtles 

Indicate number of 137Cs units only 

a larger number of patients to be treated per day. 
Progress in producing 80Co with higher specific activity 
has enabled this increase in source strength to be 
achieved without increasing the dimensions of the 
source, and new methods of producing 60Co now 
under development promise to yield sources of still 
higher specific activity. · 

On the other hand, the increase in the number of 
mes teletherapy units has been much slower. In order 
to avoid too large a penumbra, the source should be 
small but, to keep the dimensions of a 137Cs source 
within the range of the present 60Co sources, the 
specific activity of the U 7Cs would need to be much 
higher than is at present available. Present 137Cs source 
strength is therefore lower than one would wish. In 
any case, because of the difference in gamma energy, 
the two radiation sources are not really comparable. 
It might well be that mes units will ultimately replace 
conventional X-ray therapy machines in the treatment 
of those lesions which do not require the use of 
super.voltage radiation. 

The increased use of high-energy radiation for 
teletherapy has accentuated the need for more accurate 
determinations of the absorbed dose delivered to the 
patient. While the physical characteristics of60Co units 
are now well understood and such data as isodose 
curves and depth dose tables are readily available, 
interest is now shifting towards achieving a better 
understanding of the effects of the individual a~atomy 
of the patient on dose distribution. In calculations of 
the radiation dose, the patient is no longer considered 
simply as a rectangular tank of water but allowance 



SESSION G P/880 

i~ ~ginning to be made for the shape and the compo
~111on of the body. Transverse tomography is increas
ing!y used_ to determine ,the exact topography of the 
region of interest in its relation to surrounding tissue 
and measurements of transit doses and doses within 
the body cavities are made in order to account for 
differences in absorption of radiation when it passes 
through air spaces or such tissues as lung. Further
more. beam-modifying devices are increasingly used 
to achieve the desired dose dfatribution. This type of 
work requires a great deal of mathematical calculation 
part~~larly for complex radiation field arrangements: 
and it 1s !heret ore not surprising that digital computers 
are playmg an increasing role in accurate' treatment 
planning. 

Reactors 

. At the Second Geneva Conference, considerable 
time was devoted to a discussion of the use of reactors 
for neutron-capture therapy. In theory, this type of 
the~apy is particularly promising in the treatment of · 
bram tumours. Of the nuclides that produce alpha . 
radiation following neutron-capture, 10B has the high• 
est cross section. A large series of boron-containing 
compounds have been tested for their selective 
con~ntration in brain tumours and, following 
adr~unistration of such compounds, several series of 
patients were subjected to irradiation with thermal 
neutrons at the Brookhaven medical research reactor 
aJJd the MIT research reactor. The clinical results 
obtained so far are rather disappointing and it is 
apparent that many years of further intensive research 
will be required before the use of reactors for radio
therapy will become a practical proposition. 
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A/880 AIEA/OMS 

Progres accomplis dans l'emploi 
des radioisotopes et des sources 
de rayonnements en medecine 

par E. H. Belcher et al. 

Les auteurs exposent Jes faits nouveau~ survenus 
dans le domaine de l'emploi des radioisotopes et des 
so~rces de rayonnements pour le diagnostic et le 
t~a1tem:nt dep~is_ 1958, annee ou ce sujet a fait l'objet 
d une etude generale a la deuxieme Conference de 
Geneve. Ils font etat de l'apparition sur le marche 
~e _nouveaux radioisotopes et composes marques, 
mdi~uent les perfectionnements apportes aux appareils 
et signaJent les derniers resultats de l'application de 
ces produits et appareils en vue de resoudre des 
p~o~Iemes particuliers de recherche diagnostique et 
cbmque. Ils examinent enfin Jes progres accomplis 
dan~ !'emploi therapeutique des radioisotopes et du 
matenel de teietherapie utilisant des radioisotopes 
comme source de rayonnements. 

YcnexH a 
H30TOnoB H 
MeAH'-'HHe 

E. r. 6en'fep 

A/880 Marus, B03 

o6naCTH HCnOnb30BaHHR 
HCTO~HHKOB H3nyYeHHA B 

PaccMaTpuBaIOTcJI ycuexu s ooJiacTn 11cHoJ11,ao-
eauun pa,Il,IIOaKTJIBHLlX 1130TOIIOB H HCTO'IHIUWB 

Jl:JJIY'le1mii ~Jiff J\JtarHOCTlIRII II Tepamm, ~0CTHr
HYTLie nocJie BTopoii Mem.ayiia pO)J,Hoii 1wu4>epeli
u,un no MnpHoMy 11cnoJ1L30Bamuo aTol\rnoii auep

nm. Coof.imacTCJI o noc.11eitnux ]l,ocn1memrnx B 
llp0113BO;J,CTBe ll30TOJIOB ll lte'ICHldX coe.~1rnen11ir, 
tJ pa3pa60T1,e npuuopoe, a T,rnme 11oc.JleAHUe pe

ay.11,TaTLI JI:< JICil0Jlh30B3IIUJI l(.lIJI pememrn KOH-

- KpeTHLIX upOOJJe!II . ]J,H3rHOCTll'ICCKIIX U RJJIIHll'IC

CKJIX HCCJll'!{OBaH11ii. PaccMaTpHBalOTCH ycnexn 
IICII0Jlh:J0BaHJIH pa;i.uoaKTllBHblX 11:J0T0II0B H ,,a
l~IIOTCJleTl'p.lHl"BTJf'li'ClWrO ooopy;i,oBaHIIH. 

A/880 OIEA/OMS 

Adelantos en el empleo de is6topos y 
fuentes de radiaciones en medicina 

por E. H. Belcher ,et at. 

La memoria pasa revista a los adelantos en el 
empleo de isotopos y fuentes de radiaciones en el 
diagnostico y en Ia terapia registrados desde 1958, 
afio en que se examin6 el asunto en la Segunda Con
ferencia de Ginebra. Se informa sobre los nuevos 
is6topos y compuestos marcados de que se dispone 
en la actualidad, sobre los perfeccionamientos intro
ducidos en los instrumentos y sobre los recientes 
resultados de su aplicaci6n a determinados problemas 
de diagnostico y de investigacion clinica. Se examinan 
Ios adelantos en las aplicaciones de los radiois6topos 
y. del equipo radioteleterapeutico que emplea radio
isotopos como fuente de radiaciones. 
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Paper P/874 

DISCUSSION 

R. E. KAVETSKY (Ukrainian SSR): We can fully 
agree with Professor Cha gas that the use of labelled 
compounds has enabled us to study the mechanism 
of the pharmacological action of various substances. 
However, this action is not always related to the 
primary accumulation of the agent in the reacting 
tissue, as he himself observed in his very interesting 
experiments on curarization. For example, in our 
research on the injection of rats with labelled 7, 12-
dimcthylbcnzanthracene, we did not observe primary 
accumul~tion of a cancerogenic agent in the mammary 
gland and milk of the animals, yet cancer of the 
mammary gland developed in 70% of the rats. In this 
case, therefore, localization of the process was due 
not to a primary accumulation of the agent but, as 
proved by special experiments, to the genetic predis
position of the cells (strain of the animals) and the 
functional condition of the organ (influence of 
pituitary and ovarian hormones). At the same time, 
our investigations confirm the basic conclusion of 
Professor Cha gas as to the value of the labelled 
compound method in biological research. 

C. CHAGAS FtLHO (Brazil): One of the surprising 
pharmacological facts revealed by the use of isotopes 
is, as Mr. Kavetsky points out, that the distribution of 
a labelled compound in the body bears very little 
relation to its biological or pharmacological action. 
This was originally demonstrated for cardiac glycoside. 
Even for radioactive curare, the agent with which I am 
working, the drug can be found in situations where it 
has no part to play. For example, a good deal of 
curare is to be found in the aqueous humour, where 
it is perfectly well known that there is no synapse. 
All these findings, and there are a large number of 
them, show once more that great caution must be 
exercised in drawing conclusions. 

M. Anoa•WAHAB (United Arab Republic): The 
author refers to the use of labelled Cn1 in studies of 
the photosynthesis process. Are his conclusions based 
on the findings of Calvin, which were obtained in work 
on lower, monocellular plants, or does he know of 
any 14COi studies done on higher plants? If he does. 
I should be interested in hearing about the mechanisms 
of respiration and photosynthesis involved. 

C. CHAGAS F1LHO (Brazil): I myself have not done 
any work on photosynthesis. The material which I 
presented was based mainly on the work of Calvin 
and the types of plants he studied. I cited it as an 
example, not for the purpose of drawing any general 
conclusions. 

Paper P/876 (presented by M. Fried) 

DISCUSSION 

M.A. ARSENYEVA (USSR): I should like to supple
ment this interesting report with a very brief account 
of the research which is being done along these lines 
in the Soviet Union. 

Various research centres in the Soviet Union are 
now doing a great deal of work on plant breeding with 
the help of various types of radiation (gamma-rays, 
fast neutrons) and of certain chemical compounds. 
Some of this work is concerned with a study of the 
sensitivity of plants to various types of radiation. 
lt has been proved, for example, that certain varieties 
of peas are outstandingly sensitive to gamma-rays and 
yet are equally sensitive to fast neutrons. 

Research is being conducted on the breeding of 
diploid and tetraploid forms of buckwheat for resis!• 
ance to radiation and to certain chemical mutagemc 
agents. 

Extensive studies are also being made of the efficacy 
and specificity of ionizing radiation and etbyle~~e 
in inducing mutations in winter wheat. Ethylerunune 
has proved to have the greatest mutagenic effects; 
next in order come fast neutrons· and _then gamma• 
rays, which are the least effective. · 

The range of mutations also varies according to 
exposure to different types of radiation. Many mutant 
fonns are now undergoing strain testing. Some of the 
plants obtained have such valuable agricultural 
characteristics as resistance to a variety of diseases, 
sturdiness and high productivity (winter whe~t). 
Mutations have also been obtained in low-growing 
tomatoes and a number of other important agricultural 
plants. 

· Radiation is also being used to stimulate the 
germination and ripening of various crops. Da~a 
obtained on radiation breeding confirm once agalil 
that radiation can be used successfully in the breeding 
of agricultural plants. 
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Successful work is being done on the use of radiation 
for prolonging the storage period of vegetables 
(potatoes, onions, etc.).' This work has now assumed 
industrial significance. Large-scale research is being 
conducted on the sterilization of foodstuffs and their 
preservation by radiation. Great scientific progress has 
been made in researcl} into the sterilization of certain 
male insects. Professor · Astaurov's work on the 
silkworm is well known and has considerable industrial 
significance. 

It is quite impossible for me in this statement to 
refer to all the research that is being done in the Soviet 
~ni~n i~ these fields, but most of it has been reported 
m sc1entdic publications. 

F. MORGAN (United Kingdom): In connection with 
the_ section of this paper dealing with fish, it may be 
of mterest to mention some experiments carried out 
by the United Kingdom Ministry of Agriculture and 
Fisheries in the Irish Sea. Before any discharges were 
made from Windscale, a programme of fish marking 
was carried out around the proposed site of discharge, 
and from the recaptures an estimate was made of the 
time that plaice, the most important species, normally 
spend each year near the outlet. The fish were kept in 
aquaria containing radioactivity for that length of 
time and in this way the annual uptake by plaice was 
obtained, and a limit was derived for the concentration 
l)emtissible in the water. · 

One of the by-products of the marking experiment 
was that we were able to derive an exponential 
function describing the distribution of the plaice 
population in relation to distance from the point of 
discharge. This was possible because a feeding ground 
was found fairly near the ,outlet, and the comings and 
goings of the fish were reflected in this regularity. 
After the discharges had been running for some years, · 
and the ecological system had reached equilibrium, 
further work could be done on the relationship 
between water and the plaice population. Seawater 
surveys over several years have enabled us to describe 
the standing concentrations of several radionuclides 
as functions of distance from the outlet and rate of 
discharge. By using such a function, instead of the 
one obtained from the original fluorescein dye release 
e~periments, and combining it with (a) the probability 
relation applying to the position of a fish and its 
distance from the outlet, and (b) the laboratory
determined concentration factor between fish and 
Water, we obtained fresh estimates of the mean 
concentration levels to be expected in plaice. These 
estimates were in agreement with those found by 
fishing the area and carrying out direct measurements 
on the fish. 

Thus, one of the ancillary results of the Windscale 
monitoring programme has been to provide a check 
on the behaviour of a population of fish. 

· K. KAINDL (Austria): I should like to comment 
briefly on a few of the points mentioned in this very 
interesting paper. 

First, as the authors point out, determination by 
neutron activation analysis of the trace element 
content of the whole cell or the tissue in livfog matter 
gives only a rough picture of the role played by these 
elements. On the other hand, the content of trace 
elements in nucleic acid shows that they are an impor
tant factor in the stability of the genetic material. 
In this way, it has been possible to demonstrate that 
the radiosensitivity of yeast, for example, is dependent 
on trace elements in the nucleic acid, which is an 
important consideration in regard to food irradiation. 

There is also some evidence that the extent of 
infection depends on the ratio of the metal ion content 
of the virus to that of the host, a fact which might 
have certain implications for agriculture. · 

It is our opinion that the trace element content of 
nucleic acids and their fractions is of major importance 
in the relationship between living matter and such 
environmental factors as disease and irradiation. To 
some extent it is also responsible for the information 
content of the genetic material. 

As far as food irradiation is concerned, I would just 
like to mention that the results of our own work show 
that the radiopasteurization of fruit juice is apparently 
a very promising approach. 

The determination of insect distribution, which is a 
prerequisite for insect control, can easily be carried 
out by labelling the insects with rare elements (e.g. 
europium) (0.1.1.0 ppm) and carrying out neutron 
activation analysis. 

As regards the stimulation of certain plant processes, 
mentioned by Mrs. Arsenyeva, I should like to draw 
attention to the work done by Suss in the Federal 
Republic of Germany. He has demonstrated the 
possibility of raising crop yields by the irradiation 
of seeds. . 

T. A. MARULANDA (Colombia): Is there any country 
where irradiated food is sold at present? 

M. FRIED (IAEA): It is my understanding that 
irradiated potatoes go into the Canadian commercial 
market and that the same is true in the Soviet Union. 
I do not know of any country where irradiated bacon 
and wheat are on the market as yet, but I have no 
doubt that they will be very soon. 

A. VAN DEN HENDE (Belgium): Plant absorption of 
nutrients via the roots is sometimes impeded by 
factors dependent upon the nature of the soil: fixation 
(blocking), difficulties of absorption (insolubility), 
etc. In Belgium, the problem has frequently been 
solved by spraying the leaves with solutions of the 

· elements that are lacking. Tests with radio-isotopes of 
phosphorus, sodium, manganese and iron show that 
labelled salts are absorbed very rapidly by the leaves. 
Thanks to this, a deficiency can be corrected very 
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rapidly, during the process of growth, in cases where 
it would not have been possible to prevent a decrease 
in yield by relying solely on nutrition through the soil. 

M. FRIED (IAEA): The phenomenon to which you 
refer is commonly observed in many, but certainly 
not all, nutrient elements. One of the questions that 
arise is whether enough of the ion can be obtained 
for nutrition. A further question is whether the 
technique is economic. 

A. Sz1LVINY1 (Austria): The radiosensitivity of yeast 
has a bearing on a number of subjects. In contract 
work for the International Atomic Energy Agency, 
we have found that the most important factor in the 
radiosensitivity of various yeasts, and probably of 
bacteria as well, is the particular stage of the cell life 
cycle at which they are irradiated. In synchronized 
cultures, there is distinct evidence that the most 
sensitive phase is the one before the synthesis of DNA. 

A. N. SEVCHENKO (Byelorussian SSR): One of the 
major factors in life growth is photosynthesis. Yet the 
luminous radiation which is involved in this process 
and which promotes plant growth is identical in 
nature with gamma radiation, which inhibits or 
destroys life processes. Both types of radiation are 
electromagnetic waves and differ only in energy. that 
of luminous radiation being lower. Could Mr. Fried 
comment on these two types of radiation in relation 
to life processes? 

M. FRIED (IAEA): The life factors are very 
complicated and in the evolutionary development 
certain radiations are obviously absorbed by the 
pigments that are present in the plant. With these 
specialized wave-lengths that are absorbed by the 
pigment the plant continues with its useful process of 
photosynthesis. X-irradiation and gamma~irradiation 
have a large amount of energy and if there is no 
mechanism for taking this energy away, it is likely 
to be destructive to the plant tissues at high levels. 

A. R. GoPAL-AYENGAR (India): I should like to 
make two brief comments and to ask one question to 
Dr. Fried. The first comment concerns various 
economically advantageous mutations that we have 
succeeded in inducing in the Atomic Energy Establish
ment at Trombay, India. More particularly, the work 
relates to the quantitative measurement of higher• 
yielding varieties of mutations of rice and peanuts. 
What I would like to stress is that it is definitely 
possible to produce higher-yielding varieties of rice, 
with a yield up to 55 per cent higher than the original 
control, and a giant variety of peanut, double the size 
of the original from which we started. 

The second -comment concerns the possibilities of 
irradiating and pasteurizing food and of ex.tending the 
shelf life of food products. It is now possible, by a 
combination of heat treatment and lower radiation 
levels, to minimize toxic effects and preserve organo
leptic properties. 

The question that I should like to ask Dr. Fried is 
as follows: a fairly large number of toxicologica1 
studies have been made on animals with irradiated 
food, but have any genetic experiments been carried 
out over successive generations in order to eliminate 
or rule out the possibility of deleterious effects? 

M. FRIED (IAEA); Dr. Gopal-Ayengar has asked 
a very comprehensive question. The problem of the 
wholesomeness of irradiated food has been the subject 
of a great deal of discussion. It was also the theme of 
a recent joint meeting convened by the Food and 
Agriculture Organization of the United Nations, the 
World Health Organization and the International 
Atomic Energy Agency, where an attempt was made 
to isolate the factors that should be considered in 
order to determine wholesomeness.• Results have 
been recorded for over 100 000 animals, and various 
generations of these animals have definitely been 
followed. From the results obtained over a period of 
about six years, it was concluded that feeding i:ra• 
diated food caused no abnormality in any generation. 
I have not heard of anyone getting contrary results. 
Dr. Gopal-Ayengar is fully acquainted ~ith t~e
literature and I do not think 1 can add anything to it. 

Paper P/880 (presented by H. Vetter) 

DISCUSSION 

G. A. ZEDGENlDZE (USSR): I should like to supple
ment Dr. Vetter's very informative report with a few 
additional data. . . 

The use of tracers and radiation sources in med1cme 
and biology in the USSR has expanded conside~a?ly 
since the Second Geneva Conference. The guiding 
principle in the development of a n~tw~rk _of medi~l 
facilities and scientific research mst1tut10ns us_mg 
atomic energy is the establishment, at o~col~gical 
clinics, large hospitals and scientific research mstitut~s, 
of radiological centres fitted out with modem radio
logical equipment. As a result, there has been. an 
appreciable increase in the number of Soviet i_nedical 
establishments which use radioactive preparations_ on 
a regular basis. Whereas there were 213 such establish
ments in 1957, · over SOO now use radioactive pre-
parations and radiation. . 

The use of various labelled compounds has made it 
· · I . I d possible to obtain certain new data in bto ogica . ~n 

medical research in studies on the functional condition 
' · h to-of the cardiovascular system, the hver, t e gas r 

intestinal tract, the kidneys and the endocrine gla~ds, 
and also in the recognition of tumours of vanous 
organs and systems. 

Improved and more powerful installations for 

• FAO/WHOflAEA Expert Committee on the !ed1:1ical 
Basis for Legislation on the Wbolesome11ess and,l~~::biolo-
gical Safety of Irradiated Foods, Rome, 21-28 Apn • 
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stationary, rotational and convergent irradiation' with 
cobalt-60 sources and such high energy radiation 
sources as betatrons and linear accelerators have been 
introduced in the USSR on the basis of new techniques 
and have considerably improved the results of radiation 
treatment of tumours in different parts of the body. 

The use of different types of radioactive needles and 
preparations and of colloid solutions of radioactive 
gold, silver, phosphorus and other elements has 
contributed significantly to the improvement of 
radiation treatment. 

P. J. DUNCTON (United Kingdom): My question 
relates to radioisotope teletherapy. There have been 
suggestions that the effectiveness of cobalt-60 units in 
the treatment of deep-seated tumours would be · 
enhanced by in~reasing the supply of oxygen to the 
patient during treatment by using hyperbaric chambers 
or otherwise. Have the authors any experience of 
this proposal? 

H. VE1TER (IAEA): The authors have no personal· 
experience of this proposal but such work is being 
conducted, primarily in the United Kingdom, and 
also in the United States. It is still very much in the 
experimental stage, although there is a sound radio
biological basis for the method. The preliminary 
results are encouraging, but I think that we shall have 
to wait perhaps another five years before a solid 
estimate can be made of the effects of this particular 
form of therapy. 

R. OGBORN (United States of America): I should 
like to ask Dr. Vetter to comment on certain labelled 
compounds which are not referred to in his paper. 
I have in mind, for example, the recent work of 
S. Benson and R. Yalaw on insulin•binding antibodies, 
which has opened up a new field of diagnosis and 
prognosis in hormone disease states. Mention should 
also be made of radiopharmaceuticals, now undergoing 
field trials in human subjects, which localize in tumour 
tissue in concentrations of up to 100:1 as compared 
with nopnal surrounding tissue. As examples I would 
refer to the work of S. J. Mitchell in Cambridge, 
England, and that of C. Eskelson and J. Macleary 
in the United States, involving the use of radioactive 
SYnkavit and radioactive tetracycline. 

H. VETTER (IAEA): I agree that labelled insulin is 
an extremely useful compound that is now employed 

in many medical research institutions for estimating 
the concentrations of insulin in body fluids. Mitchell's 
work on labelled vitamin K is at present perhaps in 
a somewhat earlier stage of its development, but there 
is reason to hope that substantial radiation doses could 
be delivered to certain types of human cancer in the 
near future. 

G. MJLHAUD (France): I should like to make three 
brief comments on the very interesting report of 
Dr. Vetter and associates. First, as regards equipment, 

• the introduction of low-background counters for use 
with soft beta-emitting isotopes (other than tritium) 
represents a considerable advance and permits a 
greater reduction in the dose administered than when 
liquid scintillation counters are used. Secondly, the 
very difficult diagnosis of hyperthyroidism has become 
a relatively easy matter, thanks to the use of calcium-
45. With this procedure, unnecessary surgery can be 
avoided. Lastly, it is very probable that increasing use 
will be made of uc.Jabelled compounds, which can be 
used for diagnosing hereditary metabolic diseases 
(galactosuria, hereditary intolerance of fructose, 
maple syrup disease) by incubating blood or a frag
ment of an organ outside the body. 

Z. DIENSTBIER (Czechoslovakia): May I ask the 
authors what they understand by the term "nuclear 
medicine'"! 

H. VETTER (IAEA): The use of this term is a matter 
of definition and every worker in this field is likely to 
have his own definition. There are people, for example, 
who feel that nuclear medicine means the medicine -
of nuclear warfare. This is a definition with which 
I personally would not agree. I would understand _ 
nuclear medicine to mean the use of radioisotopes and 
radiation sources in medicine. Even within this area 
there can still .be some dispute, for example, as to 
whether the use of radiocobalt sources in teletherapy 
should be properly classified as nuclear medicine or 
as radiology. Some consider that the use of cobalt 
units has simply replaced X-ray therapy and that it is 
therefore merely a new tool for radiology; others feel 
that since this method involves the use of atomic 
energy in medicine, it is only proper to charge it to 
nuclear medicine, so to speak. This is simply a matter 
of interpretation and I am sure it will take another 
ten or fifteen years before these jurisdictional problems 
have been clarified. 
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Memoire P/874 
DISCUSSION 

R. E. KAVTTSKY (RSS d'Ukraine): Nous sommes 
entierement d'accord avec ce que dit le professeur 
Chagas dans son memoire: l'utilisation de composes 
marques a permis d'etudier l'action pharmacologique 
de diverses substances. Mais cette action n 'est pas 
toujours Hee a l'accumulation initiale de l'agent dans 
le tissu qui reagit, comme ii l'a observe lui-meme 
dans ses tres interessantes experiences sur la curari
sation. Par cxemple, au cours de notre etude sur !'in
jection a des rats de dimethylbenzanthracene-7,12 
marque, nous n'avons pas observe d'accumula
tion primaire d'un agent cancerogene dans la glande 
mammaire et le lait des animaux, mais 70 % des rats 
ont presente des cancers de la glande mammaire. 
Dans ce cas, la localisation du processus n 'etait done 
pas due a une accumulation primaire de l'agent 
mais, comme des experiences speciales l'ont prouve, 
a une predisposition genetique des cellules (souche 
d'animaux) et a la condition fonctionnelle de l'organe 
(influence des hormones pituitaires et ovariennes). En 
meme temps, nos recherches. confirment les condusions 
generales du professeur Chagas sur l'interet de l'utilisa
tion des composes marques en recherche biologique. 

C. CHAGAS FtLHO (Bresil): Un fait surprenant en 
pharmacologie, revele par \'utilisation des isotopes, 
est que, comme M. Kavetsky l'a signale, la distribu
tion d'un compose marque dans le corps n'est que 
trcs peu Bee a son action biologique ou pharmacolo
gique. Ceci a ete demontre pour la premiere fois 
dans le cas de glucosides (action cardiotonique). 
Meme dans le cas du curare radioactif, !'agent avec 
lequel je travaille, on trouve cette drogue dans des 
situations oil elle n'a aucun role a jouer. Par exemple, 
on trouve beaucoup de curare dans l'humeur aqueuse, 
ou on sait parfaitement qu'il n'y a pas de synapse. 
Tous ces resu1tats, et i1 y a une masse de resultats 
experimentaux, confinnent qu'il faut etre tres prudent 
dans les conclusions. 

M. F. ABDEL-WAHAB (Republique arabe unie): 
L'auteur a parle de l'utilisation de CO2 marque 
dans J'etude de la photosynthese. Ses conclusions 
sont-e11es basees sur Jes resultats de Calvin, qui a 
travaille sur des plantes monocellulaires inferieures, 

ou bien est-ii au courant d'etudes au 14CO2 sur des 
plantes superieures? Si oui, j'aimerais entendre quel
ques details sur tes mecanismes de respiration et de 
photosynthese. 

C. CHAGAs FILHo (Bresil): Je n 'ai pas travaille 
personnellement sur la photosynthese. Les resultats 
que r ai presentes sont principalment bases SU~- !es 
travaux de Calvin et !es types de plantes qu d a 
etudies. J'ai cite ces resultats a titre d'exemple, sans 
vouloir en tirer de conclusions generates. 

Memoire P/876 (presente par M. Fried} 

DISCUSSION 

M. A. ARSENYEVA (URSS): J'aimerais completer 
cet interessant rapport par un tres bref expose ~es 
recherches entreprises dans ce domaine en Union 
sovietique. . , . 

Divers centres de recherche d'Union sovietique 
etudient Ia croissance des plantes a !'aide de divers 
types de rayonnements (gamma, neutrons ra~ides) et 
de certains composes chimiques. Une pa~tr~. ~e c: 
travail est consacree a l'etude de la sens1b1hte de 
plantes aux divers rayonnements. On a prouvt\ par . 
exemple que certaines varietes de pois sont extreme
ment se~sibles aux gammas tout en etant egalemeot 
sensibles aux neutrons rapides. 

On etudie des formes diploides et tetraploides de 
sarrasin pour Ieur resistance aux rayonnements et 3 

certains agents chimiques mutagenes. , . 
De nombreuses etudes sont aussi consacr~s ~ 

l'efficacite et a la specificite des rayonnement~ ioru· 
sants et de l'ethylenimine en ce qui conceme l'm~u~
tion de mutations dans le ble d'hiver. C'est I'ethylem
mine qui donne les effets mutagenes les plus grao<ls; 
puis viennent, dans l'ordre, fes neutrons rapides. et 

ensuite seulement !es gammas, qui sont les moms 
efficaces. , 

Le domaine des mutations varie aussi avec 1 ;xp~-
sition aux divers types de radiations. On etudie 
actuellement les souches de nombreuses formes de 
mutants. Certaines des plantes obtenues ont .d~s 

I , • comme la res1s-caracteristiq ues agrico es prec1euses, 
tances a diverses maladies, la robustesse et une pro
ductivite elevee (ble d'hiver). On a cgalement obtenu 
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des mutations dans le cas de la tomate de faible 
hauteur et de nombreuses autres plantes agricoles 
import antes. 

On utilise egalement les rayonnements pour sti
muler la germination et la maturation de diverses 
plantes. Les resultats obtenus en- cultures sous irra
diation confirrnent les succes que l'on peut obtenir 
en utilisant les rayonnements dans Ia culture des 
plantes agricoles. 

On etudie avec succes l'utilisation de l'irradiation 
en vue de prolonger le temps de stockage des legumes 
(pommes de terre, oignons, etc.). Ce travail a main
tenant une importance industrielle. La sterilisation 
des produits alimentaires et leur conservation par 
('irradiation sont l'objet de recherches importantes. 
Les recherches sur la sterilisation de certains insectes 
males ont fait de grands progres scientifiques. Les 
travaux. du professeur Astaurov sur le ver a soie sont 
bien connus et presentent une importance ind~strielle 
considerable. 

II m'est impossible dans ce commentaire d'indiquer 
toutes les etudes conduites en Union sovietique dans 
res domaines, mais la plupart ont ete decrites dans 
des publications scientifiques. 

F. MORGAN (Royaume-Uni): Apropos de la partie 
de ce memoire relative aux poissons, il peut etre 
interessant de mentionner certaines experiences faites 
en mer d 'Irlande par le Ministere de !'agriculture et 
des pecheries du Royaume-Uni. Avant tout rejet de 
Windscale, on a entrepris un travail de marquage 
du poisson au voisinage du site envisage pour les 
rejets et Ies poissons captures a nouveau ont permis 
d'estimer le temps que le carrelet, espece la plus 
importante, passe normalement chaque annee au 
voisinage de la sortie des dechets. Les poissons ont 
etc conserves pendant cette duree dans des aquariums 
contenant de la radioactivite et on a ainsi obtenu 
l'absorption annuelle par le carrelet, d'ou on a deduit 
la limite de concentration admissible dans l'eau. 

Un resultat annexe de !'experience de marquage 
a ete de permettre l'etablissement d'une fonction 
exponentielle qui decrit la distribution de la popula
tion de carrelets en fonction de la distance au point 
de rejet. Ceci a ete possible parce que l'on a trouve 
une zone oil les poissons venaient s'alimenter au 
voisinage du point "de rejet, expliquant la regularite 
des allees et venues des poissons. Apres quelques 
annees de rejet, le systeme ecologique ayant atteint 
son equilibre, on a pu poursuivre l 'etude de la relation 
entre l'eau et la population de carrelets. L'etude de 
l'eau de mer pendant plusieurs annees a pennis de 
decrire Ies concentrations stationnaires de plusieurs 
radionucleides en fonction de la distance au point 
de rejet et du taux de rejet. En utilisant cette fonc~i~n 
et en la cornbinant a) a. la relation de probab1hte 
definissant la position d 'un poisson et sa dista~ce 
du point de rejet et b) au facteur de concentrat10n 

entre le poisson et l'eau, determine en laboratoire, 
nous avons obtenu de nouvelles valeurs des niveaux 
de concentration que l'on devait trouver dans le 
carrelet. Ces estimations etaient en bon accord avec 
les valeurs obtenues en faisant des rnesures directes 
sur le poisson peche dans cette zone. 

Ainsi, l'un des resultats annexes du programme de 
controle de Windscale a ete de fournir une verification 
du comportement d'u.ne population de poissons. 

K. KAINDL (Autriche): Je voudrais faire quelques 
brefs commentaires sur certains points de ce tres 
interessant memoire. 

En premier lieu, comme les auteurs l'ont signale, 
la determination au moyen de !'analyse par activation 
aux neutrons de la teneur en elements-traces de la 
cellule complete ou de tissus vivants ne donne qu'une 
vague idee du role joue par ces elements. D'autre 
part, la teneur en elements-traces des acides nucleiques 
montre que ces elements sont un facteur important 
de la stabilite du materiel genetique. On a ainsi pu 
demontrer que la radiosensibilite de la levure par 
exemple depend des elements-traces de l'acide nuclei
que, et c'est un facteur important en ce qui conceme 
!'irradiation des aliments. 

Quelques resultats indiquent aussi que !'importance 
de l'infection depend du rapport entre la teneur en 
ion metal du virus et celle de l 'hote, fait qui peut 
avoir certaines implications en agriculture. 

Nous pensons · que la teneur en traces des acides 
nucleiques et de leurs fractions a une ~mpo~ance 
considerable pour Ies rapports entre la matJ~re v1vante 
et certains facteurs d'environnement comme la mala• 
die et l'irradiation. Dans une certaine mesure elle est 
aussi responsable du contenu en informations du 
materiel genetique. . _ 

En ce qui conceme I 'irradiation des aliments, JC 
voudrais mentionner que les resultats de nos etud_es 
montrent que la radiopasteurisation des jus de fruits 
represente une methode des plus prometteuse: 

La determination de la distribution des msectes, 
indispensable a la Jutte contre les i~sectes, peut_ ~e 
faire facilement en marquant ceux-c1 avec des ele
ments rares (par exemple l'europium) (0,1-I,0 ppm) 

· et en faisant l'analyse par activation aux neun:ons. 
En ce qui conceme la stimulation de certams pr~

cessus vegetaux, mentionnee par Mme Arsenyev~, Je 
voudrais signaler Ies travaux de Silss, en,_Rep~bhque 
federate d'Allemagne. 11s ont montre qu 11 eta1t pos
sible d'augmenter Jes rendements des cultures par 
irradiation des graines. 

T. A. MARULANDA (Colombie): y a-t•il des pays 
oil des aliments irradies sont actuellement en vente? 

M. FRIED (AIEA): Je crois savoir que des pommes 
de terre irradiees sont dans le commerce au Canada, 
et qu'il en est de meme en Union sovietique. Je ne 
connais aucun pays oil l'on vende actuellement du 
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bacon ou du ble irradies, mais je suis certain que ces 
. produits seront tres prochainement en vente. 

A. VAN DEN HENDE (Belgique): Vabsorption par 
Jes plantes d'agents nutritifs par l'intermediaire des 
racines est parfois genee par des facteurs dependant 
de la nature du sol: fixation (blockage), difficultes 
d'absorption (insolubilite), etc. En Belgique, le pro
bleme a souvent etc resolu en pulverisant sur les 
fcuillcs des solutions des elements manquants. Les 
experiences avec des radioisotopes du phosphore, du 
sodium, du manganese et du fer montrent que les 
sets marques sont absorbes tres rapidement par les 
feuilles. Grice a ce fait, on peut corriger tres rapide
ment une deficience donnee, pendant la ~riode de 
croissance, dans des cas ou l'on n'aurait pas pu 
eviter une baisse du rendement en comptant seulement 
sur la nutrition par le sol. 

M. FRIED (AlEA): Le phenomene que vous signalez 
est observe de fa~on courante dans le cas de nombreux 
elements nutritifs, mais certainement pas pour tous. 
Une des questions qui se posent est de savoir si une 
quantite suffisante de rion peut etre obtenue pour la 
nutrition. Une seconde qyestion est de savoir si cette 
technique est economique. 

A. Sz1LVJNYJ (Autriche): La radiosensibilite de la 
levure intcrvient dans un grand nombre de sujets. 
Dans le cadre d'un contrat de recherche pour l 'Agence 
intemationate de l'energie atomique, nous avons 
trouve que le facteur le plus important pour la radio
sensibilite de diverses levures, et probabtement des 
bacteries aussi, est le moment particulier du cycle 
de vie de la cellule oil t•irradiation a eu lieu. Pour des 
cultures synchronisees, certaines preuves indiquent 
que la phase la plus sensible est celle qui precede la 
synthese de l'ADN. 

A. N. SEVCHENKO (RSS de Bielorussie): L'un des 
principaux facteurs de la croissance est la photo
synthese. Et pourtant le rayonnement lumineux qui 
participe a ce processus et qui favorise la croissance 
des plantes est de nature identique a celle du rayon
nement gamma qui inhibe ou detruit les processus 
vitaux. Les deux types de rayonnement sont de nature 
electromagnetique et ne different que par l'energie, 
celle des rayonnements lumineux etant la plus faible. 
M. Fried pourrait-il faire quelques commentaires sur 
ces deux types de rayonnement en liaison avec les 
processus vitaux? 

M. FRIED (AIEA): Les facteurs vitaux. sont tres 
compliques et dans les processus d'evolution certains 
rayonnements sont tvidemment absorbes par les pig
ments presents dans la plante. Grace a ces longueurs 
d'onde particulieres qui sont absorbees par le pig
ment, la ptante continue le processus utile de photo
synthese. L'irradiation X et l'irradiation gamma 
apportent une quantite importante d'energie et, s'il 
n'y a pa~ de mecanisme qui elimine cette energie, 

il est probable qu'elle aura un effet destructeur Sil{ 

les tissus vegetaux aux niveaux eleves. 
A. R. GoPAL-AYENGAR (Inde): Je voudrais faire 

deux breves remarques et poser une question au 
Dr Fried. La premiere rem.arque conceme diverses 
mutations economiquement avantageuses que nom 
avons reussi a induire A l'Etablissement de l'energie 
atomique de Trombay. En particulier, ce travail sc 
rapporte a la mesure quantitative de varietes a ren
dement plus eleve de mutations du riz et de l'arachide. 
Ce que je veux souligner, c'est qu'il est tout a fait 
possible de produire des varietes de riz a plus haut 
rendement, pouvant depasser de 55 % celui du temoin, 
et une variete geante d 'arachide, d 'une dimension 
double de ceUe de la forme de depart. 

Ma seconde remarque conceme les possibilites 
d'irradier et de pasteuriser tes aliments et d'augmenter 
les durees de conservation des produits alimentaires. 
On peut maintenant, en combinant des traitements 
thermiques et de faibles doses d'irradiation, minimiser 
les effets toxiques et conserver les proprietes organo-
leptiques. · . 

La question que je desire poser au or Fried est 
la suivante: on a fait un nombre important d'etudes 
toxicologiques sur des animaux avec des aliments 
irradies, mais a~t-on fait des experiences genetiques 
sur des generations successives afin d 'elimit_lCf OU 

d'exclure la possibilite d'effets nuisibles? 
M. FRIED (AIEA): Le D• Gopal-Ayengar a pose 

une question tres vaste. Le probleme de l'absence 
de nocivite des aliments irradies a fait l'objet de 
nombreuses discussions. Jt a aussi constitue le theme 
d'une recente reunion organisee conjointement ~ar 
l'Organisation des Nations Unies pour l'alimentat10~ 
et )'agriculture, )'Organisation mondiale de 1~ sante 
et l'Agence internationale de l'energie atom1que en 
vue d'essayer d'isoler les facteurs qui doivent etre 
oonsideres pour definir l'absence de nocivite .•· On 
dispose de resultats sur plus de 100 000 amm~UX. 
et plusieurs generations de ces animaux ont ce~~me• 
ment ete suivies. Les resultats obtenus sur une period~ 
de six ans environ ont permis de conclure qu'une a~
mentation a base de produits irradies n'avait prodwt 
de caracteres anormaux dans aucune generation. Je ne 
connais aucun resultat contraire. Le D• Gopa~
Ayengar conna1t parfaitement la litterature,_ et Je 
ne pense pas pouvoir y ajouter quoi que ce so1t. · 

Memoire P/880 ~presente par H. Vetter) 

DISCUSSION 

G. A. ZEDGENIDZE (URSS): Je voudrais ajout~r 
quelques donnees supplementaires au rapport tres 
documente du Dr Vetter. 

• Comitt d'experts FAO/OMS/AlEA sur !es bases ~echni~ues 
d'une legislation sur l'absence de nocivite et la ~nte rmcro
biologique des aliments irradies, Rome, 21-28 avnl 1964. 
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L'utilisation des traceurs et des sources de rayonne

ment en medecine et en biologie s'est considerablement 
developpee en URSS depuis la deuxieme Conference 
de Geneve. Le principe de base dans le developpe
ment d'un reseau d'installations medicates et d'insti~ 
tutio~s de recherche scientifique utilisant l'energie 
at~mique est l'etablissement 7 dans les cliniques de 
~ai!ernent du cancer, 1es grands Mpitaux et Ies 
mstituts de recherche scientifique - de centres radio-
1ogi~ues equipes. de materiel radiologique modeme. 
Ceci a eu pour resultat une augmentation sensible du 
no1:1bre d'etablissements medicaux sovietiques qui 
u~nt de facon reguliere de6 preparations radio
act1ves. Alors qu'il y avait 213 etablissements de ce 
type en 1957, plus de 500 utilisent maintenant des 
preparations radioactives et des rayonnements. 

L'utilisation de divers composes marques a perrnis 
d'obtenir certaines donnees nouvelles en recherche 
biologique et medicale, dans l'etude des conditions 
fonctionnelles du systeme cardiovasculaire du foie 
du. tu~ digestif, des reins et des glandes e~docrines: 
et auss1 dans le diagnostic des tumeurs de divers 
organes ou systemes. 

R. OGBORN (Etats-Unis d'Amerique): Je voudrais 
demander au Dr Vetter de faire quelques commentaires 
sur certains composes marques qui ne sont pas men
tionnes dans sa communication. Je pense par exemple 
au travail recent de S. Benson et R. Yalaw sur les 
anticorps qui bloquent l'insuline, travail qui a ouvert 
un nouveau domaine pour le diagnostic et le pro
nostic des etats de· desordre hormonal. II faudrait 
aussi mentionner Jes produits pharmaceutiques radio
actif s, actuellement en cours d'essai sur des sujets 
humains, qui se Iocalisent dans les tissus de tumeun 
en concentrations allant jusqu'a 100 fois la concen
tration dans les tissus normaux voisins. Je peux citer 
comme exemples le travail de S. J .Mitchell a Cam
bridge et celui de C. Eskelson et J. MacLeary aux 
Etats-Unis, qui utilisent le Synkavit radioactif et la 
tetracycline radioactive. 

,. Des. in~tallations ameliorees et plus puissantes pour 
I nrad1ation stationnaire, rotationnelle ou conver
gente par des sources de cobalt 60, et des sources 
de rayonnements de haute energie comme les beta
trons et les actelerateurs lineaires ont ete introduites 
en ~~S sur la base de nouvelles techniques et ont 
Cons1derablement ameliore les resultats obtenus dans 
le traitement par irradiation des tumeurs dans diffe
rcntes parties du corps. 

~•utili~ation de differents types d'aiguilles et de 
Preparations radioactives de solutions colloidales 
d'or. d'argent, de phos~hore et d'autres elements · 
ra~oactifs a ':°ntribue de fa~on marquee a l'amelio
rabon des tra1tements par irradiation. 

P. J. DUNcroN (Royaume-Uni): Ma question 
COncerne la teletherapie aux radioisotopes. On a 
suggere que l'efficacite des unites de cobalt 60 dans 
l~ traitement des tumeurs profondes serait augmentee 
si on foumissait plus d'oxygene au malade pendant 
le traitement, a l'aide de chambres hyperbariques 
ou par d'autres moyens. Que pensent les auteurs de 
cette suggestion? 

H. VETrER (AIEA): Les auteurs n'ont pas d'expe
~ence personnelle en ce qui conceme cette sugges
tion. mais des travaux de ce genre sont en cours, 
Principalement au Royaume-Uni, et aussi aux Etats
Unis. Cette methode en est encore au stade experi
mental, bien qu'elle s'appuie sur des bases radio
logiques solides. Les resultats preliminaires sont encou
rageants. mais je pense qu'il faut attendre encore 
quelque cinq annees avant de pouvoir evaluer serieu
sement les effets de cette fonne particuliere de therapie. 

. H. VETTER (AIEA): Je conviens que l'insuline mar
quee est un compose tres utile, que l'on utilise 
main tenant dans un grand nombre d •~tablissements 
de recherche medicate pour estimer Ies concentrations 
de 1 'insuline dans les divers fluides du corps. Le travail 
de Mitchell sur Ia vitamine . K marquee en est peut
Stre a un stade moins avance, mais il ya des raisons 
d'esperer que l'on pourra dans un proche avenir 
administrer des doses de rayonnement importantes a 
certains types de cancer humain. 

G. MILHAUD (France): Je voudrais faire trois breves 
remarques sur le tre.s interessa.nt memoire du Dr Vetter 
et de ses collegues. D'abord, en ce · qui conceme 
l 'instrwnentation, !'introduction des compteurs A bas 
bruit de fond pour la mesure des isotopes emetta~t 
des betas mous (a l'exception du tritium) represente 
un progres considerable et pennet une reduction plus 
importante de la dose administree par rapport a Ia 
dose necessaire que lorsqu 'on utilisait des oompteurs 
a scintillateur liquide. Ensuite, le diagnostic tr~s 
difficile de l'byperthyroidie est devenu relativement 
aise grace a l'utilisation du calcium 45. On peut, 
avec cette procedure, eviter Jes interventions chirur
gicales inutiles. Entin, ii est probable qu'on utilisera 
de plus en plus les composes marques au 14C, qui 
peuvent etre utilises pour le diagnQstic des maladies 
hereditaires du metabolisme (galactosurie, intolerance 
hereditaire du fructose, maladie du sirop d'erable). 
en faisant incuber du sang ou un fragment d'organe 
·en dehors de l'organisme. 

Z. OIENSTBIER (Tchecoslovaquie): Puis-je demander 
aux auteurs comment ils comprennent le terme 
« medecine nucleaire »? 

H. VETmt (AIEA): L'utilisation de cette expres
sion est une question de definition et chaque cher
cheur dans ce domaine a probablement sa definition 
personnelle. Certains, par exemple, estiment que mede
cine nucleaire veut dire la medecine de Ia guerre 
nucleaire. C'est une definition avec laquelle je ne suis 
personnellement pas d'accord. Je comprends Ia mede-
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cine nucleaire comme l'utilisation des radioelements 
et des sources de rayonnements en medecine. Meme 
dans ce domaine ii peut y avoir quelque desaccord 
- par exemple, pour decider si l'utilisation des 
sources de cobalt radioactif en teletherapie doit ~tre 
consjderee comme relevant de la medecine nucleaire 
ou de la radiologic. Certains estiment que l'utilisation 
des unit~ a cobalt a simplement remplace le traite~ 

npoTOKOn 3aCeAOHHSI G 

ment aux rayons X et qu'il ne s'agit done que d'un 
nouvel appareil de radiologic; d'autres pensent que 
puisque cette methode implique l'utilisation de l'ener
gie atomique en medecine, il n'est que normal de 
l'incorporer a Ia medecine nucleaire. Ce n'est qu'une 
question d'interpretation et je suis sur qu'il faudra 
encore de dix a quinze ans pour eclaircir ces problem.es 
de juridiction. 

npHMeHeHHe H30TOnOB M MCTO~HHKOB M3ny~eHMA 
a 6MonorM~ecKMX HayKax 

flpei)ceiJame.Ab! n. CHHTpa AO npaAO (6pa3MnMR) 

AoHnaA P/874 

,LtHCKYCCHR 

P. 3. HABElUntn (CCCP): Mu MomeM JIOJIHO
CTJ,JO COTJl8CHTLCII C npoq>eccopoM lJarac, 'ITO JIC
lfOJll.30BllHHe Me'lem.rx coe;umeunii ;1.aJ10 B031\lO>K
uoeTt. 11ay11nT1. 1texaHH3M lj>apMaKoJJorn'lecHoro 
;s,enCTBHft pa3J111'1Hl,IX Bell\eCTB. O;i;naKo aTo ;,.eii
CTBlle He ecer,1a CB.1138110 C nepBH'IHbO( HaKonne
HHeM areHTa B pear.HpylOw_eii TKaHH, I<aK OK car.c 
ua6.'lk>;J.a.a B CBOHX O'ICHb llHTepeCJtblX 3J{Cflepn

)(eHTa:t no n3Jly'lenmo. Hanp1n,ep, n uawux nc
ene~onauuax noc.i:e 11111,ei.QHH KpL1C8.M Me'leHoro 

7, f 2 ,a11weru:i6enaa11rpau,eua MLl ne na6mo;i.amr 
11epeu'l11oro 1taKonJ1eHHR 'KaH(\eporeunoro areHTa 
8 rpy,lHOH me»e3e H M0JIO}{e )RHBOTHt.tx, TCM He 

llenee paK rpy~uor1 ,t<eJieaY paaBHBaJ1c11 y 70% 
.. pwc. CJJe~osa1em,uo, e noM cJJy'lae J10Kamf3a-
1uu1 npou,ecca 6L1.1a BLl3BaHa ue nepBH'IHLlM ua
"on11enHe'M areHTa, a, RaK aTo 61,1JJ0 )lOKaaano cne
llH8JlhHLIMH :mcnepm.teHTaMn, renern11ecKHM npe,1.
pacnoJio,t<eu11eM KJleT0K (JJJIHHeii ).f(JfBOTBLlX) ll 
c{,ymm,noaaJILHblM COCTORHlfeM opraua (BJIHRHUC 

nmo~HaapHoro H RH'IHHROBOro ropMOHOB). O;J,
HOBpeMeHHO Hamn JICCJle]J.OBaHHII II0]J.TBepm.naIOT 

OCBOBHOU Bl,1110,1 upoqieccopa 1:larac OTIIOCHTeJll,

HO 3HA'leBml MeTo,1.a He'leHidX coe,AUHeHnii B OH
onorH'leCRRX HCCJI8,l.OBaHHRX. 

It 1:IAf AC, CLIH (EpaaHJIHR): HaK yKaaaJI r-H 
HaeeJ\1rnii, o.nuo H3 Y.I\HBJ1Ten1,n1,1x q>apMaROJJOrH
'leCKHX IIBJICRHH, OTphlTOe B peayJthTaTe HC
llOJlh30BaHHR H30TOUOB, COCTOIIT B 'IOM, 'ITO pac
npe,ne.neHHe Me'lenoro coe,AuneHHJI D oprauHa!lfe 
o'leHL Mano CBR3aHO C ero 6HOJIOCH'feCKHM mm 
((,apM3KOJIOfH'ICCJ(lfM JI.eUCTBHCM'. 3To 6LIJIO nepeo
uaqaHLHO upo~eMoHCTpHpoeaHo e cny11ae cepAe'l
uoro rn1rnoau.n:a. ,Ilame n . cny<Jae pa.n:noaHTHllKO-

ro J<ypape (areHT, C KOTOphrM SJ pa6oTaIO) 3TO Be· 
11\CCTBO MO;KHO o6uapymHTb » MeCTax, r~e OHO se 
urpaeT mrn:aKoii poirn. HanpuMep, 6om,woe 1co;i_11-
'lCCTB0 Kypape M0iKH0 HaiiTH B B0]J.HblX ,KH,11i0-

CTHX TeJla )l(HB0TH0f0, r,JJ.e, J<aK 3TO coeepmeJIHO 
TO'IHO H3BeCTHO, neT c1rnanca. Bee 3TH pe3ym,Ta
TLI a HX .HMeeTCJI 0OJILIDOe }l'.QJill'leCTBO, noaa31,1-

B8.~T ell{e pa3, 'ITO nymHO ocTOpO,«HO 'AeJiaTL Ka-
1me-nu60 aa1m10qemrn. 

M. AB,IlEJlb-BAXAB (OAP): ABrop ynouu-
naeT 06 ncrrom,aoeamm Me'leBoro yrne1rnimoro 
raaa npu H3y'le:Blm npo~ecca ·<J>o1ocnHTeaa. Oe
Hoet.tBal()TCR JUI ero aaKnJO•remrn ua peaym,raTaX 
lhJIBHHa 'KoTopue ohlJIH noJ1y11em.1 11p« pa.6ote e 
Hll3WH)fl; 0~H0KJI0T01JHhlMll pacTeHHffl,m, IIJIH CMY 

uaeeCTHM KaKHe-JJHDO ~pyrue nccae~oeamrn c iw 
U0JIL30B3HHeM C1402, npoee~eHHLle C BhlCilllf~= 

PacTeHIUIMH? EcnH ato TaK, TO MHe ohlJIO 
x. Mexa-nHTepccno ycJJhllll3Tb O COOTBeTCTBYIO~U. - · 

ffll3Max l{hl.XaHirn II cf>oTOCHHT833. 

K_ lJArAC (Epa3HJIU.R): 1J Jlll'HIO He np~:: 
,J,B.Jl llHI<aJ<lf.X pa60T IlO ~TOCRIITC3y. fl pe;:(C -
aeHHhlff MHOlO MaTepuaJt OCUOBl>U\aJIC.lt r.naBIILIM 
" · u ax. pac
o6pa30M ua pa6oTax n3JIBnHa H na Tlm · ·ai. 
Te11uii KoTpble oa 11ay11a.rr • .H npnBeJI 3TO J\ 6o 
11pHMe'p, a He Jr.JJH Toro, tJTo6hl ;:i;eJiaTh murne-1111 

06~11e BLIBO;:t;bl. 

,ll.oKnaA P/876 (npeAcraeHn M. OlpHA) 

,llMCHYCCMH 

M A APCEHhEBA (CCCP): a XOTe.'la 6LI ;{O
• • aTl<llM 

noJIHJITL aToT mtTepecH1.rii )l;ORJia;I\ 011en1, KP 
OT1J0TOM 06 HCCJie,a;oBafflfllX, . KOTOpMe npo»o;i.at
CR B 3TOM uanpaBJI0HHff B CoaeTCKO:M Coroae. 

B HaCTOHIU,ee BpeMR pa3JJJf'{Bl,Je HCCJle~osaTe.;Jl>

CKHe ~eH.Tpbt B CoBeTCI{OM Co10ae »eAYT 60111.wne 



OPOTOKOJ1 3ACE,QAHHR 0 ACTA DE LA SESl6N G 295 

paooTbl no CeJieRO,HJI pacTe1rnf1 c noMoiqLIO lf3JJY

qemii pa_:lJilf'IHoro BHAa (rartrna-HaJiy11e1rne, 61,1-
crpr,re HeHTpOHLI) H HeKOTOphlX XHM1t11eCKIIX coe

,uHeaaii. liacTL aTHX pa6oT cBnaaHa c Hayqe1rneM 

'lJ'IICTBHTeJU,JIOCTH pacteHHU .K pa3JIH'IHLIM BH,ll.8M 

J)a.1Bc'll{B:H. HarrpHMep, 6w:Jio AoKaaatto, 11ro HeKo

ropwe BH~Ll 6060B HCKJIIO'lHTeJU,HO 11yncrnnTeJihHLI 
K raiu,a-113Jiy-qemuo U TCM He Meuee OAIUlaROBO 
'ij'IICTBBTeJIJ,IU,I K 61.IcrpLIM HeiirpoHaM. 

IlpoBOJJ;RTCH lICCJie,1:toBaHirn no ce;rem~nH JJ;HUJIO
]QBLIX II TeTpanJJOH~Hl,IX q>Op)f rpe'IHXH Ha co
npoTl:lBJJHeM:ocr1, Pa.rllial.\HH H JieKOTOphlM XHMil
'IetKHM MyTareHBLIM are11TaM. 

ITpoBOAHTCH TaR>Ke nrnpmrne HCCJie~oBaHHR aqi
lfiei.m»HOCTH e cnen.mlm•rnocTu HOHH3HpYJOII.\ero 
R3JIY'{eHHH B :3THJleHJilMHHa B HH,!l,y.qHpoBaHHJI MY

ran;Rii: B 03HM:oii nmeHR.qe. 8TlIJieHRMBH IIOKaaaJI 
Zl8.lf00,U,Inffii MYTareBHUH aq><.peRT; CJie,ll,yIOiqllMH 

HO DOpHlI.JCY IIBJIHlOTCJI Obl:CTphle uenTpOHhl B aa
Tl!K raHif:a-naJIY'{eHHe, Koropoe ooJJa,n;aer uaH
xenmei 3rf>4>eK?HBHOCT1,10 . 

,Qnana3oB My'ta~HQ Tam«e H3MemIeTCJI B COOT

ReTCTBIUI C OOJiy'leHHeM pa3JIH'IHLU.UI BH,ll;aMH pa
;ma~11. MnorHe MyTaHTHLie q,opMLI B HacTo.fl
iqee Bpe11n IlOJ.(BepraIOTC.JI HCIIhITamtRM B JJHHHH. 
HeKoTop.Lle na nony•rnmn,rx pacTeanii uMeIOT Ta

kJ!e :qeeawe ceJI1:,cxoxoa1111cTaeHHLre xapaKTepn
CTHKH KaK CODpOTBBJIH0MOCTL PRJI.Y aaooJJeBaHHK, 
tTOHl(QCTI. R BLICORaJJ npo,qyKTJIBIIOCTI, (03BM811 

mne&eJla). Myra:qnu ralOl(e oJ.IJJJJ UOJIY'l0HLl B 

tJ}"lae HB3KOpacT~HX TOMaTOB ff p.a,na ,1:1pyrux 
namewx cen1>cKoxoa.11iicT»em1Lix pacreuuii. 

Pa.itaal\1U1 ra.K>1<e ncnoJJh3YeTCJI ,!1,JIJI cTuMy.11Hpo-
1ae:BJ1 npopacTaHHJI H coapeBae1111 paaJIH'IHLlX 
Ky.:n,Typ. J(aam.ie, noJJy'leHHlde no pa,!1,na:qHoH

Roii: CeJle.KIUfH, e~e paa IlO,ll,TBepm,!1,aIOT, 'ITO 

~Jfal(BR MOH(eT ycnernao HCilOJJh30BaTLCJI B ce

.1ex:q11H ceJI.LCROX03IIKCTBCHHhIX pacTeHHH. 
YcoemuIJe pa6oTLl npoBO/(RTCII rro HCllOJih3OBa

Rmo paAnaquu ~JIil y»e»nqeHHH nepuo~a xpaHe
eu11 OBOI.Qeii (1<apT04'eJI1>, JIYR u T. ~.). 3TH paOOTLr 
npuoopeJm a HaC'l'OHll.lee »peMH npo)u>1mJJe1rnoe 
aaneaae. RpynnLie uccJie'AOBaHHR Be.itYTCH 
IJO CTepRJIHaa.o;Irn KOpMOB H HX lWHCepBHpoeaHHIO 
ups no1itoll.{H pam-1a1vrn. Eonhmou uay'IHhlH npo
rpecc OLIJI Jl,OCTHrHyT 8 HCCJie)l.()B8HHRX no CTepH

.'llf3al(HH MYiKCKH:X: oco6eil HeKoTOpLIX uaceKOMhJX. 
PaooTa npo<f,eccopa AcTaypoBa no TyToBoMy meJJ
l!oup11;iy xopomo K3BeCTHa 11 HMeeT aHa'IHTeJJhHoe 

npo.llLIIDJWHHQe 3H8'lCHife, 

CoeepIUCHBO -H8B03MO.amo B aTOM BMCTYIJJI0HJfU 

YIIOMHHYT& 0 BCex JJCCJie~oBaHH.RX, HOTopLie se
,'lyYCJI B CoBCTC.}(OM Co10ae B 3THX OoJJaCT.JlX, HO 0 
fio:rLUIHHCTBe :)TlfX pa6oT coo6ll_\8JJOCb B uayquwx 
](y6.,11rna u,n 11x. 

M. MO Pr AH• (Coe,rvrneuuoe RoponeBCTBo): 
8 CBJl3H C pa3JJ,CJIOM 3Toro )\OKJJ:a)\a, KOTOpLlii: no
t&Jlil.\en pb16e, MomeT Qbl'l'L, 6yAeT HHTepecHI,IM 
)'l:i0IIRHYTb O HCKOTOPLIX 3KcnepHMeJITaX, npoBe~ 

• Pe.naK'l'op: Ha6mo;:i,ate.ll1, (?) ua Coep,aeeueoro Ropo
.1esnea. 

,.'leHHhlX M:irnncrepcTBOM CMLCKoro X03HHCTBa fr 

pbr6eoro npol'tlhlCJia Coe;:11rne1rnoro RopoJieBCTBa 

n 11pJJaH,'.\CKOM Mope. Eu,.e .zto ua11aJJa copoca » 
Mope pa.Il,HOQKTJfBHWX OTXO)'.{OB H3 BHH,'\cKeHJla 61,1-
JJa npone;i;eHa nporpaMMa OKOJlhQOBblB8HHR pb16LC 
11OKpyr y1JacTKa, B ROTopuii npe;i;noJiara.rroct. 

c6pac1,rnar1, OTXOlJ.hl, H Ha OCHOBe peayJJLTaTOB 
IIOBTOpH011 JIOBJJH OKOJJb~OBaHHOii pblol,l 6bIJJa 

c.rte.11aua <>I\CHKa npeMemr, KoTopoe KaMoaJ1a (Ha
n6oJiee BRIKffb!ff JIHA phlOf.l) HOpMaJJbHO DpoBOAHT 
mmrn.1,1i1 ro;{ oKoJio Me<:Ta· c6poca. PLioa co):(epma
Jiach B 3KBapuyMax, B KOTOpLIX B TC'l'eHHe 3TOro 

npeMeHH no,q.!{ep.m.HBaJJaCI, pa~:uoaKTHBHOCTL; Ta
J\lfM 06pa:10M 61,rna noJiy'feHa BeJIB'IHHa 1'0,/.\0BOfO 
norJIOlI~eHH.fl pa~HoaKTf!BHOCTH KaM6a.'loii e ro.zt, u 
61,m onpe;leJieH npe~en 11.onycraMoK KOBJJ,eutpa
J..tHH pa_!\H081(TltBHOCTH B BO,[\e. 

0,IJ,HBM ua IIOOO'IHLIX peayJrLTaToB 3KCIIepeMeR

Ta no Ol<OJihD,OBLIBaHHIO 6L1JIO TO, 'ITO M:LI CMOfJIH 
noJJy'fHTh 3KCII0BeHn;aaJJhHYIO <l>YHKI\HIO, 0llllCLI
BaJOII(YIO pacnpeJ1,eJieBHe nonymni;ea KaMlfam.z B 

aaBHCHMOCTH OT paCCTO.IDIHJI OT llf.HKTa copoca. 
ToT (_paJ<T, 1JTO rrro ORa31WOCL B03MO)KHI.llf, 00'1>..flC
llHJICJI TeM, 'ITO MH3.KO OT MecTa copoca HaxOl{H
JIOCb Mecro .KOpMelkKB B Il03T0JIY npoxo~Ll Jf yxo
ALI p1,16w: OTpa>KaJIHCL B 3TOH paBHOMepBOCTH. 
Ilocne Toro RaK 3TH c6pocLI npono,AHJIHCL yme s 
Te11eHHe BCCKOJILKBX JJeT H 3KOJIOrlf1JeCKall CHCTe
Ma AOCTJtrna paBHOBeCHJI, MO:lf<HO 6L1JIO npoeeCTH 

cJieAYIOIL\YJO paooTy no yctaHoBJieee10 CBH3H Me
)l(AY BOAOH n nonymn:vuiii Ka116aJO.I. Peay111,TaTL1 
06CJ18AOBaHBJI MOpCKOH BOALI aa BCCKOJll>KO JleT 
Il03BOJIHJIH HaM omrcaTI:, llOCTOH.!fRLfe KOHIJ;eHTpa
l.(HH He<:KOJILRHX pal{HOaICTHBIILlX H30TOlIOB ICaK 

q>yaHI{BH paCCTOllHHR OT MeCTa Copoca H Cl<OpOCTJI 

c6poca. Jfonom,ay11 T8K~ iflYH.H.QBJO (B.Necw 

<f>YHKQHH, noJiyqeHHoii B peayJihTaTe nepsoaa
'18JJLHL.IX 3KcnepHMeHT0B no c6pacLieaHRIO cJ,nyo
pec~HpyJOn,.eii Kpac1rn) n co1JetaeH.11 ee c Bepo.RT

HOCTHLIH OTHOllleHHeM, DpHMe&eHHhlM K IIOJIO)l(e

HIIIO phlOLI u ee paCCTOBHHeM OT Mecra c6poca H e 
onpe,neJJCBHLJM B JlaoopaT?PHH Ko!cf>lf,R(\HeHTOM' 

KOH~eHTPat.lHH MemAY p1,1oou u BOJ\OM, M!:' noJJyqn
JIK fiOCJie~HHe o~eHKH cpe,l{HHX.fPOBHe1rKOHl\8H
Tpa,::,;Hff, KOTopl.le cJiep.yer omu.u;aTI, Y KaH6am,1. 
3TH OI{eHJ(B H3XOJ.{HJIHCh )J corJJaCBJf C BeJJH1JJUJa

MH, KOTOpLie OL2JIH noJJy'teHI,[ nyTeM JJOBJIB p1,161,1 
B 3TOM paiione H npoBe]\eHRII uenocpe~CTB8BHl>IX 

11aMepemdi na p1,16e. 
TaKHM o6pa3oM, O,l{HH H3 BCUOMOraTeJILBl>IX pe-

3YJlbT8TOB nporpaMMLI A03HMCTpHqecKoro ROHTpo

.'UI c6pac1,1saeMLIX H3 BHHACKeiina OTXO;!\OB aaKJ.IIO
~aJJCR B ooecneqeaKH KoHTpOJIH nose)leHHJI noay~ 

JTHl(H.H pr.r6Ll. 
K. fUilH,lVI (Asc1pn11): R !oreJJ 01,1 c~eJJaT& 

ff6CKOJILRO RPBTKHX aaMe'laHHH no HecROJJLKBH 

:aonpocaM, aaTpOHJTTWM 8 3TOM o•JeHb HHTepeCBOH 

;10HJJa~e. 
Bo-nepBLIX, KaK yJ<a3hlB3IOT ae10p1,1, onpeJJ,eJie

mrn MeTo.n;oM atttnBal\HOHHoro aeaJIHaa co.nepma
JtnR CJieAOB aJieMeHTa B J..teJIOH KJieTKe IIJlll TK3HH 

B )ltHBOM ee~eCTBe .naeT TOJILKO rpy6y10 RapTRHY 
ponn, 1<otopy10 nrpalOT aTH aneMeeTLr. Bo-BTo-
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pLIX, co:i.ep>Kauee CJle,l).OB 3JJCMeHTOB B HYKJie
HROBOH l(HCJIOT8 noKa3LlBaeT, "ITO OHH RBJI.RJOTCR 
BQ)KBLIM (f,aRTOpOM CT86HJihHOCTH reHeTH'leCKoro 
MaTepuana. TaKnM nyreM, eanpm,rnp, oKaaaJJOCL 
JI03lf01KHLIH noKaaatL, 'ITO 'fYBCTBHTelihHOCTL 

;tpo>K>Keii K o6ny'leHHIO 3aBHCHT OT CJieJ{OB 3JJe
MeBTOB B DYKJieRHOBOH J(lfCJIOTe, a 3TO cool5pa
)KeBBe HJfeeT ReKoropoe aaa11eune rrpu o6nY'(e
JfHR nuuteeLrx npOAYKTOB. 

lb1e:rorc11 TaKme ueKoropLle yKaaaBHH Ha TO, 
lfTO creneu& RH(f,eK~HH saBHCHT OT OTHOllleHHR co

AepM<aBHR BOROB MeT8JIJ1a B BHpyce H B XO3RHHe; 

3TO BMeeT onpe)J.eJJeHBOe BJIBJlHHe Ha CeJihCIWe xo-
3RHCTBO. 

Ilo Jtamelfy 11eenHIO, co11.epmaune cJie,a;os :,ne
Jteura B HfKJleHHOBLIX JUfCJIOTaX H ffl{ (f,paK~HHX 
HMeeT samueiiwee aHa'leane µ.JIR cBR3H Mem;iy 
,t<HBLIM ae11.1.ecTBO),{ H ?aKHMH (f,aKTOpaMR OKpy

>Ka10~eii cpe~1,1, 1(8K 6oJie3BH H o6ny11eaue. Ao 
HeKoTopoi: CTeneHH OHO T&}()K8 o6ycJIOBJIBBaeT co
;t.epmaHHe BH4x>pMa~HH B reHeTH'leCKOM lfaTe
peue. 

'-ho xacae1c11 06J1y11enmr nn~eBLJX npoAYKTOB, 
ff XOTeJI (ih( OTMeTHTL, ':ITO peaym,TaTJ.I Haweii 
co6creeRROH pa6oTw n0Kaa1,1earor1 tiT0 pa.[l.eonac
TepuaaQHII (f,pyKTOBOfO CORa, DO-BHJl,IDfOMY, JIB~ 

.1.ReTCR O'leHI, nepcneKTHBHLIM DOl{XOAOM. 
Onpe.:z.eneane pacnpocrpaHeHHK aaceKOMYX, KO

TOpoe llBJUJeTC.R HeOOXO~BMLIM npeABapHT8.11LHl,IM 

yenonHeM ,llJIR 6opi,61,1 C epeJJ,HLIMH HaCeKOJ,m:MH, 

Momno nenco npoeonHTb nyreM Me1'1<H eaceKoMLIX 
J>e~KHMH .meMeHT&MR (HanpuMep, eeponHeM B 
ROJIH'leCTBe 0,1-1,0 · 10-•%) u npoBe,!(eHJUI ueii:
Tponeoro 8KTHB8QHOHHOrO anaJIH3a. 

qro Racaercsr crm,1y.nHpoeanm1 neKoropux 
npo~eceou a pacTeenn, ynoM11nyr1,1x r-moii Ap
ceaLeaoii, TO JI XOTeJI 6LI npnsJielfL. BHIIM8HHe K 
paoore 3JOcca B <I>Pf. On DOl(338JI B03MO:ll<HOCTL 

noswweunR ypo:ma.11 KyJJt.TY p nyreM o6nyrrnmrn 
cexRB. 

T. A. MAPYJIAHAA (KoJJyM6m1): Ecn. mi 
C1'pam.t, B KOTOpLIX B HacToHm.ee apeMR npo;J.alOT
CR ooJt)"leRHJJe nu~ee1,1e npo]lfKT1,1? 

M. <J>Plf)J, (MAf AT3): HacKoJIJ,K0 ~me uaee
CTHo, 06.ttyqeeuwii KapTo<fieJIL npoAaeTc11 aa .1wM

Mep11ecK011 pLlHKe B KaHaAe H TO me caMoe MO>K

HO c1<aaaTL u o CouercKoM COioae. JI He auaro HH 

OAHOii c-rpaau, rae 6Ll npo]laeannc1, 06nyqem1L1i-i 
6al{OR H nmeHu'[\a, HO y MeHfl HeT HHKaKHX COM
HeBHH B TOM, qTo O'leHh CKopo U 9TU npOAYl<TLI 
UO.IIBHTCff Ha pblHKe. 

A. BAH-)J,EH-X3H)J,E (EeJI1,rm1): Ilornom.e
HnJO pacTeHHeM ITHTaTeJILHLIX se~eCTB qepea Kop
neBytO CRCTeMy HHOf)J,3 npeUHTCTBYJOT cf>aKTOJ)LJ, 
CB.ff38HHl,le C xapaKrepoM DO'IBLI: <fiHKC8QHH '(6J10-
J<HpOB8HJ1e), TPYAHOCTH norno~eHUR { HepaCTBO
pHMOC'J'h} H T. A, B BeJit.rHH ara rrpo6JieMa 'laCTO 

paapeUiaJiaCt. nyTeM onpIJ:CKHB8HUR JIHCTLCB paCT
BopaMK He]lOCT8IOW.HX. aJieMeHTOB. Hcm,1TaBHR, 

npoBe.IJ,eHRbl8 C pa.II,H081{THBRblMU H30TOllaftfH <I>oc
tpapa, naTpHH, MapraHua H meneaa no1<aa1,.1sa10T, 
'ITO :w.eqemi1e coau oti.eHb 6wcTpo nornoll\aIOTCH 

JIHCTl>RMH. EJiaro11.apa aToMy ;i;e«J,ttl(HT MolKeT 

6LJTL O'leHL 6LICTpo B0Cil0JJHeH s Te'ICRHe npo
rtecca pocTa, s Tex cJJyqanx, r.n.e ueaoaMo»<H0 npe

Jl0TBparnTL cnnmenne ypomaJJ ron1,Ko nyteM na
TaHHR 'lepea IlO'IBy. 

M. <!>PUA (MAr AT3): HB.11emte; Ha KOTOJ)OO 

BLl cchlnaeTeCL, o6LI'lHO Ha6JJIO,l\aeTCJI e cJIY'lae 
MHOfHX, HO, J<OHC'IHO, ue Bcex IlHTaTeJibHblX aJle
:r.teHT0B. O;J;HII H3 B03HHJ1'3IOIQHX BoDpOC0B COCTOJIT 
B TOM, MOffiHO JJH nony11HTL .n;ocraTO'lBOe JlJUI DH

TaHHJI KOJIH'JeCTBO H0H0B. ~pyroif Bonpoc - 0 -

JIJICTCR JIH 3TOT Mero~ aKOH0MH'leCKJI BLlfOAHLIK. 

A. C~HJIBHHIHl: (ABcrpHR): 1Iysc1u11Tem.
Hoet1, ApoH<>KeH K o6nyqeBmO OKaaLIBae'l' BnBHllHe 

Ha pH,ll npo6JJeM. Ilpn Bt:.InoJtHeHHH pa6ot11. no 

HOHTpai<ty, aaHJIIO'leHHoMy c Mem,icyuapoJ\lliu, 
areHTCTB0M no aTOMHOiI 3HeprHH, MY uamJIB, 'lTO 

caMLIM Ba>KHLIM <paKTOpOM'. B 'lyBCTBHTCJlbBOCTlt 

paaJJll'IHLl'.X .n;pommeii R 06nyqeun10 u, uepoarno, 
T8KlR8 oaKTepHH, .RBJIReTCJI HldeHH~ CT8,l\BJI )l(Ha
HeUHOfO ~HKJJa Menm, ua R0T0pOH OBH no.n;uep
raIOTC.11 OOJIYlfeHHIO. Y CRHXpoB11311poBaHJILlX 

HYJILTYP HMe10rc11 onpe11:ene11aLie l(OKaaaTeJILCTBa, 
'{TO uauooJiee 'IYBCTBHT8JII,HOH · cf>aaoi RBJI.lleTCH 
4fiaaa, npeJJ,llleCTBYIOU\3R CHHTeay JI.HR. 

A. H. llJEBt}EHRO (CCCP): 0)1,BBM ua oc; 
I(OBHLlX cl>aKTopoB B pocre )l(BBLIX opraBB3MO 

RBJJReTCR cl,oTOCHHTea. TeM ae MeBee. ceeToBoe 
1rnnyqeene, Horopoe nemHT e ocuose ~Toro ni; 
~ecca H Roropoe CTHMynnpyer poet pacreu • 
HJleHTH'IH0 no csoeii npupoJ(e c raMMa-B3JIY1feHH
eM 11:oropoe ropMoanT HJIH napymaeT meaeemn,1e 
np~u.eccLr. O15a Tnrra pa,n:oaunu npe,n;cTaBJUIIOT co~ 
OOH a.neKTpoMafRHTHLie BOJIHLl II OTJIH'laIOTC 

TOJ1LKO aueprueir aHeprHJJ CBeTOBOfO D3JIY'leJIH.H 
HH>Ke. He Mome~ Jrn: r-H <I>pHJl. BLICKa3aTI. cs:~ 
33Me'laHHH no 3TUM .JJ;BYM BH,JJ;aM pap;Ha~m! B · 
CBJI3H C >RH3H8RHl.lMH upo~ecCa)rn? 

M <I>PlP' (MAf AT:3): muaaeHHLI8 q>alt1'0PLI 
• I.\ oro o'leHL c.nomaw u B npo.I(ecce . ::,soJ110quoun 

pa3BHTHR JieI<OTOpLle H3JI}7'1eHH.fl, O'leBH~HO, DO-
fJIOIIl8IOTCR DHrMellT3MH, npncyTCTBYJ()IqHIUf ! 
PacTeH1rn. Ilocne nornorqeau11 uurMeHTO){ .,Jiyqeu 

JUI pacTec aTJUfH onpe,n:eJieHHLIMH )\JIUHaMH BO 
nHe npo,!1.om«aeT cBoH noaeaHLiii npou.ece <fioto
C Hnteaa. B cJ1y11ae 06ny1Jenna peurre11ouc__RH:C 11 

raMMa-HaJiyqeHHeM, 06m1;r.a10~mUl 60JI1>IDOH au l 
ruei:i: H npH OTCYTC'l'BHB Mexa1rn:nra, KOTOpblH 

' npa 8LICOJ{R.~ YAaJIHJl aTy aHeprHIO, BepoHTHO, q1'0 
ypOBHJIX TaKoro H3Jlyqemrn OHO 6yp,eT OK33bIBaTb 

y KaHH pa.cTeBHJI. 
paapymHT0JibH08 .n;eHCTBHe ua T 

A p ronAJI-AllEHfAP {l1u~HJ1): fl xoTell 
• • n 3aJ1,aT1> 

GLI CJl.CJI8TL )(Ba KpaTRHX aaMC'III.HllR D X 
O"HH Bonpoc A-PY Cl>pn~y. flepuoe Ha a7nx 'A Y· 
" · ""OHO)IIH'leCltll aaMe'laHHR CBH3aH0 C paa.lIH'IHLIMH 3,. 

Mid ycnemno 
BI.UO"HLIMH MyTaqHHMH, J(0TOpLie 

" u :meprnn B HHJl.Yll.HP0B8JIH B Qeatpe IIO 8.TOMBOJI 

Tpo.,6ee Jfn"HR. BoJtee TO'IHO, pa6oTa OTHOCJITC,.8 
"" , " ypomanK J{OJIH1feCTB8HBOMY uaMepeHHIO JlhlCOKO 

HLIX. BHll,08 MyraU,Hii p11ca H 3eMJIJIB0fO opexa. 
Ma:e xoTeJioch oLI uo,11.'lepruryTL, 'ITO couepmeBH_? 
onpep,eJieHHO B03MOa<llO D0JIY'fHTL BLICOKOYP0,1(3J{-



lllile BH,I{IJ pHca, ypomaiiHOCTL KOTOpLix 6yAeT BLI

me AO 55% no cpaBHeHHIO c nepB0Ha'laJJLHLIMH 
IIOHTpOJU,BIJMH copraMH, C KOTOpLIMH Ba11HHaJIH 
paooTaTL. 

BTOpoe 3aM:e-'laBue CBH3aHo C B03MOlKHOCTLIO 
00.lf'leBHR H nacrepnaaqHH IlH~eBLIX npo}J,yRTOB ' 
K npo,l{JieBnH cpoKa ux xpauemIR. B nacroH~ee 
»peio1 nyre11 coqeran1rn: repMoo6pa6oTKH u o6ny
'leBDJI HaJJLIMH YPOBHJIMH pa}J,HaqHH MOlRHO CBe
CTII AO MBHHMyMa TOKCHqecKue alf,l{>eRTLI B cox
PaJIBTL opranonenruqecKue cBoucrsa. 

fl XOTeJJ OLI 33]\an, A-PY <l>pHAY CJI0}J,yt0~1fii 
l!ODpoc: }J,OBOJILHO OOJILIIIOe KOJIB'leCTBO TOKCHRO

.,orH'leCKBX DCCJIC,l\OBannii OhIJIO rrpoBe}J,eBo Ha 
iRHBOTHWX c o6JJy'leHHLIMH nn~eBLIMH npo}J,yKTa
MB, HO npoBO,I\BJIBCL JIH K3KHe-m160 reHeTR'lCCKHe 
:nrcnepuMeHTLl C IlOCJie}J,yJO°-'HMH IlOKOJl0HIDIMH 

:ITHX lKHBOTHLlX 11,]lfl Toro, 'ITOOLI ycrpanHTb HJIH 
RC:ltlllO'lBTh , B03M0'1(HOCTI, Bp8JtHLJX B03}J,eiier
CTBH:ii? 

M. <l>Plf)l (MAf ATS): ,ll,-p fonaJ1eeerap aa
;iu 011eu1, o6mnpHhlii: Bonpoc. Ilpo6J1eMa 'A06poKa
'leCTBeHuocTn 06J1y11eHHLIX nm:qeBhIX upo)l.yl<TOB 
ow.11a npe,l\MeToM MHornx µ:ncKyccHii. Ona ra1u1te 
noCJiymuna Teuoii ne,u;aBHero conMecrHoro coBe
Ill38HR, coanaHHoro Ilpo.u;oBoJILCTBeHHoii H cem.
cxoxo!RiicTBeeuoii opranHaan;ue:ii O6'be}J,HReHHLIX 
Hau;u~, Bcewupuoii oprauuaan;ueii 3,l(pasooxpase
HB.11 H Mem,l(yeapo)\HI,JM areHTCTBOM no aTOMHOii: 

:ieepr»H, r):\e 6LIJia npe~npHHRTa IlOOLITKa BLIAe
·1HTL «f>aKTOpl,J,, KOTOp1,1e ueo6XO'AHMO paCCMOT

peTL ~JJR Toro, 1JTOoLI onpe,Il;eJrnTL nx ,l(oopoKa11e
craeeuocTL •. BLIJIH aaperncTpnponam,r pesyJI1,
TaTLI ,nJIJJ 6oJJee 'leM 100 ThlC. IBDBOTHblX n BCJIOCb 
onpe,l(eneuHoe aa6JUo,l(eHue aa paa;mqer.IMH 
noKOJICIIHJIMH 3TBX , ,1nrnoTHLIX. Ma peayJihT3TOB, 
no.,yqelfeLix B Te'feHne mecnrneraero aepno,na, 
Ul,IJJQ C,lleJiaBo 33KJJI0'10HHe, 'fTO HCUOJlh30BaHHC 

o6,,y1JeHHLIX npo,nyKT0B ,l(JIJI KOpMa 7KHBOTHLIX He 
llpJtao;:i:uno K llOHBJieHnro aHoMaJIHff B K3KOM-JJH-
6o llOKOJICHHH. 1I. He CJlblUiaJI, 'ITO KTo~nH6o no
Jl}"IHJI hpOTHBOflOJIO)KHLie peayJILT3'tld. J:{-p f oua
:meorap xopo100 aaaKoM c JIHTeparypoii no aroMy 
Bonpocy H II Be )lyMaIO, IJTO JI Mory 011\e 'ITO-JIH6o 
.. 3TOMY ,no6aBHTI>. . 

,llot<naA P/880 (npeAcrasHn X. llleTrep) 

,&"1CHYCCJ.1H 
r. A. 3EJ:(rEHl1A3E (CCCP): H xoTeJI ohl 

lOrtOJJfflfTL OlJeHb CO,ll;epmaTeJILBLtii )lOI.Jia,n ,n-pa 
<I>eTrepa CJI0AYI011\'0.MII ,naHHhlMH. 

Jf cnom,.aoBaHHe Me'leHLIX 3TOMOB H HCTO'IHHKOB 
HJ.'lY'leRn.ii D Me,ll;Hquae M 6HoJiornH B CCCP aHa
'IHTem,Jto pacmHpHJJOCh co BpeMeHH BTOpoii 
iKeueuc.Koii .KOHcfiepeuu.1m. OcnouHoii rrpeeqHn 
pa3BHTIIH CeTH Me]\JSIJ.HHCKIJX: yqpem,llemrii H Hay'l-
110-J{CCJie,noaateJJLCKHX HJICTH1YTOB, HCDOJib3YIO-

.. FAO/WHO/IAEI Expert Committee on the Technical 
B_asos for Legislation on the Wholesomenes and Micro
b1ological Safety of Irradiated foods, Rome. 21-28 april 
1964. 

~BX aroMHYIO aHepruIO, 33KJUO'IaJIC.8 B opraRHaa
IJ.UH npH OHKOJIOfH'lecKHX .KJJHHHKax, OOJlhIDHX 
6om,Hnqax H uarrno-HCCJle1(0BaTeJILCKHX HHCTH

Tyrax pa1(HOJIOTH'leCKHX ~eerpoB, ocua~eHHLIX 
coBpeMeHHldM pa,l\HOJIOfl('IeCKHM o6opy)lOBaBHeM. 
B peaym,TaTe aroro 3Ha'IHTeJILH0 B03p0CJIO 'IHCJIO 
COBCTCKHX M0,l(BQBHCKHX Y'fpemp;eeuii:, · KOTOphle 
pery1rnpHo HCIIOJIL3YIOT pa]-ln:OaKTHBBble npenapa
TLI. EcJIH B 1957 TOJ:(y BaC'IHTLIBaJIOCL 213 T3KHX 

opraHH3af\HH, ro ceii'lac oonee 500 TaKux opraun:
aa11;eii HCllOJih3ytOT paJ:(HOaKTHBHLle npenapaTLI H 
lf3JJyqeRRJI. 

JfcnoJih30BaBBe paaJIH'IBLIX Me'l0HLIX COe]\HBe
HHH ll03BOJJHJIO IlOJlY'JHTb HeKOTOpLte HOBLie JJ;aH

ni.re n 6HOJIOrH'I8CRHX u Me~Hll;HIICKBX HCCJie]\o
BaHH.RX, B BCCJie,l(OB3HHBX cf>YHK~OHaJJbHLIX co

CTOJIBHH cepp;e'IHO-COCYAHCTOH CBCTCHIJ, ne'leHH, 
>ReJIYAO'IHO-KBffiC'IHOro rpaKTa, IlO'leK H 3HJJ;O
RpHHHLIX meJie3, a TaRme B J:(HarHOCTHKe onyxo
neii B paaJIR'lBLIX oprauax H cucteMax. 

Y conepmeucTB0Baum.re u 6oJiee Mo~uue ycra
HOBKH /1,.Jlll CTalQIOHapuoro, pora:qnOHHOro 06JIY11e
HHII H OOJIY'l0HHJI CXOJJ;~HMCJI ny'IKOM, o6opyAO
BaHBl,le HCTO'IHHR8MH Co60 JI T3ICD.MH JJCTO'IJBBKa

MH H3JIY'leHuii BIJCOKOH 3HeprHH, KaK 6erarpoHLt 
H JJHHeiiaLie ycKopereJIH, 6LIJIH sBe)l;eHLl B CCCP 
Ba OCBOBe HOBLIX MeTO}J,0B H 3Ba'IHT8JIJ,HO llOBLI
CHJIH pesyJILTaTLI pa,l(HOTepaIJHu onyxoJieii B paa
JIH'IHhlX 'laCTRX opraBH3Ma. 

McnoJIL30BaHHe pa}\HOaKTBBBLIX HfJI pa3JIB'l-:-
HLlX THilOB H npenapaTOB H ROnJIOHAHLIX paCTBO
poB pa,l\H03KTHBBOTO 30JIOTa, cepe6pa, «f>oc.popa II 
.a;pyrux 3JieMeHTOB 3Ha'lHT0JlhHO cnoco6CTBOBaJIU 
)'JIY'{memno pa,I\HOTepanun. 

II. ,r(m. J:{AHKTOH (Coe,neaeneoe RopoJJeBCT
eo): Mo:ii aonpoc ornocurc11 R pu}J,eJ1y • Pa,nuo
uaoronna11 TeJieTepanmo. B1i1ABBraJ1HCL npe;:i;no-

. JJ0'1<eHHR, 'lTO a«f>cfie.KTHBHOCTL pa,nuoKo6aJJJ,TOBLIX 
ycTaBoBoK npn: Tepanua rny6oruu onyxoJieii no
cTaBJieHa no,n yrpoay B peayx1,TaTe yseJIH'leHun 
no,naqu .KHCJiopo11a ooJILHoMy Bo BpeMR Tepa1rnu 

nyreM HCDOJIL30BaHHR rHrrepoapH'leCKHX KaMep 
IIJID ,npyrHX cpe;I\CTB. IIMeeTC.R JUI y aoropoB Ka
KOH-JIH6o ODhIT B 3TOM 0THomeHHII 

X. cJ>ETTEP (MAf ATS): Y aBTopos eeT JlH'l
troro on1,1ra no :noMy npe,nnoxomeeHtO, Ho raRaR 

paooTa Be,l\01'Cff rJiaBHLIM oopaaoM B Coe,l(BHeH

HOM KoponeecTBe, a raKme B Coe,nuueuuux llira
rax. Oua HaXO,l{HTCJI TOJlhKO Ha tT3,l{RH 3I<cnepn:
M8BTOB, XOTR ,nnn aroro Mero.rta n11eerc11 xopomaR 
pa,l\uo6uoJiorH1tecKaR ocaona. ITpe.a;sapHTeJILHLle 
peayJihTaTlil llBJIJllOTCJI o6oa,!.{emuBaIO~HMK, HO R 

;'{yMato, . 'lTO MLI 110)\0}l(J(eM, e~e. BepoRTHO, 

ltllTh Jl0T, npem.rte 'leM MO)KHO 6y;:i;er c;i,eJiaTb TBep
JtYIO ol(eHKY aq>qieKTOB aroii lfiopMLl repanue. 

P. OfBOPH (ClliA): H xore.n 6hl nonpocHTb 
J(-pa cJ>eTTepa pacc1taaaTr. o ueKoropLix MeqeBLIX 
coen1meeu11x, o J<OTOpLix He ynoMnuaercH B ero 
µ:oKJra,Qe. fl uMelO B BRAY, eanpn:Mep, ue;:i;asn1010 
pa6ory C. Beucoua B P. 0.aJioy no aeTnre;rur, 
CBR3LtBaIO~HM HHCYJIHH, ROTopaR OTKpLIJia Ho
BYB) OOJI3CTI, ,-uarHOCTHKH B nporaoaa COCTOJIHHii 
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ropMOB8JU,BhlX aa6oJieBaHnit CJJe,nyeT TaKme OT

MeTHTI, pa1t.Ho4>apHa~eBTHqeCKHe npenapaTW, 

npoxOJJ,JIII\R0 B HaCTO.flLQee apeM.11 JICilLJTaUUR Ra 
JJJO,lRX; 3TR npenapaTLI JIOKaJIPl.3YJOTCH B onyxo
JteBOH TK8HR C ROH~CHTpaQmnm il.O 100: 1 no 
cpaBBCHDIO C HOpMam,HoH oxpymaIOil\eH TltaHJ,10. 

B lCa'leCTBe npmtepa .11 comn10c1, ua pafioty 
C. ,l{m. MHTqeMa na KeM6pnnm.a, AnrnHH, H pa

OOTY It 3cxe.nLCoHa u ,nm. MaKnnpH, Coe1t.nuen
awe lliTaTN, CBR3aHHLle C HCllOJIL30BaHH0M pa
~B08RTIIBHOfO CBB:KaBDTa B pa.ztROaKTHBBOfO Te

Tpa~RKJUUia. 

X. <l>ETTEP (MArAT3): JI cornaceH, 'ITO Me-
11enwii DHCY.l1HH BBJIReTCR HCKJJIO'lHTCJ'IhHO noJtea

HLUf coe,.1.1tneu11eM, KOTopoe ltCDOJ1b3Y0TCH B 

Hac1oa~ee BpeMJI BO llHOrHX MCJJ.Hll,HHCKHX llC

CJJe;toBaTeJlbCKUX llHCTHTyTax A.JUI oueHKH KOH
neHTpaJ:Vtii JIUCYJJHRa B }KH]l.KOCTRX opraun:3Ma. 
PaooTa Mnt"len.na no Me11eH0My BllT&MHHY I{ B 

HacToH~ee BpeMR naxo,nnrcR, Mo»<eT 6L111,, elU,e 
B pauaeii CT3,lHI( CBOero pa3BHTHJ!, HO ectb OCHO

BaHHft na;1,eHTLCJ1, 1110 a11a•mre.n1>nL1e .noabl o6JJy
lfeHHR MoryT 6LITI, npOH3BeAeHW B 6mtmaiiweM 
OYAYU\CM ;l..:rn ueKOTOpLIX THROB paKoBLIX aa6oJJe

sannii 11e.noueKa. 
r. MUJIO (1.l>paHQHR): fl .XOTeJI 01,l CJJ,eJiaTL 

TpR J<patKIIX 38M8113RKff B CBR3H C O•leJU, l1H1e

pecm,n1 )J,Ol(Jla)l,oM J1.•pa <l>eTTepa H corp. Bo-nep
eux. 'ITO KacaeTCR o6opy;J.OB3HHR, TO BBe;!l,ellHe 
C'leT'IHKOB C MaJU,Ul 4,0HOM Jl.:Ut HCfiOJ'll,30B8HHR 

C )UlfKH)IH 6eTa-H3.'lY'lato~HMH HaoTonaMH (KpO

Me TPHTHH) npe)lCT8B]UleT 3Ua'IHT8JU,Uoe ,t{OCTH

meune H noaso:1.11er e 6om,weu cTenenn co1<pa
THTb BBO;l.HMYIO ~oay~ '18)1 npn HCITOJJb30B8HHH 

CLtffHTlf;J.'Ufl{HOHHLIX C<l8T<IH!W8. Bo-BTOpLlX, O'leHb 

TPY.lHLlii ;s.uaruoa nmeptnpeon;J,HJMa CTaJJ OTHO-
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CKTeJlbHO JiefKltM 6Jtaro]J.apa HCilOJU,30BaBmo 

Ca45• IlyreM nofr npoue,!l,ypLI MO»cHO H36eman 

neHyHrnoro xupypru'lecKoro BMeruaTeJtbCTBa. H, 
HaKOHell;, 0'10111> BepOHTHO, 'ITO B 6y,!Q'mell 
noapacTeT HCnom,aonam1e coe.n.uaeHHH, Me-.:ies

HLIX C" ROTOpble MoryT HCITOJJb30B3tbCR ;l-U 

~HarHOCTHKH uacJie)}.CTBeHHbIX MeTa6oJlH'let~1 

aa6oJJeBannii (ranaKT03ypHH, Hacne;,;crseuua11 He
TepnHMOCTb J{ <}lpyKT03e, 3a60J1eBaHlte, BI,(3B3B
H08 cnponoM ua K11enoeoro nncra) nyTeM h-ym.
nmnponamrn 1<poBH u;m qac'IH opraua BBC opra-
nnaMa. 

3. ~IIHCTBllP (lJexoc.noBal<KH): Momao ~a 
MHe cnpoCHTI, aBTOPOB, 1:ITO OHH IIOIIIIM3JOT DO;\ 

TepMHHOM u1p;epnaR MC,'Utll,ltHU? 

x. <l>ETTEP (MAr AT:3): licnoJJJ,30B8HHC aTO

ro TepMHHa HBJ:UleTCJI TepMUHOJ10fU'lCCKl1M BOIIJlO: 

COM H, BepOHTHO, na»<,:I,blil pa6oTal()~lfii B 310H 
OOJ13CTH HMeeT CBOe co6CTBCHHO0 oupe;:\eaem1e. 
HanpHMep, eCTh JIJO,!J,H, IWTOphle C'IHtalOT,: 'ITO 

R,!J.epHaR MC,!J.Hl\HHa 03Ha'laer H)].CpHYIO BO!Uly. C 
TaJrnM onpe.11,eJieHtteM a JJU'IHo ue cof.'laceu. 
Ilo MoeMy 1,rnemuo', R,!1.epHaH MC.:\Im,nua oauaqaet 
JICUOJIL30B81UIC pa.11,HOH30TOITOB lf HCTO'IHHROB ll3-
JJY'ICUUil B MCJVHJ,UHe. ll name B ;non o6JiaCTII Bee 
e~e Moryr 61,111, neKoropue paaHorJJaCHJI, nanpll

Mep, CJte,ll.yeT JlH l(J13CCllqJUU,RpoBaTb JICU0Jlb30B3-

IIH8 pa.11,no1w6aJihTOBbIX JJCTO'lHHROB :8 'JCJieTepa

llHH l(aK R,!J,epny10 :ue;i.mi;uHy mrn KaK pa;1_11o;i~ 

nno: HelWTOpt,Ie C'IHT3IOT, 'ITO noC}{O.JbK~' 3TO 
MeTOJl, CBR3all C HCll0Jlb30B8HHCM aTOMJIOII :mep
nrn. B Me,!J.UD,HHe, TO e,ll.llllCTBeHHblLl ~ npaBHJlbRbll( 
nyreM 6yJl_eT OTHCCTII ero K Hll,CpHOH Me.11,H~UHe. 
310 npocTo Bonpoc._ mnepnpera~HH H R · ynepe!I, 
••To npoii,!J.eT em.e ;1,eca11> - rr111Ha,n;~aTt. JieT, npe
a.,IJ,e 11eM '3TH 10pu;i,nqec1me npo6neMhl 6yµ,yT y11c-

uem,1. 

Aplicaciones de los radiois6topos y de las fuentes de radiaci6n 
en las ciencias biol6gicas 

Presldente: L. Cintra do Prado (Brasil) 

Oocumento P/874 

DISCUSJ6N 

R. E. KA VETSKY (RSS de Ucrania): Estamos com
pletamente de · acuerdo con el profesor Chagas en 
que el empleo de compuestos marcados nos ha per
mitido estudiar el mecanismo de la acci6n farma
col6gica de varias sustancias. Sin embargo, esta acci6n 
no esta siempre relacionada con la acumulaci6n pri
maria del agente en el tejido reaccionante, como el 
mismo hizo notar en sus interesantes experimentos 

sobre curarizaci6n. Por ejemplo, en nuestra investi
gaci6n, inyectando 7,12-dimentilbenzantraceno_ ma~
cado a ratas no observamos acumulacion pnmana . . 
de agente cancerigeno ni en las gIAndulas mamari!s 
ni en la leche de los animates; no obstante, en el 70 % 
de las ratas apareci6 cancer en las glandulas citadas. 
En este caso, por consiguiente, la localizaci~n d~l 
proceso no fue debida a una acwnulacion prunana 
del agente, sino, segun se demostr6 median~e. expe
riencias apropiadas, a la predisposicion gene~1<:3 de 
las cc.Hulas (tipo de animates) y a las cond1c1ones 
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fundonaJes del orga:no (influencia de las hormonas 
~itui!arias y ovaricas). Por otra parte, nuestras inves
t1gac1ones confirman ta conclusion basica del profesor 
Chagas en cuanto al valor de los compuestos mar-
cados en investigaci6n bio16gica. . 

C. CHAGAS FILHO (Brasil): Un hecho farmacol6gico 
so~rendente, demostrado con ayuda de is6topos, es, 
segun ha sefialado el Sr. Kavetsky, que la distribuci6n 
en el cuerpo de un compuesto marcado guarda muy 
poca relacion con su accion bilogica o farmacologica. 
Este hecho fue demostrado por primera vez en el 
caso de glic6sidos cardiacos. Incluso en el caso del 
curare radiactivo, agente con el cual estoy traba
jando, la droga puede ser encontrada en lugares donde 
no desempeiia papel alguno. Por ejemplo, se encuen
tra bastante curare en el humor acuoso, donde segun 
se sabe perfectamente no existe sinapsis. Todos estos 
hallazgos, de los cuales hay un gran mimero, demues
tran .~a vez mas que debemos tener una gran pre
.caucion al deducir conclusiones. 

M. ABoEL WAHAB (Republica Arabe Unida): El 
autor se ha referido al uso de CO2 marcado en estudios 
de fotosintesis. l Estan . basadas SUS conclusiones en 
las investigaciones de Ca]vin sobre plantas mono
celulares, o tiene noticias de algunos estudios con 
1
IC02 realizados en plantas superiores'! En caso afir
mativo me interesaria conocer los mecanismos de la 
respiraci6n y fotosintesis. 

C. ~HAGAS F1rno (Brasil): No he realizado ningun 
trabaJo sobre fotosintesis. Los datos que he presen
tado estan basados principafmente en los trabajos 
de Calvin y por tanto en los tipos de plantas por el 
estudiados. Cite esto tan solo como ejemplo, no con 
el prop6sito de deducir ninguna conclusion. 

Documento P/876 (presentado por M. Fried) 

DISCUSl6N 

M. A. ARSENYEVA (URSS): Me gustarla comple-: 
ntentar esta interesante memoria con una enumera
cion muy rapida de Ia investigaci6n que dentro de 
este campo se esta realizando en la Union Sovietica. 

Yarios centros de investigacion de la URSS estan 
llevando a cabo actualmente innumerables trabajos 
sobre el cultivo de plantas con ayuda de varios tipos 
de radiacion (rayos gamma, neutrones rapidos) y 
varios compuestos quimicos. Algunos de estos tra
bajos estan relacionados con el estudio de la sensi
bilidad de Jas plantas a las radiaciones 1ndicadas. 
Se ha demostrado, por ejemplo, que ciertas variedades 
de guisantes son especialmente sensibles a los rayos 
gamma y ademas son igualmente sensibles a Ios 
neutrones rapidos. 

Se estan llevando a cabo investigaciones sobre el 
cultivo de formas dipJoides y tetraploides de trigo 
sarraceno, con objeto de estudiar su resistencia a la 
radiaci6'n y a ciertos agentes quimicos que pueden 
producir mutaciones. 

Tambien se estan realizando amplios estudios sobre 
la eficacia y especificidad de las radiadones ionizantes 
y la etilenimina en la induccion de mutaciones en el 
trigo de invierno. Este ultimo compuesto ha demos
trado ser el mas eficaz en este sentido, seguido por 
los neutrones rapidos. Los rayos gamma son Ios 
menos eficaces. 

La escala de mutadones tambien varla de acuerdo 
~on la exposici6n a los diferentes tipos de radiaci6n. 
Muchas de las variedades obtenidas se encuentran 
ahora bajo investigacion. Algunas plant.as tienen carac
teristicas notables, tales como resistencia a ciertas 
enfermedades, mayor. fortaleza y alta productividad 
(trigo de invierno). Se han obtenido asimismo muta
ciones en tomates enanos asi como en otras plantas 
que presentan interes desde el punto de vista agricola. 

La radiaci6n se esta utilizando igualmente para 
estimular la germinaci6n y maduraci6n de diferentes 
cultivos. Los resultados obtenidos muestran una vez 
mas la importancia de las radiaciones en Ia mejora 
de plantas. 

La radiaci6n se esta utilizando con exito para 
prolongar el periodo de almacenamiento de vegetales 
(patatas, cebollas, etc.). Este trabajo ha adquirido 
ahora importancia industrial. Actualmente se- Jleva 
a cabo una investigacion en gran escala sobre la 
esterilizaci6n de alimentos y su preservaci6n por 
radiaci6n, constituyendo asimismo un gran progreso 
cientifico la esterilizaci6n de ciertos insectos machos. 
Es bien conocido el trabajo deJ profesor Astaurov 
sobre el gusano de seda, el cual tiene una considerable 
importancia industrial. 

Me es completamente imposible en esta exposici6n, 
dar cuenta de los trabajos que se estan Uevando a 
cabo, dentro de este' tema, en Ia Uni6n Sovietica, 
pero la mayorfa de ellos ban sido comunicados ~n 
pubJicaciones cientificas. 

F. MoRGAN (Reino Unido): En relaci6n con Ia 
seccion de esta memoria que trata de Ios peces, puede 
resultar interesante mencionar algunas experiendas 
flevadas a cabo por el Ministerio de Agricultura y 
Pesca del Reino Unido en el mar de Jrlanda. Antes 
de poner en funcionamiento el reactor de Windscale 
fue llevado a cabo un programa de marcado de peces 
en los alrededores del sitio propuesto para la des
carga, y se determino, tomando como base las recap
turas, el tiempo que cada afio permanece la platija 
(la especie mas importante) cerca de la salida. Los 
peces se mantuvieron en acuarios que contenian radi
actividad y de ese modo pudo deducirse la absorcion 
anual de la platija, asi como el limite para la con
centracion pennitida en el agua. 
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Merced a estas experiencias de marcado pudo 
sacarse una conclusion secundaria que nos permiti6 
llegar a una funcion exponencial que describia la 
distribucion de la poblacion de la platija en funcion 
de la distancia al pun to de descarga. Esto f ue posible 
gracias al hallazgo de un fondo de comida cerca del 
punto de dcscarga y las idas y venidas de los peces 
se reflejaron de acuerdo con ello. Despues de efectuar 
las descargas durante varios anos y de que el sistema 
ecologico a1canzara el equilibrio, podrian hacerse 
ulteriores trabajos sobre las relaci(!nes entre el agua 
y la poblaci6n de platijas. Las medidas de! agua de 
mar durante varios ai'ios nos han permitido ex.plicar 
las oonctntraciones en cada momento de varios radio
n6clidos en funcion de la distancia al punto de salida 
y de la velocidad de descarga. Mediante el uso de 
tal funci6n, en lugar de la obtenida a partir de las 
experiencias originates con fluoresceina, y combinan
dola con: a) la relaci6n de probabilidad aplicada a fa 
posicion de un pez y su distribuci6n desde el punto 
de 'dcscarga y h) el factor de concentraci6n experi
mental entre el pez y el agua, hemos obtenido datos 
recientcs de los nive!es de concentraci6n media para 
las platijas. Estos datos estuvieron de acuerdo con 
Jos encontrados pescando en esa zona y efectuando 
medidas directas en los peces. 

De cstc modo, uno de los resultados auxiliares del 
programa de radioprotecci6n de Windscale ha sido 
permitir el control dcl comportamieoto de una pobla
ci6n de peces. 

K. KAINDL (Austria): Me gustaria comentar breve
mente algunos de Jos puntos expuestos en esta intere 6 

santc memoria. 
Primero, segun dicen los autores, la determinaci6n 

dcl oontenido de elemcntos traza en las celutas o en 
los lejidos de la materia viva, mediante analisis por 
activacion, solamente nos da una idea aproximada del 
papel que desempenan dichos elementos. Por otra 
parte, el contenido de elernentos traza en los acidos 
nucleicos muestra que constituyen un factor muy 
importante en la estabilidad del material genetico. 
De csta forma, ha sido posible demostrar que la 
radiosensibilidad de levaduras, por ejemplo, depende 
del contenido de elementos traza en los acidos nuclei
cos siendo esta consideraci6n de alguna importancia 
en re1aci6n con la irradiacion de alimentos. 

Existen tambien ciertos indicios de que el grado 
de infecci6n depende de la relaci6n de! contenido de 
iones metalicos de\ virus al del huesped, hecho que 
puede pennitir sacar algunas conclusiones en agri
cultura. 

Nuestra opini6n es que el contenido de elementos 
traza en los acidos nucleicos y sus fracciones es de 
gran importancia en las relaciones entre la materia 
viva y los factores ambientales tales como enferme
dades e irradiaci6n. Hasta cierto punto esto es tam-

bien de gran importancia en lo que se refiere a tos 
caracteres hereditarios. 

Referente a la irradiacion de alimentos, me gust.a
ria mencionar que los resultados de nuestros trabajos 
muestran que la radiopasteurizaci6n de jugos de fru
tas constituye un camino aparentemente prometedor. 

La determinaci6n de la distribuci6n de insectos, Jo 
que constituye un requisito previo en el control de los 
mismos, puede llevarse a cabo facilmente marcando 
los insectos con etementos de las tierras raras (p. ej. 
europio) (0, I -1.0 ppm) y llevando a cabo el analisis 
por activaci6n. 

Con respecto a la estimulaci6n de estos procesos 
vegetales, mencionados por la Srta. Arseneva, me gus• 
taria recordar el trabajo de SUss, de la Republica 
Federal de Alemania, que demostr6 la posibilidad 
de aumentar las cosechas mediante ta irradiaci6n de 
semillas. 

T. A. MARULANDA (Colombia): iSe expenden 
actualmente en algun pais alimentos irradiados? 

M. FRIED (OIEA): Creo que las patatas irradiadas 
se expenden en los mercados del Canada y de la 
Union Sovietica. No conozco ningun otro pais dondc 
se vendan todavia tocino y trigo. pero no dudo de 
que esto se conseguira muy pronto. 

A. VAN DEN HENDE (Be}gica): La absorci6n por 
las plantas de sustancias nutritivas a traves de sus 
sistemas radiculares esta limitada a veces por factores 
que dependen de la naturaleza del suelo: fij~cion 
(bloqueo), dificultades de absorci6n (insolubilidad), etc. 
En Belgica se ha resuelto frecuentemente este pro
blema mediante procesos de pulverizaci6n con solu
ciones que contienen )os elementos deficitarios. Los 
ensayos realizados con los radioisotopos del f 6sforo, 
sodio, hierro y manganeso muestro que dichos ele
mentos son absorbidos muy nipidamente por las 
hojas. Gracias a esto, las deficiencias pueden corr~
girse muy rapidamente durante las epocas de cr~ci
miento, en aquellos casos en que no era posible 
evitar una disminucion en el rendimiento de las cose
chas al intentarse la nutrici6n solamente a traves del 
suelo. 

M. FRIED (OIEA): El fen6meno al que aca~a de 
referirse se observa comunmente en la mayona de 
los elementos nutritivos, aunque no ciertament~ en 
todos. Una de las preguntas que surgen es si medcan~e 
este proceso pueden corregirse las deficiencias nutn· 
cionales, y otra, si la tecnica es econ6mica. 

A. SZILVINYl (Austria): La radiosensibilidad de la 
levadura esta relacionada con un determinado numero 
de factores. Bajo el contrato de trabajo para el Orga
nismo Internacional de Energia At6mica, hemosenco~
trado que el factor mas importante en la radiose~~1

-. 

bilidad de varias levaduras, y probabtemente tambien 
de las bacterias, es el estado particular del ciclo de 
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vida en que son irradiadas las celulas. En cultivos 
sincronizados, existe una confirmaci6n clara de que 
la fase mas sensible es la que precede a la sintesis 
del ADN. 

~- ~- SEVCllENKO (RSS de Bielorrusia): Uno de los 
pnnc,pales factores en el desarrollo de Ia vida es la 
fotosintesis. Ademas, la radiacion luminosa intrin• 
seca a este proceso y mediante 1a cual tiene lugar el 
desarrollo de las plantas es identica en naturaleza a 
la radiaci6n gamma que inhibe o destruye los pro
~~s Vitale~. Ambas son radiaciones electromag
net1cas y drfieren solamente en su energia, sicndo 
mas baja la de la radiacion Juminosa. iPodria explicar 
el ~r. -~ried algo relacionado con estos dos tipos de 
radiacion y los procesos de la vida? · 

M. FRIED (OIEA): Los factores de la vida son muy 
cornplejos y en cl desarrollo evolutivo ciertas radia
ciones son claramente absorbidas por los pigmentos 
pres~ntes en Ia planta. Con estas longitudes de onda 
part1culares, que son absorbidas por tales pigmcntos, 
el vegetal continua siendo util en la realizaci6n de 
los procesos de fotosintesis. Las radiaciones X y 
gamma tienen una mayor energla y si no existen 
mecanismos que la disipen, sera probablemente des
tructiva para Ios tejidos vegetates a dosis altas. 

A. R. GoPAL-AYENGAR (India): Me gustaria haccr 
dos breves observaciones y formular una pregunta al 
Dr. Fried. La primcra obscrvaci6n sc refiere a varias 
mutaciones economicamente ventajosas, quc hemos 
conseguido en el Atomic Energy Establishment de 
Trombay, India. En especial cl trabajo concernientt 
a la medida cuantitativa · de las mutaciones produ
cidas en variedades de alto rendimiento de arroz y 
cacahuetes. Quisiera hacer notar que es definitiva
mente posible producir tales variedades de arroz con 
un rendimiento de hasta 55 ~~ superior con respecto 
al control y una variedad gigante de cacahucte cuyo 
tamaiio es doble quc el de la variedad inicial. 

La. segunda observacion se refiere a las posibili
dades de la irradiacion y pasteurizaci6n de alimentos 
con objeto de prolongar su conservaci6n. Es ahora 
posible, mediante combinaci6n de tratamientos con 
calor Y dosis mas bajas de radiaci6n, rcducir a un 
minimo los efectos t6xicos y no alterar las· propiedades 
organolepticas. 

I.a pcegunta que me gustaria hacer al Dr. Fried 
cs la siguiente: Se han realizado un gran numero de 
estudios toxicol6gicos en 'animates con alimentos 
irradiados, pero ise han llevado a cabo experimentos 
geneticos sobre sucesivas generaciones con objeto 
de , elirninar o desechar la posibilidad de efectos 
nocivos? 

M. FR1ED (OIEA): El Dr. Gopal-Ayengar ha hecho 
nna ·pregunta muy cornpleta. El problema de la salu• 
bridad de alimentos irradiados ha estado sujeto a 

innumerables discusiones. Fue tambien el tema de 
una reciente asamblea convocada por la Organizacion 
de Ia Naciones Unidas para la Agricultura y la Ali
mentaci6n, la Organizaci6n Mundial de la Salud y 
el Organismo Internacional de Energia At6mica, donde 
se realizo un esfuerzo para determinar que factores 
deberfan ser considerados para determinar la salu
bridad *. Se han recogido los resultados de ]as expe
ricncias realizadas con mas de 100 000 animales asi 
como con varias generaciones de estos y se ha con
cluido que en un periodo de tiempo de alrededor de 
seis afios, los aJirnentos irradiados no causaron anor
malidades en ninguna generacion. No tengo noticias 
de ningun resultado contradictorio. El Dr. Gopal
Ayengar conoce complctamente la bibliografia y no 
creo que pueda ai'iadir nada mas. 

Documento P/880 (presentado por H. Vetter) 

DISCUSl6N 

. G. A. ZWG£N!DZE (URSS): Me gustaria afiadir 
algunos datos al interesante trabajo prescntado por 
el Dr. Vetter. 

El uso de trazadores y fuentes de radiacion en 
medicina y biologia en la Union Sovietica ha pro
gresado considerablemente desde la Segunda Confe
rencia de Ginebra. Los motivos que han conducido 
al desarrollo de una red de instalaciones y servicios 
medicos e instituciones de investigaci6n cientifica 
usando energia at6mica, han sido el establecimiento, 
en clinicas oncol6gicas, grandes hospitales, e insti
tutos de investigacion, de centros radiologicos pro
vistos de equipos modernos. Como consecuencia de 
lo apuntado anteriormentc, se ha producido un 
aumento apreciable del numero de establccimientos 
medicos sovieticos quc emplcan con regularidad radio
isotopos. Mientras que en 1957 existian 213 institu~ 
ciones de este tipo, actualmente sobrepasan las 500. 

El empleo de varios compuestos marcados ha 
hccho posible obtener nuevos datos en investigaci6n 
mcdica y biol6g1ca, en estudios de las condiciones 
funcionales del sistema cardiovascular, el higado, el 
conducto gastrointestinal, los rinones y las glandulas 
de secreci6n interna y tambien en el reconocimiento 
de tumores de varios 6rganos y sistemas. 

Se han introducido en la URSS mejores y mas 
potentes instalaciones equipadas con fuentes de IWCo, 
con objeto de realizar imidiaciones estadonarias, 
rotativas y convergentes. Dichas instalaciones y otras 
fuentes de radiaci6n de alta energia, tales coma beta-

. trones y aceleradores lineales, han mejorado los resul
tados del tratamiento de tumores en diferentes partes 
del cuerpo. 

• FAO/OMS/OIEA, Coinite de expe~os sobre 1':S bases. tec
nicas para la legislaci6n sobre la salubndad y segundad m1cro
biol6gica de alimentos irractiados, Roma, 21-28 de abril de 1964. 
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La utilizaci6n de diferentes tipos de agujas radiac• 
tivas y soludones coloida1es de oro radiactivo, plata, 
f6sforo y otros clementos, han contribuido notable• 
mente a una serie de mejoras en los tratamientos con 
radiacioncs. 

· P. J. DUNCTON (Reino Unido): Mi pregunta esta 
relacionada con la tcleterapia con radiois6topos. Se 
sugiri6 que la efectividad de las unidades de co• 
balto--60 en el tratamiento de tumores profundos, 
podrian favorecerse aumentando el suministro de 
oxigeno al paciente durante el tratamiento, mediante 
cl empleo de camaras a alta presi6n o de alguna 
otra forma. ,Tienen los autores alguna experiencia en 
esta materia? 

H. VETTER (OIEA): Los autores no tienen expe• 
riencia personal en esta materia pero tales trabajos se 
estru1 desarrollando principalmente en el Reino Unido 
y tambien en Estados Unidos. Todavia se encuentra 
este tema en etapa experimental inicial, a pesar de 
que existe una base radiobiol6gica firme para el 
mctodo. Los resultados preliminares son alentadores, 
pero creo que tendremos que esperar quiza otros 
cinco anos antes de que pueda hacerse una estima• 
cion firme de 1os ef ectos de esta forma particular de 
terapia. 

R. OGBORN (Estados Unidos de America): Quisiera 
rogar al Dr. Vetter que haga algun comentario sobre 
ciertos compuestos marcados a los que no se ha 
referido en su memoria. Recuerdo, por ejemplo, el 
recientc trabajo de S. Benson y R. Yalaw sabre los 
anticuerpos unidos a la insulina, los cuales han 
abierto un nuevo campo de diagnosis y prognosis de 
Jos estados de enfennedades hormonales. Podria hacer 
tambien menci6n de los radiofarmacos, actualmente 
en estudjo en seres humanos, los cuales se localizan 
en tumores en concentraciones de hasta 100 : 1 com• 
paradas con Jos tejidos normales que rodean a aque• 
Jlos. Como ejemplo podria referirme al trabajo de 
S. J. Mitchen en Cambridge, lnglaterra, y al de 
C. Eskelson y J. MacLeary en Estados Unidos, los 
cuales emplean Synkavit radiactivo y tetraciclina 
marcada. 

H. VETTER (OIEA): Estoy de acuerdo en que la 
insutina marcada es un compuesto extremadamente 
util que se emplea actualmente en muchas institu
ciones de investigacion medica para detenninar las 
concentraciones de insulina en los f\uidos del cuerpo. 

El trabajo de Mitchell sobre la vitamina K marcada 
esta actualmente, quiza, en s~s comienzos, pero hay 
razones para esperar que puedan administrarse dosis 
sustanciales de radiacion a ciertos tipos de cancer 
humano en un futuro proximo. 

G. M1LHAUD (Francia): Me gustaria hacer Ires 
breves observaciones a la interesante rnernoria del 
Dr. Vetter y colaboradores. Primero, con respecto al 
equipo, la introducci6n de contadores de bajo fondo 
para su uso con radiois6topos emisores beta debiles 
(distintos del tritio) representa un avance considerable 
y permite reducir de una manera notable la dosis 
administrada cuando se utilizan contadores de cen
telleo liquido. Segundo, la dificil diagnosis del hiper
tiroidismo ha llegado a ser relativamente facil, gracias 
al uso del cakio-45. Con este procedimiento puede 
evitarse una intervencion innecesaria. Por ultimo, es 
muy probable que aumente el empleo de compuestos 
marcados con carbono-14, los cuales pueden usarse 
en la diagnosis de enfermedades metab6licas heredi
tarias (galactosuria, intolerancia hereditaria de fruc
tosa, enfermedad del jarabe de meple) incubando 
sangre o un fragmento de un 6rgano fuera del cuerpo. 

Z. DIENSTBIER (Checoslovaquia): iPuedo preguntar 
a los autores que entienden por « medicina nuclear»? 

H. VETTER (OIEA): El uso de esta expre~ion ~ 
asunto de definici6n y es probable que cada mveS!l· 
gador en este campo tenga la suya propia. Hay_~r
sonas, por ejemplo, que consideran que la medicma 
nuclear es la medicina de una guerra nuclear. Esta 
es una definici6n con la cual yo personalmente n? 
estoy de acuerdo, puesto que entiendo que la medi:, 
cina nuclear significa el uso de radiois6topos Y fuentes 
de radiacion en medicina. Jncluso aqui puede haber 
aun alguna discrepancia, como es, por ejem?lo, si el 
uso de fuentes de radiocobalto en teleterap1a puede 
clasificarse como medicina nuclear o como radio1ogia. 
Algunos consideran que el empleo de unidad4:s de 
cobalto ha reemplazado simplemente la terapia de 
rayos X y que, por consiguiente, constituyen simple
mente una nueva ayuda para la radiologia; otros 

· el creen que puesto que este metodo lleva consigo 
empleo de Ia energia at6mica en medicina, sofamente 
es adecuado incluirlo, por decirlo asi, en el concepto 

. . · ·' de de medicma nuclear. Esta es una simple cuestmn. 
interpretacion y estoy seguro que pasaran ot~os_ d•_:z 
o quince ai'ios antes de que estos problemas Junsdi -
cionales se hayan aclarado. 
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Continuous methods of tracing chemical changes 
in fluids under gamma-irradiation 

By S. Mine, Z. P. Zagorski and R. Broszkiewicz* 

P/112 Poland 

Investigations have been carried out on the devel
opment of continuous methods for the intermediate 
identification of chemical changes, taking place in 
the gamma radiolysis of solutions, initiated by the 
Department of Radiation Chemistry in 1960, with 
three years of continuous support from the Inter
national Atomic Energy Agency. These· studies have 

been undertaken since conventional methods of identi
fication after irradiatio,n are insufficient for the under
standing of the chemical processes caused by gamma 
irradiation. 

• Institute of Nuclear Research, Warsaw. 

Two methods have been adopted for use in strong 
fields of gamma radiation, of the order of 100 rad/s. 
As a result, kinetic curves have been obtained showing 
the changes in the concentration of particular reagents 
~n the system as a function of the irradiation time 

figure 1. Vertical (a) and horiwnul (b) cross-sections of cobalt-60 source for optical measurements 
during gamma irradiatloll _ 

The plane of drawing (b) is that of the optical axis of the analytical light beam. ~: Bo~ with light so~ 
(hydrogen lamp or tungsten bulb placed according to the range of the spectrum m :Which m~ure~ent 1s 
made); 2: Tail part of the main body of the monochromator; 3: Cell box ~n~t used m the m~1fied 1~tru
ment, as described); 4: Quartz lens giving parallel beam of monochromat1c light; 5, 6:_ Metall~ed m~rs 
reflecting the light beam; 7: Container with cells (vessels)_; 8: Cobalt sow:ce holders (m_ wo~k1ng pos1t1on 
contain cobalt-60 capsules); 9: Metallized mirror reflectmg light beam _on photoccl~, JO. Quartz lens 

focussing light beam on photooell; 11: Photocell box wuh pre-amplifier 

305 
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R1ure 2. Diairam of corrections to calculated extinction values 
(optical deMlty) of iolutlons In a gamma radiation field emitting 
terenkov radiation and sometimes also fluorescent radiation 

and the time elapsed thereafter. It is possible, there
fore. to determine the products which are usually 
unstable but which occur as intermediates in the 
systems investigated and disappear after irradiation. 

TECHNIQUES APPLIED IN INVESTIGATIONS 

Spectrophotometry In the gamma radiation field 

For optical investigations on gamma-irradiated 
systems, a special source with coba\t-60 has been 
constructed (1,2). Its cross-sections are shown in 
Fig. l. The Unicarn SP500 sprectrophotometer serves 
as a monochromatic light source and standard parts 
of this apparatus are used for the measurement of the 

t --+-... • II. 
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Figure 3. Change$ of calomel electrode potential ill a gamma 
radiation field 

Arrows denote the beginning and the end of irradiation. a: 
The expeaed change of potential assuming that the temperature 
of the electrode is equal to that reached by the irradiated 
mercury, thermally insulated from the surrounding medium; 
b: Experimental results (indicating conditions intermediate 
between a and c; c: Change of potential expected, assuming that 
the electrode temperature is equal to that reached by the irra
diated saturated potassium chloride solution, thermally insulated 

from the surrounding medium 

amount of light passing through the samples. The 
amount of light received by the photocells is increased 
by the Cerenkov radiation emitted by the sample in 
the gamma radiation field. True extinction values of 
solutions are determined with the aid of the diagram 
shown in Fig. 2 [3). AU measurements are made in 
cells of very pure quartz which does not darken in the 
radiation field. The apparatus described serves not 
only for the measurement of absorption but also for 
the emission of light [4]. Altering the geometry of the 
system, i.e., sources against measuring optical axis, 

1.0 

0.8 

b 

8 16 24 32 Ml 
6.C 72 

2.97 X 1016 eV/mlmin. min._,... 

Figure 4. Comparison of kinetic curves for the oxidation and reduction of Jron ions, obtained by polaro
graphic (a) and by spectrophotometric (b) methods 
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ma~e~ it possible to distinguish between Cerenkov 
~d,at!ori and fluorescence. It is also possible to 
mvestJgate the irradiation after.glow and its spectrum. 

Polarography in the gamma radiation field 

It was found that gamma radiation does not ad
versely affect the performance of a dropping mercury 
~Iectrode, except minor effects due to local increases 
~ temperature, which slightly enlarge the confidence 
interval of measurements [5]. The saturated calomel 
electrode was found to be a reference electrode with 
an excellent resistance to radiadon. Its changes of 
potential (Fig. 3) are due to temperature effects only 
[6]. 1:hese changes have no significance in polaro
graphical applications. A number of reference elec
trodes, e.g., silver-silver chloride were found to be 
too sensitive to radiation. ' 

Comparison between spectrophotometric 
and polarographic methods 

The methods developed are complementary, al
though there are cases in which both may be applied for 
the de!ermination of the same constituent (Fig. 4), 
accordmg to [7]. Therefore, the accuracy of both 
methods could be proved and confidence intervals 
determined. The sensitivities of the methods are from 
10--7 

to 10-S M/1, depending on the type of constituent. 
~ccordingty, at a dose rate of 100 rad/sand a radiation 
yield of G = 1, kinetic curves may be studied for an 
experiment of a few seconds of irradiation. The sensi
tivity of measurement may be reduced by several orders 
of magnit~de and it is possible, therefore, to obtain 
kinetic curves of chain reactions with G = 10 000, 
as observed in our laboratory and described below. 

The high sensitivity of measurement makes it pos
sible, at the dose rates mentioned, to trap medium
stable radiolytic intermediates, namely, in the case of 
water, of hydrogen peroxide and indirectly of peroxy
organic compounds, occurring as intermediate species 
in chain oxidation reactions and, hence, to study after
effects. 

, RESULTS 
Radiation chemistry of neutral lron(II) solutions 

Our methods gave an insight into the radiation 
chemistry of neutral (pH 5 to 8·5) oxygen-free solu
tions of ferrous salts, i.e., in the range which has 
hitherto been considered impracticable for precise 
study. It was shown that the radiation yields of iron 
ox.idation in such solutions are unusually low (G,..2+ 

= .0.45), lower than the molecular yield of hydrogen 
peroxide. Kinetic curves show only the reaction be
tween ferrous ion and hydrogen peroxide, which pro
ceeds with a large after-effect. Figure 5 shows the 
original triple-potential plot of three components, 
8 20 2, Fe2+H+ and Fig. 6 the intensities of diffusion 
currents and concentration as a function of time [8}. 

i 
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Figure S. Plot of changes in diffusion currents of H,O,, Fe' 
+H,O2 and H++Fe2 + H2O2 during and after irradiation 

Iron{III) precipitates in this system as the colloidal 
hydroxide. Hydrogen ions are formed simultaneously 
with a radiation yield equal to a third of the iron 
(III) yield. 

Radiation chemistry of aqueous iron(II, Ill) solutions 
containing organic compounds 

The methods developed provided a means of inves
tigating the mechanism of the reactions in irradiated 
solutions ofiron salts and made possible the determina
tion of data necessary for the calculation of the initial 
radiation yields of products in the so-called "che
mical .. stage of radiolysis. 

The mechanism of reactions proceeding during the 
irradiation of acidic aerated aqueous solutions con
taining ferrous ions and organic compounds was to 
some extent explained in the nineteeen-fifties fl0-12]. 
Table I gives an up-to-date summary, taking into 
account recent work [13]. 

Among the reactions listed in Table I, only those 
between products of water radiolysis and iron ions 
or organic compounds are considered to be thoroughly 
checked and established. The remaining reactions and 
the mechanism as a whole are hypothetica) and not 
verified by experiment. 

It is e.,·ident from the system of nineteen reactions 
that the possibility of iron oxidizing depends only on 
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Table 1. 

H,O -- ew. OH, H1• H10 1 (I) 
0114 + o, - HO,+ OH- (2) 

Fct• + OH - Fetr + OH- (3) 
•RH+ OH - R+H10 (4) 

R +o, - RO, (S) 
Fe'• + RO,+ ff ► -· Fe'' + R01H (6) 

Fet• + RO,H - Fe'• + RO + OH- (7) 
Fe'•+ RO - FeJ• + RO- (8) 
RH+RO - R+RHO (9) 

Fct• +HO,+ H' - FeJ• + H10 1 (10) 
Fe'•+ H,01 - Fel' + OH- + OH (IJ) 
RO,H + RH - 2RHO (J2) 

H01 + RH - R + H10 1 (13) 
R01 + RH - R + RO,H (14) 

Fe'•+ R + H,O - Fe0 +ROH+ w· (IS) 
RH+ e-.-a - R + H1 +OH- (16) 

Fe'' + e-_. - Fe .. + H10 (17) e-..,. + H,o• - H + lH10 (18) 
RH+H - R + H1 (19) 

• R • radical (CHa)a CHCHOH or similar. 

the presence of oxygen, provided that the concentra
tion of organic compound is sufficiently high in 
comparison to the concentration of ferrous ions. The 
absolute rate constants of reactions (3) and (4) are, 
for the majority of simple organic substances, of the 
same order of magnitude. Therefore, it may be assumed 
that all hydrogen atoms and organic radicals are 
bound by oxygen, forming peroxy-radicals. 

The use of a sufficient concentration of acid, making 
reaction (18) faster than (17), and possibly (16) for 
the reduction of ferric ions is impossible since reaction 
(15) cannot proceed without one of the substrates. 
Hence, it follows that the oxidation of iron will 
proceed either towards total transformation into iron 
(111) ions, if the initial concentration of ferrous ions 
is lower than the equivalent concentration of oxygen, 
or towards the exhaustion of the oxidizing peroxides, 
where there is a high concentration of iron, If the 
system has no contact with oxygen and the regenera
tion of peroxides cannot occur after irradiation, radi
cals .. R',. reduce ferric ions, due to the lack of species 
which inhibit reaction (15). 

Experiments performed with our methods have fully 
confirmed the assumptions [14-17]. · 

If the irradiated system initially contains ferrous 
ions, isobutyl alcohol, sulphuric acid 0.1 N and oxygen 
in equilibrium with air, irradiation induces successively: 
(a) oxidation of ferrous ions to ferric ions, (b) radia
tion equilibrium, and (c) reduction of ferric ions to 

. the ferrous valency. 
All these processes depend on the concentration 

of ferrous ions, alcohol and oxygen. The diagram in 
Fig. 7 shows the course of events for a constant 
(lo-' M) ferrous ion concentration, but different alcohol 
concentrations. 

These effects were investigated for an excess of iron 
in respect to oxygen, with concentrations of alcohol 

and acid kept at a constant level (both .O. l M). The 
kinetic curves are shown in Fig. 8. An intermediate 
state of radiation equilibrium occurs if the number 
of ferrous ions is smaller than the maximum number 
which could be ox.idized by the ox.ygen present. 

As one oxygen molecule, in this case, ox.idizes three 
ferrous ions and the initial concentration of oxygen is 
about 2 X tO-tM, this constituent · of the solution 
reacts with organic compounds only if the solution 
is low in iron (II). Until all oxygen is consumed, 
reduction reaction (15) cannot begin. If, however, the 
concentration of ferrous ions is higher than 6 x 10--'M, 
radiation equilibrium does not occur and reduction 
begins immediately [IS,"17J. 

It may be concluded that, in the mechanism quoted, 
oxygen is the deciding factor. In its presence the 
reduction of iron does not proceed, and in its absence 
the oxidation reaction is inhibited. 

The dependence of oxidation and reduction pro
cesses on the alcohol concentration has two aspects. 
If the concentration of alcohol is too low (lo-5 or 
I0-4M) to supply radicals "R" for the reduction, an 
apparent or secondary equilibrium occurs. If the 

· concentration of alcohol increases, the reduction 
yield changes according to the increasing influence 
on the scavenging radicals H and OH of organic 
molecules. A similar effect determines the in11ucnce 
of the ferrous ion concentration. 

The course of the observed phenomena was investi
gated also in 10-3M solution in sulphuric acid [18J. 
The results are shown in Fig. 9. The increase in pH 
value, up to the limits at which it is still possible to 
observe iron (III) ion concentrations without taking 
hydrolysis into account, does not qualitatively change 
the course of reaction. The diminishment of the 
GFe3• value is a phenomenon common to the increase 
in the pH value of the solution. 

The results shown in Figs. 7, 8 and 9 were obtained 
with iso-butyl alcohol and cannot be arbitrarily trans- · 
ferred to other organic compounds, since the structure 
of the compound is an essential factor influencing the 
course of chemical processes. 

The role of the structure of an organic compound 
was investigated on examples of primary, seconda'! 
and tertiary alcohols, ketones, mono- and dicarboxylic 
acids [20-22J. The course of ferrous ion oxidation 
proved to be only slightly dependent on the nature of 
the organic compound, at least for low concentrations 
of iron. The structure of the organic compound, 
however, determines the course of reduction. Radicals 
formed from acetic, propionic and butyric acids, as 
well as from dicarboxylic acids from malonic to 
primelic {21), and ketones (22] do not reduce ferric 
ions. The yields, if reduction takes place at all, depend 
on the structure of the organic compound. Reduction 
yields ( G initial) for different compounds are listed in 
Table 2. 
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Figure 8. Dependence of ferric Ion extinction on the absorbed 
dose 

Solution Ix 10-•M in i-BuOH, Ix 10-1 N H,SO,, Fez+ pre
sent jn concentrations: J: 10-... M; 2: 2 x 10---M; 3: 6 x w-.. M; 
4: l X J0-".M; S: S x JO-•M and 1 x 10--"M; 6: Dosimetric 
solution. Dose rates up to ( i) 2.74 x 101° eV/ml min, then 
1.00 x 1017 eV/ml min. Measured in 302 µ, silica cell 1 cm 
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Figure 7. Dependence offerri~ ion extinction on the absorbed 

dose 

~lution 1 X lo-'M in Fe (NH,)1 (SO.),, I x 10-1 Nin H1SO,, 
1-BuOH added in concentrations. A: Jo-'; B: lo-"; C: 10--~; D: 
lo-1'; R: 10-1M; A': Dosimetric solution. Dose rates: I: 
2.97 x 1011 eV/rnl min; II: l.15 x J017 eV/ml min. Measure-

ment in 302 µ, silica cell 2 cm 
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figure 9. Dependence of ferric ion extinction on the absorbed 
dose 

Solution 1 xl0-1M in i-BuOH, l xJO---N in H,SO,, Fel+ 
present in concentrations: J: I X 10--cM, 2: I x lo--"M; 3: 
Solution 1 x 10-M in Fe•+ and I x JO-- in H1SO,. Dose rates 
up to (l} 2.41 X 101• eV/ml min, then 8.37 X JO'• cV/m1 min. 

Measurement in 302 µ, silica cell I cm 
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Table 2. 

Initial G ffl+ values for different organic compounds 

OrillUlic Conccntra1io11 
COIIIJ)O\llld or orau,ic a ... ,., 

compound 

Methanol. 10-• 3.47 
Ethanol. . Jo-• 2.lS 
n-Propanol JO-• J.31 
n-Butaool. 10-• 1.17 
~Pcntanol Jo-• 1.17 
n-Hcxanol 10-1 1.17 
n-Hexane. ).6 X J0-1 1.17 
lsopropanol . 10-1 4.78 
Cyclohexanol • J0--1 4.80 
Tertiary isobutanol. 10-1 0.94 
Fonni, acid • 10-1 3.15 
Valerie: acid •• 10--1 0.84 
Oxalic acid • • • . 10--1 0.83 

The results obtained indicate the importance of the 
hydrogen atom attached to the carbon atom C.1 in 
the organic molecule transformed into the reducing 
radical "R ... The absence of this atom, in the case of 
alcohols, diminishes the yield and in the case of 
ketones and acids, renders the reduction of ferric ions 
totally impossible. 

Another effect takes place at the same time; the 
C-H bond is activated by adjacent, negative hydroxyl 
groups. This phenomenon causes an increase in the 
reduction yield together with a decrease in length of 
the carbon atom chain. In the case of molecules with 
four or more carbon atoms, the radiation yield is 
the same as in the case of th.e corresponding hydro
carbon [20]. 

S. MINC et al. 

in a strong alkaline solution [23-2SJ reach a yield of 
the order of' 10 000 0 2 molecules per 100 eV of ab
sorbed energy. Figure IO sho,ws a typical curve for the 
removal of oxygen from a solution containing 0.02M 
sulphite and 0.001 M oxygen in 1 N sodium hydroxide. 
Investigation of the influence of several organic and , 
inorganic compounds has shown that the chain is 
effectively suppressed, especially by compounds con
taining a readily detachable hydrogen atom. Suppres
sion of the effects of molecular hydrogen and hydrogen 
peroxide suggests that the molecular products of water 
radiolysis, or their precursors, are responsible for 
limiting the chain length in a solution without addi
tional solutes. 

A study was also made of the formation of hydrogen 
peroxide in neutral (slightly acidic and slightly alkaline) 
pH ranges and it was shown that there is a sharp 
drop in th.e accumulation of H20 2 in the pH range 
5 to 6. 

CONCLUSIONS AND FUTURE TRENDS 

Methodology conclusions 

The development of direct continuous analytical 
methods applied to irradiated solutions has prove~ to 
be purposeful since it has made possible the following: 

(a) The rapid tracing of kinetic curves showing 
radiation reactions even of several components, and 
has therefore made possible the rapid investigation 
of (he influen;e of different parameters and additives: 

(b) The detection and determination of stable pro
ducts occurring intermediately in the system, e.g., 

The molecule of an acid does not possess a hydrogen · 
atom on the C-1 carbon atom (e:i1.cept formic acid) 
and the abstraction of hydrogen takes place from more 
distant carbon atoms. Therefore, the carbox.ylic group . 
may be considered as an agent screening the ferric ion 'd 

and an unpaired electron. The transfer of an electron l02l 

and the reduction of an jon are possible only when 
dealing with a long-chain molecule, where the effect 
loses its importance. This may be observed in the 
case of valeric acid. 

HiOi; 
(c) The detection of concentration variations, e~en 

in cases where the direction changes, e.g., Fe
2 

...,.. 

Fe3· - Fe2•• L0,;, 

Q 0 

Oxalic acid is an exception because it decomposes 
during reaction ( 4), yielding CO2 and a -COO H radical, 
identical with that formed in th.e corresponding reac
tion of fonnic acid. Thus oxalic acid represents the 
only dicarboxylic acid able to produce an iron(III)
reducing radical. The remaining acids do not take part 
in such a reaction because of the shielding action of 
the carboxylic group [21]. 

Alkaline solutions 

Using methods of direct analysis it is possible to 
discover and investigate chain-reactions in alkaline 
solutions, and to ex.amine this neglected medium more 
closely, Chain-reactions in the sulphite-oxygen system 

Figure 10. Kinetic curves of oxygen removal rec~rded ~ol~ro
graphica.tty in a gamma-irradiated solution of sodium sulpt11te, 

oxygen and sodium hydroxide 
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The direct methods already described are being 
~nstan~ly improved, and will be extended to investiga
tions using other electro-chemical and optical methods, 
~nd fu~her, will be used for research not only on new 
mo~n_,c _systems but also on non-aqueous liquids . 
. Direct investigation in the gamma field does not 

give art opportunity of detecting short-lived interme
diate species, It has been found, however, ihat the 
~larographic method may be applied for investiga·
t~ons of transient species appearing in a comparatively 
high concentration during an accelerated electron 
beam pulse irradiation of high intensity. This is, there
fore,_ a new method supplementary to spectrophoto
metric measurement, which has been used for this 
purpose over several years. 

Research conclusions 

Investigations carried out with direct observation 
methods during irradiation have given a better under
standing of rapid oxidation reactions in alkaline solu
tions and of the mechanism of redox reactions in 
solutions containing ferrous and ferric ions and 
organic compounds. 

The last mentioned investigations have shown that 
the change in the oxidation state of iron proceeds 
under irradiation at the expense of the organic com
pounds and oxygen present in the solution, thus 
indicating the importance of this effect in radiobiology. 
Although iron ions occur in the blood and other 
complex. compounds, it appears that the systems 
investigated may present a simple in vitro model of 
chemical phenomena taking place during the irradia
tion of blood in vivo. 
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ABSTRACT-R~SUM~-AHHOTA~"1R-RESUMEN 

A/112 Pologne 

Methodes d'etude continue 
des modifications chimiques 
dans des fluides soumis aux rayons gamma 

par S. Mine 

Des travaux sur des champs gamma intenses (de 
l'ordre de 100 rad/s) ont ete executes a !'aide de deux 
method es: spectrophotometrie et polarographie. Les 
auteurs ont etudie tous ks facteurs qui ont une 

influence sur les mesures. Grlce a des mesures conti
nues, ils ont obtenu des courbes cinetiques montrant 
Ies variations de la concentratjon de differentes especes 
en fonction de Ja duree de l'irradiation et du 
temps ecoule depuis J'jrradiation. La sensibilite des 
methodes est de 10-7 a I~ M/1, selon la substance. 
Ainsi, pour un debit de dose de 100 rad/set un rende
ment G = 1, ii est possible de construire des courbes 
cinetiques pour une irradiation de seulement quelques 
secondes. On peut reduire la sensibilite des mesures de 
plusieurs ordres de grandeurs de maniere a pouvoir 
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.. construire des c~ur~s cinetiques pour des valeurs de 
G pouvant atteindre 10000 (valeur trouvee par les 
auteurs dans leur laboratoire). 

La grande sensibilite des mesures permet d'etudier 
Ja cinetique des produits intermediaires de la radiolyse 
de stabilite moyenne, notamment (dans le cas de l'eau) 
celle de l'eau oxygenee ou, indirectement, celle des 
peroxydes de substances organiques qui interviennent 
com.me produits intennediaires dans les reactions 
d'oxydation en chaine provoquees par des rayonne
ments. 

Les methodcs mises au point pour l'analyse continue 
sous irradiation ont etc utilisees dans des recherches 
sur plusieurs systemcs. Parmi ces systemes on peut 
citer ceux qui permcttent de classer les composes orga
niques sclon leur reactivitc dans des solutions irradiees. 

Grlce a leurs methodes, lcs auteurs ont pu etudier 
la radiochimie de solutions neutres (pH compris entre 
S et 8,S) de sets f crrcux. 

Par des methodes d'analyse directe sous irradiation 
its ont pu aussi mettre en evidence et etudier 1e; 
ructions en chainc dans des solutions alcalines et 
examiner de plus pres la radiochimie du domaine des 
pH clevcs, qui avait cte quelque peu neglige jusqu•a 
present. 

A l'aide de ces mcthodes, les auteurs ont etudie Jes 
applications industrielles possibles de l'oxydation 
radioinduite du fer; ils ont obtenu des rcsultats positifs 
dans lcs cas ou des composes organiques pouvaient 
!tre presents dans la solution. 

A/112 noJ1t.wa 

MeTOAbl HenpepblBHOro HCCneAOBaHHfl 
XHMH~8CKHX H3MeHeHHA B JKHAKOCTRX 
noA A8ACTBHeM ,-Hany4eHHR* 

C. MMH~ et al. 

naa 118TOJJ,a - CD8KTp04POTOM8TpD'IeCl<HH B no
JlllpOrpa4'u'1eCKHH - 6LIJIR npn1t:euem,1 AJIR. paoo
TLI B CHnl,HUX UOJUIX (nopRJJ,Ka 100 pao/ce~) 
·,-H3JIY'leHHH. BLIJlH RCCJJ.e)],oBaBH Bee 4,aKTopw, 
BJJHRIOll\Ke Ha H3MepeHHe. B peayJihTaTe uenpe
pLlBHoro K3MepeHKR nonyqeHY KHHeTH'leCKHC 

Kpoeue, DOK33bl83IOlQHe H3Menenne KOHQ,eHTpa
~HII OTJJ,eJlf>HhlX peareHTOB CHCTeMLl KaK (fiyHKD,nIO 
BpeMeHH o6JJy'ICHHH n BpeMeHn nocJie o6Jiy'leHml_ 
llyBCTBIITeJILllOCTh MCTOJJ.OB B aaBHCHMOCTH OT 
unJ(a KOMDoHeHTa panna 10·1 -10-s M/.,,,_ Ta
I<HM o6paaoM, npn MOJQHOCTH JJ.03bl 100 paalce,: 
" pa)l.Ha~HOHBOM :BLIXO)\e G = 1 Momno llOJly>IHTL 
KlUleTli'leCKHe itpHB"Y.e BO BpeMH o6ny'leHHH B TC
'leUHe ReCKOJlhlClUt ce1<yH]J.. YMeHI,maH 'IYBCTBH
TeJJLHOCTL H3Mepemrn Ha lleCK01lhKO nopH]J,KOB, 

• B1,mOJIBeHo no J{OHTpaKTY M 43 c MeJttAyBapoJVILIM 
areuTcnov no ayoi.moii. aneprn11. 

S. MINC et al • 

Momao noJJy'IHTb 1mueTH'lec1me RpHBLle AJUI G = 
= 10 000. TaKHe peaKQHH 6bJJJH HCCJie,'l;OB;lHL[ 1 
JJa6oparopnu aBTopoe. 

B1i1coltaH 'IYBCTBHTeJJbHOCTL H3Mepeunii noaeo
JIReT HCCJlC,ll,OBaTb 1maer1u,y npoMeiRyTO'IHLIX npo
AYRTOB pa]J.HOJlHaa cpeJJ,Heii CTa6HJlhHOCTH, RaJI, 
RanpHMep, B CJiytfao BO)J.bl - l<HHeTHRY nepeKBCll 
uo.n;opo,n:a HnH KOCBeHHblM nyTeM - KltH0TIIKY ne

pe1mcm.rx opraHH'lec1mx eeI.QeCTB, HBJIJJIO~HXC.ll 
upoMemyTO'IHLIMH npo,!lyl(T8MU B u_eOHblX peali
l(HRX pa.n:nao;HOHHOrO OKHCJICHH.11. 

IloJJL3Y.JICL paapaooranHLJMH MeTo.ztaMH nenpe
pWBHOro aoaJJH3a BO Bpe.MR o6ny<teHHH, 8BTOPLI 

ncCJie;J.oBaJJH p.11,11, c:ncreM. J,fay'ieHHL1e opraHH'le
c1me coe;i,»Hemrn 6wnn R.llaccmpnqupouam,1 non 
peaKUHOHHOH cnoco6HOCTH n o6JJy'leHHJ.IX pact
eopax. 

HcnonL30B8HHLle MeTO,lLI aaJlH RO3MO)l(H0CTL 

"ay•mTb paauau,1toHHy10 XHMHIO HeiiTpaJU,HLIX. 

(pH= 57 8,5) pacTBopou coneii: meneaa. 
MeTOJtLI Henocpe.n;cTBenuoro aaanuaa uo upeMJt 

o6JJy'ieHHJI U03BOJIHJIH 8BTOp8M: onpe;teJIHTb JI 
H3Y'IHTb u;enm,rn peaKqHH B ~eno'IHLIX pacrsopax 
K H3Y'IRTb pa;:tH81\HOHHYJO XHMHJO B cpe~ax C BLI

COHHM pH, KOTopbIM AO cnx uop yAeJu1J10CL oqem 
:MaJJo BHHM8Hll.ll. 

C ncnoJJL3OBaHneM. paapa6oTannux anTopaMB 
:t.teTOAOB 6LUlH HCCJle;n,oBaHl,I nepcneK'l'HBLI np~ 
MLlIUJJeHRoro npHMeHeHHll peami;mt paanau;u.
onuoro OKHCJieHnR ,KeJieaa. IloJIOmHTeJlLHLle pe
aym,Ta rw llOJIY'{8HLl B CJJyqae pa,ll,DaI(HO.HHOrO 
0Kncnean11 meneaa B pacrsopax, B KOTopLTx :r,roryr 

llpHCYTCTBOBaTJ, opraHH'leCKHe BeiqecTBa. 

A/112 Polonia 

M~todos de observaci6n continua de cambios 
quimlcos en Hquidos sometidos a irradiacion 
gamma 

por S. Mine et al. 

Dos metodos, el espectro fotometrico y el polaro

grafico, se han seguido en los trabajos en campos 
intensos de irradiacion gamma (del orden de 100 rad/s). 
Se investigaron todos las factores que influyen ~o?;e 
las mediciones. Como resultado de la med1c1on 
continua, se obtuvieron curvas cineticas que mostraban 
el cambio de concentraci6n de los diferentes compo
nentes del sistema en funcion del tiempo de irradiacion 
y del tiempo transcurrido despues de esta. La sensi
bilidad de los metodos varia entre 10-7 y 1~ M/l, 
segun sea la naturaleza de la componente. De esta 
manera, para una intensidad de dosis de 100 rad/s 
y un rendimiento de la radiacion G = 1, _se P~~:n 
seguir las curvas cineticas en el curso de la mad1~~~n 
durante a1gunos segundos. Si se disminuye la P!ecision 
de la medida en algunos 6rdenes de magmtud, es 
posible conseguir curvas cineticas para G = IO 000. 
Tales reacciones se investigaron en nuestro labora• 
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torio. La gran sensibilidad de las mediciones permite 
estudiar la cinetica de los productos intermedios 
radioliticos semiestables, como por ejemplo, en el 
caso del agua, la del agua oxigenada o, indirectamente, 
de Jos peroxidos organicos, que aparecen como pro
ductos intermedios en las reacciones en cadena de 
oxidaci6n radiactiva. 

Valiendonos de los metodos, puestos a punto, de 
analisis continuo durante la irradiaci6n, investigamos 
toda una serie de sistemas. Entre ellos, se estudiaron 
sistemas que permiten clasificar los compuestos 
organicos atendiendo a su reactividad en disoluciones 
irradiadas. Nuestros metodos permitieron estudiar 
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en parte la quimica de la radiacion en el caso de 
soluciones neutras (pH = 5-8,5) de sales de hierro. 
Los metodos de analisis directo durante la irradiacion 
hicieron posible encontrar y estudiar reacciones en 
cadena en las soluciones afcalinas, como tambien 
examinar la quimica . de la radiaci6n para valores 
grandes del pH, campo al que se habia prestado hasta 
ahora poca atencion. 

lnvestigamos con nuestros metodos las perspectivas 
de una utilizaci6n industrial de la oxidaci6n del hierro 
por la radiacion, habiendo obtenido resultados posi
tivos en casos en los que puede haber presentes en 
solucion sustancias organicas. 



P/113 Poland 

Radiation chemistry in alkaline solutions 

By B. Jeiowska-Trzebiatowska and J. Kalecinski • 

The concentration of hydrogen and hydro,dde ions 
in aqueous solutions has an undeniable effect upon the 
mechanism of radiolysis. This effect is due to the 
specific properties of scavengers, which in alkaline 
solutions may occur in a different fonn (partial or 
complete hydrolysis) from that of acid solutions, as 
well as to the original products of radiolysis. These 
products, formed in the reaction: 

HaO nY"m-+ H, OH, H20 2, H2 (1) 

may occur in various acidic and basic forms between 
which an equilibrium state establishes itself depending 
on pH of the solution. This may be illustrated by the 
following reactions: 

e;q + H~ ~ H + H20 
OH+ OH·~O- + H20 
H20 1 ~ HC>; + u:q 

(2) 

(3) 

(4) 

The basic forms of the original products of radio
Jysis may have different ox.idation-reduction properties 
from those appearing in acid forms. This, of course, 
affects the radiolysis mechanism of particular scaven
gers. 

Research studies carried out so far have dealt 
mainly with acid and neutral solutions. Alkaline 
solutions involve more experimental difficulties due to 
hydrolysis reactions and have not, in principle, been 
discussed. Therefore, studies have been carried out on 
the radiolysis of alkaline solutions using scavengers 
which do not undergo hydrolysis. These are the oxida• 
lion-reduction systems of the transition metals man
ganese and chromium and also the system 1- - lz [l-5]. 

All oxy-anions of manganese and chromium are 
relatively stable in an alkaline medium and hence may 
be used as good standard systems for studies on the 
radiolysis mechanisms of alkaline solutions. The I
in alkaline solution is also stable. 1n this case, how
ever, certain interpretation difficulties occur since 
radiation oxidation of I- to 12 does not proceed to 
finality but merely to a state of equilibrium. Our 
studies dealt with an extensive· pH range, from neutral 
to concentrated alkaline solutions. The results have 

• Institute or Physico-chemical Structural Research, Polish 
Academy of Sciences, Wroclaw. 

made it possible to calculate radical and molecular 
yields as well as to draw certain conclusions concern
ing the general radiolysis mechanism of alkaline solu
tions. 

THE REDUCTION OF MANGANESE OXY-ANIONS 

Manganese ox.y-anions in alkaline solutions irra
diated with gamma rays are reduced. The reactions 
proceed consecutively: 

MnO; --+ Mno:- ___... Mnor _.. MnOi, 

and each successive stage occurs only after the one 
previous is virtually completed. The reduction mecha
nisms in particular stages were successfully studied 
by a suitable selection of hydrox.ide concentrations. 
It is most convenient to investigate first stage reduc
tion in solutions where the oi-1- concentration does 
not ex.ceed 1.5M {3]. The thermal reaction between 
Mn04 and OH- ions is then slow enough [61 and 
may be easily taken into account while measuring the 
permanganate and manganate concentration changes 
induced by gamma irradiation. Some typical plots of 
MnO_. and Mno:- concentrations against irradia• 
tion time are shown in Fig. 1. 

As shown in Fig. 1, in the first reaction stage the 
reduction of MnO, proceeds completely only to 
MnOJ- and both concentrations are a linear functi_on 
of irradiation time. The following mechanism explains 
this reaction course: 

MnO, + e;q - Mnor (5a) 

or in the presence of oxygen: 

MnO-; + 0 2 - Mnor + 0 2 (5b) 
2 Mn04 + HO;__. 2 MnOl- + Hr+ 02 (6) 

Mn042 + 0~---+- Mn04 + 2 OH- (7) 

· The primary products of radiolysis formed in reac
tion (l) react very quickly in accordance with the 
equilibrium reactions (2)-(4) and with scavengers 
(in this case the permanganate) in their basic fonns. 

In the second stage, after the reduction of perman
ganate is virtually complete, further irradiation of the 
solution results in a consequent reduction of manga
nate to manganese dioxide (Fig. 1). At this stage the 

314 
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~ ~ ffl ~ ~ ~ ~ ~ ~ 
Tirm cl inodiation, min. 

figure f. Mn?, a_ a~d M~o:- b c:oncentrations plotted against 
1rrad1at1on time. 0.6N KOH solution 

reaction proceeds through hypomanganate which, 
how~ver, undergoes rapid disproportionation at a 
relatively small concentration of OH- ions [7J. As a 
result, ~n02 is formed and manganate is regenerated. 

Studies on the reduction of manganate to hypo
manganate were carried out in concentrated solutions 
~f hydroxides (OH- concentration above 7 mole per 
htre [31. Under these conditions the thermal reaction 
between Mn04 and OH- ions, as well as the dis
proportionation reaction of hypomanganate, are very 
slow [7, 8) and their effect on Mno2- or Mn~-

t • 4 4 
con~e~ ration changes during an irradiation period is 
negligible. A typical reaction course is shown in 
Fig. 2. It shows that in concentrated alkaline solu
tions, manganate is reduced under the influence of 
~amma irradiation mainly to hypomanganate and only 
ID small amounts to Mn02. This is due to the bielec
tronic reduction of manganate by a dissociated form 
of hydrogen peroxide. A suggested mechanism is 
shown below: 

MnOf + e~ ___.. Mnor; (Sa) 

and in aerated solutions: 

Mno:- + 0 2 --+ Moor+ 0 2 (8h) 

MnOf + HO2+ H2O ____.. MnOa + 0 2 + 3OH- (9) 

Mn<J!- + 0~ - MnOf" + 2 OH- (10) 

2Mn0f"+. 2H20-Mn0~+ Mnor+40H- {11) 

Reactions (10) and (I I) are competitive and their 
respective predominance depends on the OH- con
centration. At lower OH- concentrations. reaction (II) 
is Very rapid and predominates over reaction (IO). 
Under these circumstances OH radicals react in 
accordance with reaction (7). · 

Studies on the radiolysis of hypomanganate in con• 
centrated hydroxide solutions [4] have shown that a 
drop in the hyPomanganate concentration is a linear 

B 

~ 
0 

':i. 6 
C 
0 -~ 
c 
Cl u 
C 

8 

Time of irradiation, min. 

Figure 2. Mno:- a and Hno!- b c:onc:entrations as function of 
irradlacion time. 7.0N NaOH solution 

function of irradiation time. The mechanism is iUus
trated below: , 

Mn0:-+ e:i + 2 H2O --+ Mn01 + 4 OH- (12a) 

or in the presence of oxygen : 

Mn()!-+ O;+ 2 H20-Mn02 +Oz+ 40H- (12h) 

2Mnor+ H02+ 3H20-2Mn02 +02 + 70H-
(13) 

The dissociated fonn of an OH radical reacts in accor
dance with reaction (IO), and the manganate thus for
med undergoes an immediate reduction in accordance 
with reaction (8). · 

From the mechanisms given above a general equa
tion. giving the yield of manganese oxy•anion reduc• 
tion, may be derived by applying the theory of steady
states: 

G ( - Mno;-) = GH + 2 Gap. - Goa, (14} 
(where n = 1, 2,-3) 
expressed in equivalents per JOO eV. The above state
ment shows clearly that the reduction yield of all 
manganese oxy-anions does not depend either on the 
oxidation state of manganese or on the hydroxide 
concentration or its type.• This conclusion is strongly 
supported by experimental results (Table I). 

• In Eq. (14), the OH- concentration does not occur, but 
only the primary yields which are independent of OH- ion con
centration, as is shown by an analysis of the experimental results. 
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Table 1. Reduction yields of manganese oxy-anions 

R.eaction.1 Conca,1ra1ion1 
o(OHions M 

Mn06 -Mn~- 0.07 - 1.2 

Mnor --+ MnOI 0.07 - 1.2 

Mno2- / ... MnOT 7.0 - 13.5 
j --Mn01 

Mn<>f" Mn01 7.0 - 13.S 

Reduction yields of manganese oxy-anions in alka~ 
line solutions are small in comparison with consider
ably grea!er yields in neutral and acid solutions {2, 9, 
IO), e.g .• m neutral solutions at S x 10-t M Mno- the 
reduction yield is equal to about 15 equivalent: per 
100 cV), and are due to the fact that OH radicals 
or rather their dissociated fonn, react only as oxi: 
dizers, i.e., they oxidize all manganese oxy-anions in 
which manganese is in a state lower then + 7 oxida
tion. In neutral and add solutions OH radicals appear 
as direct agents reducing MnO; ions. The reduction 
takes place through a series of consecutive reactions 
initiated by finking the OH radical to Mno;. The 
resulting complex MnO,OH- reacts with H20 2 and 
H2O. yielding Mno:- ions. Such a · role of OH 
radicals explains the increase in G (-Mn0:) with 
the increase in the initial concentration of perman
ganate. This relationship is given by an empirical 
equation: 

G (-MnO;) = I. 7 + 1.62 x 102 [Mn04J ¼ (IS) 

A similar equation was also derived theoretically: 

3 G (- MnOi) = Ga + Gu00• + (GOou - Ge,o,)t + 
· + 2 K [MnOi](Gu,o, + 3 G 0 11P1,. (I 6) 

where K depends only on the reaction rate constants 
and dose rate. 

By the extrapolation of the above dependencies to 
zero concentration of permanganate, a total sum of 
radical yields for the radioiysis of pure water may be 
determined: Ga + Goa= 5.1. This value is in 
agreement with the generally accepted values of radical 
yields [1 IJ. 

OXIDATION OF IODIDES 

The twofold oxidation-reduction role of OH radi
cals was pointed out during studies on the gamma 
radic-lysis of alkaline and neutral I- solutions {SJ. 
The system I--12 is a typical equilibrium system, 
i.e., a system in which the gamma-induced oxidation 
of I- to It does not proceed to finality but only to 
equilibrium. The amount of Ii formed (or in alkaline 
solutions an equivalent amount of 10-) complies 
with an empirical equation: 

Yields 
Yields 

ions per IOOeV 
equivalents 
per IOOeV 

G(-Mn0i) = l.7S ± 0,07 G (-Mn0i) = 1.74 ±0.08 
G(Mn0J-) = 1.72 ± 0.07 
G ( -MnOt-) = 0.85 ± 0.03 G (-MnO.f) = J.70 ± 0.06 

G(-Mnon = 1.30 ± 0.04 G ( - Mn0t°) = 1.81 ± 0.09 
.G (MnOf") = 0.79 ±. 0.05 
G(-Mnot°)= l.87 ± 0.10 G(-Mn<Jt")= l.87 ±0.10 

(17) 

where: 
k: first order kinetic constant equal to about 

2.10-3 min-1 

t: irradiation time· 

[l
2

]
00

: concentration of iodine in the equilibrium after 
infinite time of irradiation (in alkaline solutions 
an equivalent amount of 10-) 

The 1
2 

concentration in equilibrium rises with a 
higher initial I- concentration and decreases with the 
increase in pH. A similar relationship may also be 
observed for jnitial yields G0 (12) as shown in Table l 

Low initial yields and their dependence on the ini
tial concentrations of 1- and OH- suggest that OH 
radicals, as in the case of permanganate reduction, 
display some reducing properties. Their role in the 
radiolysis mechanism of the system 1- - 12 is shown 
in the scheme below: 

I- + OH -- I + OH- {18) 

2 I--+ 12 (19) 

1
2 
+ 20H--:-- JO-+ 1- + H20 (20) 

IO- + OH --,. IOOH- - I + HO; (21) 

IQ- + H0-2 __,,. I- + OH- + 0 2 (22) 

2 I-+ H20 2 --+ 12 + 2 OH- (23) 

1
2
+2H(e~)-21..: + 2 H+(H20) (24) 

Reactions (18) to (24) as well as reaction (4) give the 

equation: 

(25) 

which agrees with the empirical equation (17). The 
value of K depends on the initial concentration 1-
and on the reaction rate (4) in accordance with the 

equation: 
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!his may ex.plain the increase of G
0 

(12) with the 
mcrease of the initial 1- concentration, and if reac~ 
tion (3) is taken into account, ex.plains the fact that 
there are lower values of G0 (12) in alkaline solutions 
than in neutral solutions (Table 2). 

REDUCTION OF CHROMATES 

The dependence of chromium(VI) reduction yields 
on the pH of the solution, studied by Proskurnin 
et ol. [12], is also evidence that OH radicals may act 
as direct reducing agents. This happens,· however, 
only in neutral solutions where Cr'·r reduction yield 
reaches a value of 7 equivalents per 100 eV. This 
yield fa much lower in acid solutions (2.4 equivalents 
per 100 eV [131) and drops sharply with the increase 
in pH. Studies on alkaline chromate solutions in which 
the OH- concentration exceeded IM and saturated 
with air or argon, have shown that under such con• 
ditions chromate is not reduced. On the contrary. 
oxidation of chromite to chromate takes place with 
an initial yield of about 0.5 ions per 100 eV, 
The yield decreases, however, with an increase in 
irradiation time and with a lowering of chromite con
centration. 

The radiation reduction of chromates in alkaline 
solutions takes place only when the solutions are 
saturated with hydrogen. The reduction rate, however, 
decreases significantly with irradiation time. It follows 
that the instantaneous yield, i.e., the actual yield at 
any time, decreases considerably with irradiation time. 
This may be explained by competition between reac-
tions (26) and (27). · 

0~ + H2 -- H + OH- {26) 

CrO; + 3 o;,, - CrO;-+ 2 OH- (27) 

The CrOr- ions are reduced by the H radicals formed 
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Figure 3. Graphic solution of Eq. (30), 3N KOH solution 

in reaction (26) and by (e~) formed directly during 
radiolysis: 

CrOi-+3 H( e~ )-CrOa°+OH-+ H20(3 OH-) (28) 

On the basis of the above mechanismus, an equa
tion expressing the instantaneous yield of chromate 
reduction was derived: 

G (-Cro:->= 
J 2k22 0011 [CrO;J (

29
) 

= 3(G11 + Go11-2Gs,o.,) 3k22 [Cr02J + k21CH21' 

which indicates that the yield decreases with the 
increase of chromite concentration. This means that 
the instantaneous yield decreases with irradiation time, 
which is in agreement with direct experimental data. 

Transformation of Eq. (29) gives: 

J . 3 k21 [HzJ (
3
0) 

G0 -G1 (-CrOf) = 2Go!l + 2Goak22(CrO2] 
1 

where: G0 =3(Ga + Goa-2Ga,o,) 

Table 2. Equilibrium concentrations of 12, values of le and initial yields of 1z· 

Concentration lnitial c:oncentrations of r M 

of KOHM 
l.00 0,50 0.20 uo o.os 0.02 

Iii).., 10-M • 0.00 4.00 0.80 0.63 0.58 0.44 
k loa min-1 1.17 2.60 2.42 2.38 2.9S 
G.(IJ 0.75 0.41 0.J8 O.J3 0.12 O.ll . . 

0.230 0.180 [l,Joo IO"M ,0.0S 3.50 0.450 0.360 . 
0.93 1.87 1.61 l.52 1.37 k 10- min-:1 

Ge (l,J . 0.75 0.29 0.074 0.051 0,0Jl 0.022 
(I,J.,., IO'M • 0.10 3.00 0.35 0.235 0.185 0.165 

A: lCP min-• 1.02 f.41 1.92 I.<iO 1.46 
G.(lJ . . 0.75 0.27 0.043 0.039 0.026 0.017 

(11)00 IO'M . 0.50 2.20 0.30 0.23 0.18 0.13 
le 1oa min-• 1.70 l.6J 1.70 1.36 1.45 
G!(IJ . 0.75 0.32 0.043 0.034 0.022 0.017 

llslo0 IO'M . 1.00 1.90 0.28 0.18 0.10 0.09 
k toa min-• 1.28 1.97 2.13 1.51 0.99 
Ge (P) . ... 0.75 0.21 0.048 O.QJS 0.013 0.011 
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The agreement between Eq. (30) and experimental 
data is ~hown in Fig. 3 and proves the validity of the 
mechamsm assumed. 

DISCUSSION 

. On the basis of the radiation reduction of manganate 
m con_centrated alkaline solutions, the differences of 
the primary radical yields and molecular yields were 
successfu!ly calculated. The following relationships 
are ob!amed ~rom the reaction mechanism quoted 
above m reactions (8), (9), and (IO) and the experi
mental results in Table I : 

G (-Mnot- =a.+ GH/J1 - Goa= 1.30±0.04 (31) 

G (MnOf) = Ga - Gos. = O. 79 ± 0.05 

From the above equations is directly derived: G = 
= 0.5_1 ±0.09. Taking into account the equati~~• of 
material balance of radiolysis: Gil + 2 Gil = Goa + 
+ 2 Ga.o. the yield of molecular hyd;ogen was 
c.alcutated: a-..= o. 12 ± O.l 1. 

On th_e ba~is of Eq. (30) and Fig. 3 the yield of 
OH radicals m 3N KOH solutions was determined 
which amo_unt! to: Gao = 3.00 ± 0.03. Taking int~ 
account this yield, we obtain from Eq. (31): Ga= 
= 3. 79 ± 0.08. 

Recently, several authors in their studies on the 
radi~lysis of _alkaline solutions were reported to have 
applied certain other scavengers which do not undergo 
hydrolysis such as: Ptci:- - PtCli" [14], NaO -
- Fe(CN)f'- Fe(CN)f [15] systems and BrO- [16}. 
These authors limited their investigations to weak 
alkaline solutions, not exceeding a concentration of 
IM. It is, however, interesting that our results from 
a ~ide range of OH- concentrations arc in agreement 
with the results for weak alkaline solutions. It is, 
therefore, clear that the general radiolysis mechanism 
of alkaline solutions is the same for the entire range 
of OH- concentrations. This conclusion is endorsed 
by the fact that G (-Mno~-) is independent of the 

• 4 
concentration of hydroxide or its type. The general 
conclusion may thus be drawn that Me+ and OH-. 
ions resulting from the electrolytic dis~iation of 
hydroxides react to gamma radiation in the same way 
as H10 molecules, i.e., they supply reducing and oxi
dizing radicals which react with scavengers. It might 
thus be assumed that, except for the primary process: 

the process is possible in alkaline solutions which 
roughly comprise the reactions: 

Me:. rM-- nH + nOH + Me! (33) 

OH- - OH + e~ (34) 

R~action (34) arises ~ithout doubt, but reaction {33) 
requires. some e~planation. The first stage of the 
~rocess in (33) will undoubtedly be an electron ejec• 
hon: 

(35) 

This process in feasible not only because of a Compton 
effect, but also due to the interaction of delta electrons 
sine~ their mean kinetic energy (about 75 eV [17D 
considerably exceeds the second ionization potentials 
of the respective alkali metals. 

The electron ejected from a hydrated cation 
Me~ cannot surmount the electrostatic field of its 
parent cation and will return to its parent ion 
within ca. 10-13 s: 

Reaction (36) results in the formation of a strongly 
excited (Me:.a).r ion which will have' an excess energy 
equal to the second ionization potential of an alkali 
metal. In the case of sodium and potassium, the 
values are 47.3 and 31.8 eV respectively. Since the 
dissociation energy of formation of H and OH radi
cals from an H20 molecule is equal to about 5.1 eV, 
even if there are several H20 molecules in a solvation 
sphere, the excess energy is still sufficient to bring about 
the dissociation of at least one H20 molecule to. fonn 
radicals: 

(Me;.).r- nH + nOH + Me+ (37) 
(m-n)..,, 

The H and OH radicals are formed in one reaction 
according to Eq. (37) and are thus in the same Franck
Rabinovich cage, which favours their recombination. 
They can react with sea vengers only if the concentra• 
tion of the latter is sufficiently high, i.e., of the order 
~1~ . . 

In contradistinction to the above, a small concen
tration of scavengers is sufficient to capture the OH 
radicals and electrons formed in reaction (34), because 
the recombination of electrons with OH radicals is 
improbable in view of the considerable distance 
between those species,· i.e., no electrostatic attracting 
field. The electrons formed in reaction (34) undergo 
hydration and exist in this form in solution until they 
react with scavengers. They may be identified by the 
pulse•radiolysis method [18] or by the EPR method [19] 
together with the electrons formed during the radio
lytic decomposition of H20 molecules. The spatial 
distribution of electrons and of OH radicals fonned 
in ·reaction (34) resembles the spatial distribution of 
radicals during the radiolysis of pure water, suggested 
by Platzman (20}. On the contrary, the processes 
presented approximately in reaction (33) are analogous 
to the pattern for pure water, as suggested by Magee 

et al. [21]. 
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ABSTRACT-RESUME-AHHOTAl...\111,q-RESUMEN 

A/113 Pologne . 

Radiochimie en solution alcaline 
1 par 8. Jezowska-Trzebiatowska et J. Kalecinski 

Les oxy-anions de manganese se pretent bien a 
I'' d · etu e de la radtolyse des solutions alcalines, car 
lcs hydrolyses qui corripliquent la reaction ne se 
produisent pas dans ce cas. La reduction du per
manganate sous l'action des rayons gamma (60Co 
d'~e activite d'environ 200 Ci) s'opere dans l'ordre 
S11Jvant: MnO-;- Mno 2- - Mn03- ~ MnO chaque , " 4 4 2• 
etape commem;ant apres l'achevement complet de la 
Pr~ede~~e. En choisissant des concentrations appro
pnees d ions OH-; on a pu etudier separement chacune 
de ces etapes. Le rendement de la reaction en solution 
alcaline aux differentes etapes peut s'exprimer par la 
formule suivante 

G(MnO[) =GH+2GH2o2-GoH 

::: 1,9 equivalent par IOOeV 
Ce rendement est sensiblement infericur a celui que 
l'on obtient avec des solutions neutres; cela s'explique 
par le fait qu'en solution alcaline les radicaux OH 
ont un comportement typique d'agents oxydants: i!s 
oxydent tous les oxy-anions de manganese dans les
quels le metal se trouve a un degre d'oxydation 
inferieur a + 7. Dans les solutions neutres, les radicaux 
OH participent directernent a Ia reduction du per
manganate; c•est ce phenomene qui provoque !'aug
mentation du rendement par rapport aux solutions 
alcalines et fait que le rendement est fonction de la 
concentration initiate du pennanganate. Le rendement 

peut alors s'exprimer par la formule empznque 
G( ) =I, 7 + 1 ,62 X I 02[Mn0i]4 

1/3, qu 'il est egale
MnO, 

ment possible d 'etablir par la theorie. 
Le double role des radicaux OH comme agents 

oxydants et reducteurs a ete aussi confirme par la 
radiolyse de solutions d'iodure de potassium. Les 
radicaux OH oxydent lesions 1- en 13 et reduisent les 
ions IO- qui se forment avec 12 dans les solutions 
neutres et alcaJines. Ainsi, ce comportement des 
radicaux OH augmente sensiblement le rendement 
lorsque la concentration initiate de 1- augmente, et 
le diminue lorsqu'il ya accroissement du pH. 

Dans les solutions alcalines, le rendement de la 
reduction des oxy-anions de manganese est independant 
de la concentration initiate de ces anions ainsi que de 
la concentration et de la nature de la base. 

En s'appuyant sur ce fait, les auteurs formulent 
des conclusions generales au sujet du mode!e repre
sentant la radiolyse des solutions akalines. selon lequel 
les raclicaux se forment directement a partir des ions 
OH- et Me+. Ce modele a ete confirme par la radiolyse 
de solutions de chromates et de chtomites. Dans ces 
solutions les chromites sont oxydes sous l'action des 
rayons gamma de maniere a donner des chromates. 
Quant aces derniers, ils ne se transfonnent en chromites 
que dans des solutions saturees en hydrogene, et le 
rendement depend alors du rapport (Cr02)/H2• 

En partant du mecanisme de reduction radioinduite 
du manganate dans des solutions alcalines concentrees, 
Jes auteurs ont calcule les rendements moleculaires 
qui peuvent etre obtenus dans ces conditions a savoir: 
Gtt2 =0, 12; Gtt20i =0,51. 
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A/113 OoJlbLUa 

PaAHa~HOHHaR XHMHA B ~el104HblX 
pactaopax 

6. EJKescKa-Tme6atoacKa, A. Kaneu,MHbCKM 

K»CJJopo.nco]lepmamue anHOHLI Mapraou;a oua-
3aJ1RCi. oeo6eHuo YAOOHhlM 001,e1<ToM ,AJUI l!CCJJe;.o
Banaii paJXBOJIR3a IUMO"IHl,IX BOAlll>IX pacnopoB, 
TaK JC8K B 3TOM CJ1y11ae HeT YCJJO}f(HJIIOll{HX peai.
UHK ranpo.11naa. BoecTanosneaDe nepManranaTa 
no;t BJJHRHHeM t-113J1y11eHHR (HCTO'IHHK 113 Co60 

aJ(THBHOCTt.,10 npHMepuo 200 1.10pu) npoHCXO,'.UIT 

oocne~oBaTe~LHo: 

MnO,--+ Mno;1- -MnOt3--+ Mn 0 2, 

npn'leM Kamna11 CJ1e;iy10ma11 cTa,1H11 ua•rneaercn 
nocJte npal(TH11ecKH no.nuoro 0KoH11auea npe.tJ.bl-· 
.lYnteii. Ilo;t611paR COOTBeTCTBYJOW.He 'KOH~eutpa-
1\nn HOHOB OH- Momuo 61,1no B oT)teJJLHOCTH uc
c.:ie:,.oean a-amny10 H3 31'HS: cTaJlHii. Ami oTnem.-
ffLIX CT8;tBii pa.n11au.110HHL1e Bl>IXOJlLI pea1n~nii 

BOCCT8HOBJleDHff l<IICJJOponco;itepmaIQRX 88110HOB 
Maprauua a ll\eJto'IHLIX pacTBopax MO'.lkRo npe,1\
ct'asnn cne.1ty10~eii (J>op11ynoii: 

G (-Mno.n-} =Ott+ 20 H;ioi-GoH 

ll COCT8BJIHeT OJ(OJIO t,9 3HBl113a.:teHTa Ha 100 38. 
3TOT BLIXO~ HUfROro uume, 'leM BYXO;\ s Heii

TpaJU,BUX paCTBopax. 3-ro BL13B8HO TeH, 'ITO pa
;lRIC8JlW OH B .lTHX ycJtOBffJIX nrpa10r xapa1nep
uy10 ,!VI.II ce6R pOJn, OKHCJIHTeJtn: OHH OKRCJUUOT 

KHCJiopo.n.co:.epma~ne aHHOHLI Mapraeu.a, n Ho
Topwx MapraHet\ HaXO;lBTCff B cTenem, 01menemu1 
mu1<e + 7. B seiiTpam,nwx me pacTsopax paAH
Kam,1 OH npn11mo1a10T aenocpe;tcTBe1moe yqacTH0 
B peaK[\HH BOCCTaBOBJieUHR nepMaHranaTa, "ITO 
JI BLl3LID3eT pocT BJ.IXO,!.la DO cpaBHeHHlO co ~e
:IO'IBLntH paCTBopaMn H o6yc,noBJ1BBaer 3aBHCH• 
MOCT~ BLIXOAa OT aaqaJJbROH KOH~CBTpa~BB nep
MauranaTa. 3TOT BLlXO'A J,fO)l(HO BLlpa3HTb 3M'Dlf

pn11eCKOU <f,opMyJtoii 

0(-MnOc) = J,7 + 1,62 . lO'Mno,-1 n, 

KOTOPYJO )10,t{BO BL188C'J11 TaKme H TeopeTn'leCKH. 
]lsoiicTBenaao: po.111, paABKanos OH KaR 0Kuc

.1eTeJt1,uo-uoccTaHoBH1'eJILHoro areuTa 6Ltna noA
Teepm,i\ena TaKme Ba np1rnepe pa,unOJmaa pac
TBopos HOAHCToro KaJIHR. Pa11,nKaJ1L1 OH OKHCJUIIOT 
J- 'AO J2 n eoccTauaenueatoT HOH JO-, 06paay-
10mHiiCR: e neihpam.nwx 111 Ir(eJto11uyx paCTBopax 
H3 J2. Tirna11 poJU, pa,ll.11KaJ10B OH Bb13b1BaeT aua
'l1tTeJI1,11wii pocT pa.nuan;uouuoro DYXO'Aa c yee
JIR'leaaeH Ba'laJU,HOH KOHI{eRTpau,nu J-:- H yMeBb
meuBe BWXO,Aa C pocTO)f pH. 

B IQeJlOtJ.BlalX pacTBopax panHa~HOHHhlii BbtXO;J, 
~JIR pea«l(BH BOCCT8HOBJ1CBRR KRCJIOPOACOAep>Ra
JI\HX aBBOHOB Mapraun;a He aaBHCJIT OT H81laJib
HOH KOJln;eRTP31'HH 81IBORa. a T8KH<e OT KOHl~eUT

paI\llB JI po~a ~eJIO'IIH. 

Ha :}TOM OCHOD8HllH Cll,eJlaHLI o6mne BLIBOJH, 

xaca10uv1ec.fl cxeMLJ pa;J.HOJJH3a i.ne;io'IBLIX pac
'fBopoB, corJiacno i.oTopoii paani-am.t 06paayiotc11 

HenocpeacTBeHHO H3 UOHOB OH- 1l Me+ au 
cxeMa 6blJJa no.rneepm:i.ena Ha npnMepe patu10,1H-
3a paC'fBOpOB xpoMaTOB JI xpOMltTOB. B :lTIU pac-
1Bopax xpoMHThl no,:i; BJlHfflUteM r -mrnyqe
HHR OKHCJJRIOTCff AO xpoMaTOB. XpoMarr,r me 
BOCCTaHaBJJHBalOTCJI .no xpoM»TOB TOJ!h1'O B pac
TBOpax, HaCLIJ.l\eHtU,IX BO~OpO;t.OB, npuqeM BLl'.1;0,'\ 

:iaeucnr oT oTHowemrn (Cr0; )/Hz. 
Ha OCHOBaHUH paapa60Ta1rnoto MexaHM3M3 pa

~uannoHHOro · BoccTaHoa.aemrn ManraHara B ROH

ueutpnpoBaHHLIX meJ1otJnhlx pacreopax pacc'lll
t,1m,1 )fOJ1e1>y.irnpHble BLIXO;'.J.h1 ,l\Jlff ~ntX yc.'IOBllii: 

Ott = 1 12· G H o =0 51 
I ' I 2 S 

1 

A/113 Polonl1 

Quimica de la radiacion en las soluciones 
alcallnas 
por B. Jeiowska-Trzebiatowska y J. Kalecinski 

Se ha encontrado que los aniones oxigenados de 
manganeso son adecuados para las investigaciones de 
radiolisis de las soluciones acuosas alcalinas, porque 
no se producen fen6menos de hidr6lisis que compti
quen la reacci6n. La reduccion del permanganato bajo 
la acci6n de la radiaci6n gamma (se utilizo tu1e fuente 
de 80Co, de unos 200 curios) se produce escalonada
mente: MnO,-+- Mnor - Mno:- - MnO2, Y no 
comienza una nueva fase de reducci6n hasta que la 
anterior, practicamente, ha terminado. Eligiendo con
venientemente las concentraciones de los iones OH
se ha podido investigar cada una de estas fases de 
reduccion independientemente. El rendimiento de la 
radiacion, para cada una de las fases de ta reduccion 
de los aniones ox.igenados del manganeso en solu
ciones a\calinas, puede determinarse por la siguiente 
formula: G = ~ + 201-12<>2-GoH = 1,9 

(-MnOr) 
equivalentes/100 eV. Este rendimiento es mucho 
menor que el que se obtiene con soluciones neutras, l? 
que se debe a que los radicales OH, en estas cond~
ciones, estan desempenando · su papel tipico de ox,
dantes: oxidan todos los aniones ox.igenados de 
manganeso en (os que el grado de ox.idacion de cste _es 
menor que + 7 .. En las soluciones neutras, en cambio, 
los radicales OH participan directarnente en la reduc
ci6n del permanganato; produciendo un aumento del 
rendimiento en comparaci6n con el de las sol~
ciones alcalinas, y haciendo tambien que el rendi
miento dependa de la concentraci6n inicial del 
permanganato. Se puede determinar dicho rendimiento 
por la formula empirica: G = 1,7 + 1,62 

(-MnO,) 
x 102 (MnO-,) \11 , que tambien se deduce te6ricarnente. 
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Este doble papel, oxidante y reductor, de los radi• 
cales OH se ha comprobado tambien en el caso de la 
radi6Iisis de disoluciones de yoduro potasico. Los 
radicales OH oxidan los yoduros a 12 y reducen los 
hipoyoditos que se forman en las disoluciones neutras 
o alcalinas de l2• Esto hace que los radicales OH pro
duzcan un aumento considerable del rendimiento de 
la radiaci6n al aumentar la concentraci6n inicial de 
1-.y una disminuci6n de dicho.rendimiento al aumen
tarel pH. 

El rendimiento de la radiaci6n para Ia reducci6n de 
los aniones oxigenados del manganeso en soluci6n 
alcalina, no depende ni de la concentraci6n inicial del 
anion, ni de la concentracion, o clase, del alcali. 
Basandose en estos hechos se ha deducido un modelo 

del proceso de radi61isis de las soluciones alca!inas, 
segtin el cual los radicales se fonnan directamente de 
los iones OH- y Me'". Se ha comprobado este 
modelo en el caso de la rad16lisis de soluciones de 
cromitos y de cromatos. En estas soluciones los 
cromitos se oxidan a cromatos bajo la acci6n de Ios 
rayos gamma. Sin embargo, los cromatos se reducen a 
cromitos unicamente en soluciones saturadas de 
hidr6geno, con un rendimiento que depende del 
cociente de las concentradones (Cr02 ~)/H2• 

Basandose en este mecanismo de la reducci6n, por 
la radiaci6n, del rnanganato en soluciones alcalinas 
concentradas, se han calculado, para estas condiciones, 
los siguientes rendimientos moleculares: Gy2 = 0,12; 
Guz02 = 0,51. 
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The development of chemonuclear processes 

By B. Manowitz,• M. Steinberg,• J. W. Sutherland,• P. Harteck,•• S. Dondes•• and 
J. H. Cusack••• 

A chemonuclear reactor is defined as a nuclear 
reactor which makes direct use of a significant fraction 
of the energy of fission. either as the kinetic energy of 
the fission fragments or as the kinetic energy of neu
trons. betas, and gammas associated with the fission 
process. to break chemical bonds and fonn new 
chemical products. A plant would consist of a chemo
nuclear reactor and associated chemical process equip
ment to recover and decontaminate the chemical 
products. In some cases, heat generated in the reactor 
would be at temperatures high enough for process 
heat or for power generation. 

In general, the research eff'ort in the United States 
in this field is in an early stage of development. The 
major eff'on is being applied at three laboratories: 
Brookhaven National Laboratory (BNL), Rensselaer 

• Brookhavat National Laboratory, Upton, New York. 
•• Rensselaer Polytechnic Institute, Troy New York. 
• •• Aerojct General Nuclconics, San Ramon, California. 

Polytechnic Institute (RPI), and Aerojet General 
NucJeonics (AGN), with additional work being carried 
out at other universities and industrial laboratories. 

The work at BNL and RPI is of a research and 
development nature, investigating the chemistry and 
technology of a variety of chemical systems which 
lead to chemonuclear processes. The primary objective 
of the AGN program is to develop a pilot plant which 
would demonstrate the feasibility of producing hydra• 
zinc from ammonia by exposure to fission fragment 
recoil energy. 

PRELIMINARY ECONOMIC ANALYSIS 

Because= of the approximate nature of the assump
tions that must be made, the results obtained from 
economic evaluations cannot be taken as firm estim
ates, but must be considered merely as providing some 
guidance in selecting interesting chemical systems to 
study. Such an analysis is given in Table 1. The assump-

Table 1. Breakeven G values for a number of chemicals proposed for fission fragment chemonudear production [11 

Ailwned l!mmated Type ¾ of present Brcakeven Hipesl G value 
annual &111\llal market G Yalu.ell reported fO< 

0Jemieal plant conventional of plant for a •in,le and type couoC oporation Yolwnc production, ~/lb uaumed • 
dlCIIIOl'lucleat" Buis 1 Pasil2 of radiation 

10" lb/Yt' plant 

Group A - Products with present large markets 

Nitrogen dioxide for nitric acid . 3000 2.S C 30 10.4 16.8 1.4 

Nitrogen dioxide for nitric acid . . 3000 2.S C+P 30 S.9 21.0 7.4 

Carbon suboxide for acetic anhydride 1100 8 C 30 3.1 2.6 2.S 

Carbon suboxide for acetic anhydride 1100 8 C+P 30 z.s 2.9 2.S 

Ethylene glycol 1200 6.S C 30 3.9 3.6 3 . . . 
Propylene glycol • . 290 7.0 C 30 7.8 16.2 

Hydrogen peroxide. 110 lS C 30 3.8 2.6 3.1 

Hydrazine •• lS 60 C 100 1.6 0.9 2.3 . . . 
Group B - Staples with huge markets 

Nitrogen dioxide for fertilizer 20000 J.S C IO 15.1 30.7 7.4 

Nitrogen dioxide for fcrtiliz.er 20 000 J.S C+P 10 11.9 35.8 7.4 

Nitrogen dioxide for fertiliz.cr 20000 J.S C+P 20 5.9 8.4 7.4 

Group C - Produ,cts with potential large nuukets 

Hydrazine. 650 20 C 30 1.9 1.4 2.1 . .. . . . . . . . . 
Ozone 600 s C 30 ll.7 24.6 lS . . . .. . . . . .. 

• C - single purpose plant for cherrucal production only; C+ P ':" dual purpose 1;>lant for chemi~ plus rower. . . dail 
• Basis 1: ccst of radiochemical ~ion determined by total cuncs handled; Basui 2: cost of rad,ochenucal section detcrmmed by Y 

volume throughout. 

311 
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tions made in the analysis and details of the calculations 
are given in Report No. BNL 804 [I]. 

It appears from the analysis that G values in excess 
of I are required. Single-purpose plants may have 
economic potential for the production of certain 
chemicals, e.g., hydrazine, ozone, and hydrogen per
oxide, while a , larger dual-purpose plant may be 
required for the fixation of nitrogen to produce 
fertilizer. 

RADIATION CHEMISTRY 

Fixation of nitrogen 

At RPI, the research effort has concentrated on 
unravelling the mechanism of the formation of nitrogen 
dioxide from nitrogen-oxygen mixtures and on improv
ing the yields of fixed nitrogen. Mixtures of 14 N2 

and 15 1'12, having oxygen concentrations less than 1 
part in 10 000, have been irradiated with fission frag
ment and/or reactor radiation. The G value for nitrogen 
atom production, as determined from the mass 29 
peak, was 11.5. From theoretical considerations [2], 
a G value of 3 for nitrogen molecule dissociation, 
leading to a G value of 6 for nitrogen atoms, is pre
dicted. The G value for ion production (Nt) is 2.85, 
leading to an additional G value for nitrogen atoms 
of 5. 7 upon neutralization of the N2 + ions followed by 
dissociation. Thus, the total G predicted for nitrogen 
atom yield, I I. 7, is in excellent agreement with the 

Figure 1. 
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value of I 1.5 found in the nitrogen isotope-exchange 
experiments. The introduction of I % oxygen into the 
mixture suppressed the G for nitrogen atom yield 
to a value of about 6, and with the addition of 10 % 
oxygen the value was further lowered. Thus, the oxygen 
partially quenches the nitrogen atom production by 
charge transfer from the N2 + ion to the 0 2 molecule. 
This effect cancels the possibility of ion reactions as 
major producers of NO by the reactions 

Nt + 0 2 -+ NO++ NO, (1) 
N2 + 0 2+ ___. NO+ + NO. (2) 

Reaction {I) does not proceed, otherwise enhancement 
of G(N02) should occur. Reaction (2) does not proceed 
since, in upper atmosphere research, the O:.t ion is 
observed and is not consumed in this manner. With 
the introduction of oxygen, therefore, the nitrogen 
atoms will be produced almost entirely from the 
dissociative excitation of nitrogen molecules. 

The N20 produced in this experiment shows a· 
direct proportion of u. N and 15 N, which indicates 
that it is the result of the reaction of nitrogen atoms 
with N02, rather than 14N2 or ISN2 reacting with oxygen 
atoms_ Further work is being conducted with the 
HN

2
- 15N

2 
system alone and with mixtu'res containing 

rare gases and oxygen. 
In some preliminary experiments air was exposed 

to reactor radiation in a quartz vessel, the inner walls 
of which had been coated with solid potassium 
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hydroxide to reduce the concentration of NO2 in the 
gas phase. Control experiments were a]so made under 
identical experimental conditions but without these 
coatings. With the potassium hydroxide coating pre• 
sent, more oxygen was consumed. For example, after 
irradiation a concentration of only 1 % oxygen 
remained with the hydroxide present compared with 
5% without the hydroxide. Moreover, practically no 
N10 was found, <0.1 %, compared with a value of 
about 5% without the hydroxide. This further confirms 
that N1O arises from N atom attack on NO2• 

Recently at BNL, product yield vs. dose curves for 
the radiolysis of dry synthetic air (composition N1 = 
77.3%, 0 2 = 22.7%) have been obtained under a 
variety of experimental conditions. The yields of 
fixed nitrogen, presented here as total N02 and N 20, 
have been measured at two initial filling pressures, 
_..., 5 atm and ~ 65 atm for reactor irradiation and 
for fission fragment plus reactor irradiation at about 
40°c. 

Reactor irradiation 

Results are summarized in Table 2 and Fig. 1. 
In the dose range studied, the yield of total N02 is 
linear with dose, and the G value is independent of 
pressure within experimenta1 error. The yield of N20 
is linear with dose, but the G value at ~ 5 atm initial 
filling pressure is about 10 times that at ~ 65 atm. 

Fission fragment plus reactor Irradiation 

In Fig. 2, data are plotted for NO and N2O yields 
as a function of total dose for mixed fission fragment 
plus reactor irradiation. In Table 3, an estimate of the 
contribution of each of the three important modes of 
energy deposition in the system is given for the BNL 
eJtperimental conditions, as evaluated from gas dosi
metry and neutron flux measurements [3]. The initial 
G values of NO2 and N,.O, from Fig. 2, are G(N02) 

1111, 0.9 and G(N20) ~ 0.6 and appear to be independent 
of pressure. In the 5 atm experiments, both the NO2 

and the N 20 reached a steady•state concentration as 
shown in Fig. 2. The steady.state concentration values 
expressed in terms of partial pressures and volume 
percent concentrations are as follows: P-r..o2 = 67 cm 
Hg (19.7%), P1',p = 21 cm Hg (6.2%), P1<12 = 242 cm 
Hg (71 %), and Po2 = 10 cm Hg (2.9%). The nitrogen 

Table 2. Reactor Irradiation of synthetic air 
Composition: N, = 77.7¾ + 0 1 = 22.3 % 

Temperature : Pd 40 °C 

.ReaclOr 
Fillio1 .,._....., radiation 

atm dOle rate • 
eV/1 hr 

Pd .5 J.60 X l()Sl 
~ 68 1.60 x 10S1 

G(NO.) 

1.26 ± 0.26 
1.10 ± 0.1.5 

0.49 ± 0.18 
0.048 ± 0.012 

B. MANOWITZ et al. 

Table 3. fission fragment plus reactor irradiation 
of synthetic air 

Composition: N, = 77.7% + 0 1 = 22.3% 
Temperature: o:s 40 °C 

Filling pressure . 
Volume of vessel 
Thermal neutron flux 
Weight of U-Pd foil 
Weight of ""U . . . 
Foil thickness . • • • 
Fission fragment energy 

deposition efficiency • 
Fission fragment dose 

rate • • . • . . • . 
Reactor radiation dose 

rate" (n+y+p) .•. 

~ S atm ""'64atm 
31.9 cm• 31.9 cm1 

8.0 x 101• n/cm• s 8.0 x 1011 n/cm1 s 
4.28 X 10-1 g 4.28 X 10---S g 
7 .32 X I 0-1 g 7 .32 X 10---S g 

4.08 IL 4.0814 

2S% 25% 

I.ts X 10'1 cV(h 1.15 X 1021 eV/h 

3.18 x 101acV/h 3.87 x IOS1 eV/h 

• Preliminary measurements have indicated that about 25¾ or 
this energy is deposited by gamma rays and about 7' % by the "N 
(n,p)"C reaction. 

and oxygen partial pressures were calculated from 
material balance equations. A gas chromatographic 
analysis of gases· at steady state showed the absence 
of NO. 

Steady•state concentrations in the high pressure 
experiment (~ 64 atm) have not been measured as 
yet, although the saturated vapor pressure of liquid 
N20 4 (1.2 atm at 25 °C) has been reached. 

The minimum dose which could be given to the 
sample with reasonable accurary in the fission fragment 
irradiation experiments is very large, namely, about 
I x 1022 eV. Two experiments were carried out 
in the "thermal column" at the BNL reactor, where 
the neutron flux is 4.0 x .109 n/cm'l. s, and the 
results are tabulated in Table 4. Despite the fact 

Table 4. Low dose fission fragment plus reactor 
irradiation of synthetic air 

Composition: Na= 77.7% + Oa = 22.3¾ 
Temperature: "'>I 40 °C 

Volume of vessel. 
Filling pressure . 
Neutron flux • . 
Irradiation . . . 
Weight of U-Pd foil . 
Weight of uou • . . 
Foil thickness . • . • 
Fission fragment dose 

rate" . . . . . . . . 
Reactor radiation dose 

rate" (n+y+p) 
Totaldose •. 
Molecules NO, 
Molecules N.O 
G(NOJ ••. 
G(NzO) •.• 

Sample I 

32.2cma 
67.8 atm 
4.0 x JO" n/cm' s 
48 h 
4.18 X 10-1 g 
7.13 X l(,• g 
4.0Bµ. 

Sample 2 

32.l cnf 
5.34atm 
4.0 x 10" n/cll\1 5 

41Jh 
4.2B x 1o-*g 
7 .27 X 10--J g 
4.08 µ. 

5.55 x 1018 eV/h 5.70 x J019 eV/h 

3.96 x 101• eV/h 
4.56 X 10'0 cV 
3.29 x uv• 
6.00 X JOH 
0.72 
1.32 

3.10 x 1()1' eY/h 
2.88 X Jo•• eY 
2.71 X 1011 

4.27 X 1018 

0.95 
1.48 

• Estimates based on neutron and gamma flux _measurements. 
About 67 % of the reactor radiation e_nergy is depos1led by gamma 
rays and 33 % by the "N(n,p)'•C reaction. 
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that the total dose had been reduced by a factor of 
about 30 in the high pressure run and 40 in the low 
pressure run, no significant change in G(N02) was 
f~und. In the 68 atm experiment, the yield decreased 
slightly, while in the 5 atm pressure run no change 
was ~bserved within experimental error. However, in 
~th instances, the G(N20) yields had increased con
siderably. The significance of these results is not under• 
stood at present, because of insufficient data as well 
as the additional complexity, especially in the high 
pressure case, of the change in the relative amounts 
of ener~y absorbed by the reactor radiation (n+y+p) 
and fission fragment modes of energy deposition. 

There seems little doubt that there is a high steady• 
state concentration of N02, and thus the economic 
feasibrnty of this process may not be limited by product 
recovery at low concentrations. On the other hand, 
under the experimental conditions investigated at 
BNL up to the present, no higher G value than about 
l has been found, even for very low conversion, e.g., 
down to 0.006 mole % of N02• 

Synthesis of hydrazine by radiolysis of liquid ammonia 

At AGN the synthesis of hydrazine by fission frag• 
ment irradiation of liquid ammonia has been investi
gated [4]. Thirty.five liquid ammonia and ammonia
~ydr~zine mixtures in 100 g quantities have been 
1?"3~1ated at the Livermore pool-type reactor. The 
1iqwd ammonia, together with 5 to 10 goffullyenriched 
U02 fuel in thl 1 to 5 micron size range, was conti
nuously stirred to maintain a suspension. Reactor 
pool water was circulated to maintain capsule tem• 
peratures and pressures. Irradiations were conducted 
for 6 to 30 h periods in a thermal neutron flux of 
about 1011 n/cm2 s. 
. The rate of hydrazine . production decreased with 
increasing hydrazine concentration and a steady•state 
concentration was reached at about 3.0 wt % . of 
NiH•• corresponding to about a 0.6 molar solution 
of hydrazine in liquid ammonia. The maximum 
G(N2H,) observed was about 1.7. From further capsule 
e~periments it was found that (a) overpressure of 
Nz + Ha [187 psi (]2.7 atm) H2 and 108 psi (7.4 atm) 
Nz] increased the hydrazine yield; (b) reducing the 
ratio of absorbed gamma and (n, p) to fission fragment 
energy by appropriate shielding increased the hydra• 
zinc yield;(c) the addition ofO.I mole% of isopropyl 
aJcohol increased the N2H4 yield; and (d) the hydrazine 
yield decreased between 193 and 253 °K, increased 
between 253 and 293 °K, and decreased above 
293 °K. 

At BNL, liquid ammonia has been irradiated with 
'°Co gamma rays at 24 °C. Contrary to the findings 
of Kolditz and Pr9sch [5], no evidence of any pro
nounced post-irradiation decomposition of the hydra
zine formed in the radiolysis of liquid ammonia has 
been observed. 
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In the dose range 0 to 30 x 103 rad, no N2 was 
observed, only Hz and N2H4 in non-stoichiometric 
proportions. The lowest dose at which the products 
could be measured with reasonable accuracy was 
about 2.5 x 103 rad. Extrapolation to zero dose 
yielded initial G values of G(H:) = 1.8 and G(N2H4) 

= 1.8. As the absorbed dose increases, G (H2) and 
G(N2H4) decrease, while G(H2) is always greater than 
G(N2H4). The difference in G values (G(Hz) - G 
(N2H4)1 remains nearly· constant above 5 x 103 rad 
and equal to about 0.56. These results indicate the 
presence of some other species, originating, it is thought 
at present, from attack on the N2H4 by the molecula·r · 
hydrogen precursor. The ultraviolet spectrum -of this 
unknown species has been observed, but a positive 
identification has not been made as yet. 

In the region of 32 to 40 x 103 rad, nitrogen appears 
as a product. At 40 x 103 rad reasonable material 
balance between H2, N2, · and N2H4 was found, and 
the spectrum of the unknown product was no longer 
observed. No corresponding change was observed in 
the rate of formation of either hydrazine or hydrogen, 
and it is concluded that destruction of the unknown 
species apparently yields N2 as the only detectable 
product. 

On further increase of dose, the G(Nz) increases 
linearly with dose up to about 40 x 106 rad while 
the G(N2H4) decreases. Initial G values found from 
extrapolation to a dose of SO x 103 rads from a 
yield-dose plot are G(H2) = 0.84 ± 0.04, G(N,1H4) 
= 0.20 ± 0.02, and G{N2) = 0.21 ± 0.02, in essential 
agreement with previous workers results, [6J in this 
dose region. 

Above a dose of 40 x 106 rad the rate of nitrogen 
production increases with dose as does the rate for 
H

2
, while the N2H4 concentration approaches a steady 

state of about I x 10~ mole/liter. In the dose range 
80 to 150 x 108 rad, rates of nitrogen and hydroge~ 
formation are linear, and the slopes of the straight 
lines give G(H2) = 0.89 and G(N2) = 0.30. 

The present data are being analysed, and further 
experiments with and without additives are being 
carried out in order to discover the manner in which 
the hydrazine is destroyed. · 

FISSION-FRAGMENT SOURCE 
AND CHEMONUCLEAR FUEL DEVELOPMENT 

The fuel requirements and classification of possible 
chemonudear fuels have been reviewed by Stein
berg [7J. The problem resolves itself into obtaining a 
material containing a sufficient concentration of fis
sionable material and dispersing this material in the 
chemical reactant in such a manner as to maximize 
the fission energy deposition. For consideration as 
a chemonuclear fuel, the material must also have 
chemicaJ, thermal, radiation and structural stability. 
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At RPI (SJ and BNL. solid arrays of 235U-bearing 
materials in gaseous reactants are being studied. 
TabJe S gives the characteristics of the sources which 
have been used at BNL [3]. The maximum feasible 
•u content in glass for drawing into fiber is of the 
order of SO wt %. Beyond this concentration. the glass 
has a tendency to recrystallize. The minimum practical 
diameter of a single-strand filament is 3 µ. Some 
attempt has been made to weave this material into a 
two-dimensional array; however, the most feasible 
form up to the present has been either in a matted 
structure or in a random packing of glass wool. The 
disadvantages of tire glass fiber are its relatively Jow 
softening point, its poor thermal conductivity, and its 
tendency to fracture and devitrify. It is believed that 
annealing effects at higher temperatures decrease the 
radiation damage. It has been possible to increase the 
softening point of uranium•bearing glass by as much 
as 250 oC by the addition of S % aluminum oxide. An 
energy deposition efficiency of 61 %, as measured by 
the nitrous o"ide dosimeter. was observed with a 
relatively light loading (0.29 mg/cm1) of a two-dimen• 
sional array of 3 µ glass fiber. 

At BNL metal alloy foils for chemonuclear applica
tions arc being developed. Uranium•aluminum alloys 
in concentrations up to 27.6 wt % U have been rolled 
into foils having a minimum thickness of 6 µ (0.25 mil). 
The disadvantages of this material are its relatively 
low tensile strength and low melting point. An alloy 
which has proved to have properties of greater interest 
for this purpose is a solid solution of uranium in pal• 
ladium [9]. The melting point of the U-Pd alloy ranges 
from 1 300 to l 500 °C depending on its composition. 
It has been possible to cold roll a 20 wt% U•Pd alloy 
to a foil thickness of ::::; 2.S µ (0. t mil) on a Sendzimir 
mill and to further chemically etch to a thickness of 

, 1.S µ. An energy deposition efficiency of 63 % has been 
observed with the latter foil. Tests in air at l 000 °F 

Table 5. n•u-beariog fixed 

8. MANOWITZ et at. 

(538 °C) indicated some surface oxidation and loss of 
ductility. but the foil maintained its structural stabi• 
lity. Reactor tests at low burnup ( < 0.5 %) indicated 
a small amount of corrosion in air. Larger amounts 
of corrosion were noted in an atmosphere of nitrop 
dioxide. The alloys have been coated with. very thin 
( < 1 000 A) coatings of Ali03 and SiO applied by 
vapor deposition. Such coatings appear to improve the 
resistance of the foil to corrosion. High bumup studies 
with the foil show promising results with respect to 
structural stability. but conclusive results must await 
further reactor tests. 

The U-Pd alloy foils have been used as sources for 
fission-fragment chemistry experiments. The energy 
deposition efficiency for these two--dimensional foils 
has been shown to fall between values approximated 
by analytical expressions based on linear and quad
ratic energy loss dependence of the range-energy 
curves and assuming a constant G value for d1ernical 
conversion along the length of the fission t~ack. 

Aerodynamic studies of tltin fixed foil-type fuel 
element arrays have indicated that a stable 5tructure 
can be attained with the use of a geometrically uniform 
honeycomb assembly. A model of a honeycomb con
figuration, Fig. 3, has been constructed of stainless 
steel foil approximating the foil thickness required (6 µ 
or 0.25 mil) for chemonuclear fuel. It should be pos-
sible to construct this type of element from U-Pd 
alloy material. . 

The AGN reactor concept involves a fully enriched 
UO1 slurry in liquid NH, {4). The fuel is a U02 p~wd~r 
of 1 µ average particle size, heaHreated to 

O 
g1v_e it 

additional strength by firing for 4 h at l 300 C m 3 

hydrogen atmosphere. The · surface area of such a 
powder is ~ 0.6 m2/g. Higher firing temperatures 
tended to sinter the UO2 powder. . 

Ammonia did not behave as a dispersing medium 
for UO

2
• The UO

2 
mixed intimately with the liquid 

fission-fragment sources 

l'daximum 
Average 

Fislioo-frasmen, ComPOSition Softcnin1 0cllsity F·F 
ot,se,.ed 

S11pplier l'·F enera1 by-i1ht point 
IOUl'e8 (1/c:m.') range dcpoMtio" 

and dimensions C:-U content) ('C) (1&) efficier>cy ( ¾> 

1. Glass fiber (five ) I' 50¼ U,O,-40% SiO1-l0% Na1O 700 3,66 ll.7 61 Owens-Corning Fiberglas 

filaments twisted into (36.8¾ 116U) 
Co., Oran--.,i!le, Ohio 

one strand) 
Owens-Corning Fiberglas 

2. Glass wool (3 I" ti.la- SO¼ U,O,-40% SiO1 -I0% Na,O 700 3.66 13.7 43 

ments) (36.8 ¼ ... U) 
Co., Granville, Ohio 

3. U•A2 alloy metal foil 27.6¼ U-72.4¾ Al 730 3.47 13.7 47 Sylvania Electric Products 

(minimum thickness (2S.8¾ 131U) 
Co., Bayside, N.Y. 

6(1.) 
BNL and Arnold Engi-

4. u.Pd alloy metal foil 18.2% U-81.8% Pd 1400 12.75 6.1 63 
neering Co., MarettgO, 

(minimum thickness (17.0¼-U} IUinois 
1.5 IA,) 
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Figure 3. Honeycomb fuel assembly model using 0.25 mil 
stainless steel foil 

ammonia when exposed to high shear forces (e.g., the 
impeller of a pump) but it flocculated within several 
hours when flow stopped. Floe diameters were approxi
mately 80 µ at room temperature and were independent 
of hydra:zine concentration from O to 5 wt %. Floe 
size decreased with increasing temperature and was 
~ 20 µ at 200 °P (93 °C). The settling rates of these 
floes ranged from ~ 1.25 emfs at 70 °P (21 °C) to 
~ 2.J emfs at 200 °F (93 °C). 

The erosion of 347 stainless steel by a slurry of 
50 g UOJl in liquid ammonia was measured in a 
toroid apparatus at 160 °F (7l 0 C) with a flow rate 
of 20 ft/s (6.J m/s). After 100 h of operation, no ero
sion was detected. Slurry loading and flow rate were 
increased until erosion rates could be measured, and 
the results were extrapolated to the above conditions. 
The calculated erosion rate of the slurry when cir
culated under the reference conditions is 0.3 mil 
(7.5 µ)/yr, an entirely acceptable rate. 

Slurries of enriched U02 particles in liquid ammonia 
were irradiated to 0.6 % burnup in the Battelle 
Memorial Institute Reactor. No evidence of colloid 
formation was found. Some degradation of the slurry 
occurred as shown by the increase in the fraction of 
particles of diameter Jess than 0.1 µ and by the increase 
in the surface area of the powder from 0.6 m2/g to 
2.0 m 2/ g. Several particles had increased in degree of 
crystallinity during irradiation. 

At AGN, the energy spectrum of fission-fragments 
escaping from fully enriched UOi plates and pov.:der 
was measured by a solid state detector-pulse ~eight 
analyser. The energy deposition efficiency fell slig~tly 
below that calculated from range-energy expressions 
using a quadratic energy loss equation. 
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Table 6. AGN hydrazine loop 
Typical operating conditions for JS kW fission power 

Flow rate. 
Temperature 
Pressure ; . 

56 gal/min (21.2 f/min) 
J40 "F (60 "C) 
I 000 psia (68 atm) 
60gUOJI NH1 
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Fuel concentration . 
Fission power density 130 kW/I (for 85¾ of loop in-pile 

Maximum thermal flux 
In-pile volume . • . • 
Total loop volume •. 
Filtered liquid sam-

pling rate : • • . . 
Anticipated gas pr<r 

duction rate . . . . 

Anticipated hydrazine 

volume) 
8.5 x JO" n/cm• s 
180cm" 
41 

50cm"/min 

40 SCFH@ I atm and 60 "F (N1 +HJ 
(1 070 1/h@ I atm and 0 "C) 

production rate '. . 135 g/h@ Gl'ftH« = I 

LOOP OPERATIONS 

AGN hydrazine loop 

The design, component development, fabrication 
and testing of a hydrazine production loop was com
pleted ,at AGN, and the loop was installed_ in the 
Materials Testing Reactor at Idaho Falls. This work 
was supported by the US Air Fore~ , and t_he US 
Atomic Energy Commission. The equipment 1s fully 
described in an Aero jet report [4] and is shown schema
tjcally in Fig. 4. P~rtinent loop parameters are given 
in Table 6. 

As of March J 964, unfuelled liquid ammonia had 
been irradiated in the loop a,nd a steady-state concen
tration of about 4 x I0-2 wt % N2H~ was observed. 
The absorbed reactor radiation power level was about 
125 W. With a fully enriched UO2 fuel loading of 
about 150 W of fission power, a steady-state concen
tration of I wt % N2H4 was reached. !h~ ratio of 
absorbed fission fragment to reactor rad1a~on P?w~r 
was about (. By higher fuel loadings this ratio 1s 
increased and it is anticipated that under these con
ditions higher steady-state concentr~tions will be 
achieved. These experiments are now m progress. 

l!EAMfmr 
E)(l'OllMENTl'UJG 

Sl1M'I' - "'slllff "4 = 
11113 - "2'"2 -

Figure 4. Schematic of AGN hydruine loop 
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~ REACTOR SECTIONS 
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Figure 5, RPI loop 

SIHELOEO CONTI.INMENT 

GAS SUPPLY 

Figure 6. Flow-sheet of BNL chemonuclear in-pile research loop 
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RPI loop 

RPI has constructed installed and operated a loop 
with a capacity of several grams of enriched uranium 

1 
in the form of glass wool at the BNL Graphite Research 
Reactor. A diagram of the loop is shown in Fig. 5 
together with some of the operating conditions. 

A mixture of helium, nitrogen and oxygen at 
I 000 psig (69 atm) was circulated in the loop, which 
was loaded with 15 g of enriched uranium glass fibers 
(10 wt % 2350 and 5 µ in diameter). Helium was 
necessary to provide sufficient cooling to prevent the 
softening of the glass fibers. The neutron flux was 
S x I 011 n/cm2 s. Over a period of 48 hr the NO2 yield 
steadily increased and a concentration of 0.3 vol % 
N02, equivalent to a partial pressure of 3 psi (0.2 atm), 
was obtained. Reducing the pressure also reduced the 
product yield. The largest G value observed for NO2 
formation was about l, and for N2O about 2. The 
energy absorged by the system was determined by 
using the N20 dosimeter and by counting the fission 
fragment 133Xe. . 

Also shown in Fig. 5 is an in-pile section which will 
be installed in the reactor and win not contain any 
fuel. This section will be used for comparing reactor 
radiation yields with fission fragment yields. 

BNL in-pile research loop 

A chemonuclear in-pile research loop is under con
struction at BNL [IOJ. The loop is designed to be a 
versatile research facility for handling light gases at 
pressures up to 1 000 psig (69 atm) and temperatures 
from-30 °F (-34 °C) to +l 000 °F (538 °C) in con
tact with fixed fuel elements. The design characteristics 
of this loop are given in Table 7 and a flow diagram 
is shown in Fig. 6. The in-pile section will be inserted 
through the graphite reflector. The process equipment 
will be located outside one face of the reactor and the 
fuel handling mechanism outside the opposite face. 

Table 7. Design characteristics of BNL in-pile 
research loop 

Gases to be handled . 

Gas pressure range • 

Temperature range • . 

N 2O, N., 0 2, NO,, He, CO,r, CH,, NH0 

Oto 1 000 psig (I to 69.1 atm) 

- 30 to + 1 000 •F ( - 34.4 to + 538 •q 

Gas velocity. • . . . 3 to 30 ft/s (91.S to 915 cm/s) 

Maximum volumetric 
flow rate . . . . . 170 SCFM @J atm and 60°F NaH,) 

(4 550 I/min@ I atm and 0 0 Q 

Fue zone dimensions. 1½ in id x S ft long (3.8 cm 
id x 1.53 m long) 

Maximum flux. . 2 x 1011 n/cm• s 

Maximum fission 
power level • • 5 000 W 
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It is estimated that the BNL loop should be in oper
ation by the summer of 1965. 

CONTAMINATION AND DECONTAMINATION 

There has been little work to date on the contamin
ation and decontamination of products formed by 
fission fragment irradiation. Some scattered pieces of 
information are available. 

In the RPI Joop, the only radioactive materiaJ found 
in the gas stream was 133Xe. Apparently all the iodine 
was absorbed either on the cool surfaces of the stainless 
steel tubing or in the silver nitrate trap. An analysis 
of a previous Joop that had been dismantled and sec
tioned to determine the location of other fission frag
ments showed only iodine to be present. 

In experiments at AGN with liquid NH3-U02 

s1urries irradiated in capsules to moderate fuel bumups 
(0.06 wt %), only iodine and ruthenium were found in 
the filtrate; the remaining fission products were pre
sumably adsorbed on the fuel particles. Evaporation 
of capsule contents into chilled traps showed DFs 
(decontamination factors) of 106 or greater. A pil?t
scale batch distillation test was also performed with 
5 Jiters of a 5 wt % hydrazine-ammonia solution which 
had been spiked with 2 millicuries of the soluble fis~ 
sion fragments from a capsule irradiation. A DF of 
2 x 103 was found for the ammonia distmation step, 
while a OF of nearly 3 x 105 was observed during 
hydrazine flashing. A single test of a small ion-exchange 
column using Dowex AG-1 x 10 (Cl-) exchange 
material resulted'in a DF greater than 2 X 102 when 
tested on spiked hydrazine. 

DISCUSSION 

Preliminary economic evaluation of chemonuclear 
processes and the present early state of the tech?ology 
suggest a continued orderly sequence of bas1c a~d 
applied research and generalized devel?pment wor~ m 
this field. Although the fixation of nitrogen by high 
energy radiation has been studied for a number of 
years, many problems remain unre~olv~d- The p_rob
Iems indude the accurate detenmnatwn of yields 
under various conditions of pressure, temperature and 
intensity, and determination of the effect of~ubstances 
which remove the NO2 shortly after formation. In t~e 
radiolysis of ammonia, an im~ortant fa~tor t? ascertain 
is the cause of the difference m hydrazine yield at low 
LET (Linear Energy Transfer) gamma energy and at 
high LET fission fragment energy. The data from 
present capsule experiments wil~ be au~mented shortl_y 
by the operation of the three c1rcu1atmg loop expen
ments described in this report. The technology of 
fission-fragment sources and fuel development is also 
advancing. Based on these efforts, it should be pos
sible within the next few years to determine whether an 
expanded development program is warranted. 
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ABSTRACT-RESUM~-AHHOTAL\~lt-RESUMEN 

A/292 Etats•Unis d'Am4rique 

La mise au point de procedes chlmionucleaires 

par 6. Manowitz et of. 

Un reacteur chimionucleaire est un reacteur nucle
aire qui utilise directement une part importante de 
l'energie de fission sous Ia forme de l'energie cine-
tique des fragments de fission ou de celle des neutrons 
des particules beta et gamma associes a la fission, pour 
rompre des liaisons et fabriquer ainsi des produits 
chimiques. Une installation chimionucleaire compor
terait: a) une section nucleaire, comprenant les 
appareils dans lesquels Jes liaisons chimiques sont 
rompues et oil les produits chimiques desires se 
forment; b) une section radiochimique, ou les produits 
(et les sous-produits eventuels) sont separes du fluide 
primaire et decontamines; c) une section chimique 
classique, comprenant le materiel de manutention 
des produits non contamines qui entrent dans }'instal
lation ou qui en sortent; d) un groupe de turbo
atternateurs pour produire accessoirement de l'electri
cite si \'installation est a double fin. 

Les auteurs ont analyse les prix de revient de neuf 
produits chimiques differents et ont fait des calculs 
pour montrer les possibilites economiques du precede. 
Pour illustrer l'etat actuel de la recherche chimionucle
aire, ils decrivent !es aspects chimique et techno!ogique 
de deux operations: Ia fixation de l'azote et Ia pro
duction d'hydrazine. 

Les auteurs presentent en outre les resultats obtenus 
en capsule avec des rayons gamma et avec les frag• 
ments de fission, et en boucte avec les fragments de 
fission pour la production et la concentration a l'etat 
stationnaire de N02 dans la radiolyse de melanges 
NJOz a des temperatures et pressions diverses, et 
egalement pour la production et la concentration a 
l'ctat stationnaire de l'hydrazine dans la radiolyse de 
l'ammoniac liquide. · 

Les auteurs ont analyse }'exactitude des donnees 
obtenues jusqu'ici concernant les fragments de fission 
et ont etudie les problemes poses par la dosimetrie des 
fragments de fission et par le rendement du depot 
d'energie. lls ont envisage des sources de fragments 
de fission utilisables pour la recherche et pour la 
preparation de combustibles a fragments de fission 
pour reacteur; its ont notamment etudie les caracte
ristiques (y compris ]es dommages radioinduits et la 
corrosion chimique) de la fibre de verre a l'uranium, 
de particules de U02 et de sources experimentales de 
fragments de fission comprenant des feuilles de U-Al, 
des feuilles de U-Pd et des particules de U02• On decrit 
des elements combustibles en feuilles pour des reacteurs 
chimionucleaires a gaz et a combustible fixe. On a 
experimente des suspensions de fines particu!es de UOi 
dans !'ammoniac liquide. 

Les auteurs decrivent la boude a gaz de l'Institut 
polytechnique Rensselaer, la boucle pour la fabri
cation d 'hydrazine de I' Aerojet General Nucleonics 
(AGN), et la boucle a gaz dont la construction est 
projetee au Laboratoire national ~e Brookhaven. 
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A/292 CWA 

Paapa6011<a HA8PHO-XHMH'-leCKHX npo
qeccoe 
6. MaHOBK1' et al. 

HJ1.epHO.XBMH'leCKBi peaKTop-aTo TaKOB. JIP,f!J)

Hlili peaKTOp, B ICOTOpoM: aBa'IHTeJU,BaJI '18CTI. 

;meprnH l\eJJeHHH B BIIJ(e I<HH8TH'leCKOH 3Heprnn 

OCKOJIKOB ~MeBJIJJ JJJJJI HeihpoHoB ,3- n 1-naJJy
•1eBHJ1 lleuocpe~CTBeHHO HCilOJII.3yeTCH 11.JlH p,Vl
pyrues&H XHMH'leCKHX CB.flaeii 11 nOJJY'{0Hlt11 HOBLl'X 

,tB>rffqecRHX npo;cyKTOB. HAepHO-XHMH'lecKnii aa

lW.J; COCTOHT Ha HAepHoro ~exa, HM81011\8ro o6opy
;(OBauue, B KOTOpOM paapylliaIOTCJI XHMH'leCKHC 

CBJl3K II oopaayIOTCJI Hy>KHLie npO,IJ,YKTLI; pa_nnct
XIUIH'l.8CKoro ~exa, B :KOTOpOM npo~YKT H no6011-

llble npoJ:lYKTLI (ec.nu T8KHe BMeIOTCR) OT,Il,0JIHJOT

C11 OT nepBB'IHOH pa6o11eii 'l(H]:tl(OCTH II pa~HOaT.
'tJUIBOCTI, YP.anHeTCR na npo~yKTa; OOLl''lHoro 
!HMnqecxoro ~exa c ooopy~oBaHueM ~~H o6pa
OOTKR ReaKTHBHLIX HCXO:(HLIX H llOJIY'JaeMLIX npo
.l)'KTOB aaeoAa; Typonaaoro qexa ;vu1 BLipaooTKJI 

1100()'1:Hoii aJieKTpoaHeprnu, ecn11 aaeo;i; HMP('T 

:tooiiHoe HaaHa'leHue. IlpOBl']l.CH aHaJIHa CTOIUfU

("TB ;(JUI )J.eUHTH paa.TJ.U'IHLIX XHMH'leCKHX npo

:ty](TOB It npHBP,'leHLI ,?laHHLrn, DOK33LTBaJOIQJIC 

:lKOHOMll'IeCJutii IIOTPHQHaJI ::>TH:X npo.qeccos. Co
CtOJJHJte s;,.epHO-XHMlf'lecmrx llCC,'le~oBaHHJf mt 
fOBpeMf!HkoM nane HJJRlOCTpHpyeTCJl Ha npm.repe 
lH'.lfBK If Tt'XH0,10fHH .!WYX npo~eccoe - qJHKCa
~HR aaont n npo11aeo,l\CTea rup;paansa.-

flpuno;i.HtcR ;J,aHHLie, noJ1y1JeHm,1e ua RancyJ1ax 
;{/UI ~eiicTBllH 'i -113JJY'felil1H Jt . OCKOJir-.oe ]I.C.TJ{'
HlfJl, a TaKme na lll'TJlC peantopa ;(JUI OCKOJIIWB 

:teJieHHR, ~aHQble O BhlXO,!{C Jf ycTaHOBHBUieiicn 

lioR~enTpaq1rn N02 npH pa'A»onuae cMeceii N202 
11PH pa3JJH'IHLIX TeMnepaTypax ff _.'.\8BJieHHJJX, a 
TaJi>KO O DI.JXOJW H YCT<IHOBHBIIWHCR R0H~eHTp.l
l(IUt N2H2 npn pa~Ho.rurne m«]lr<oro NHs. 

. BblJI npoBe)J.el{ auamta TO'IHOCTH Hai\OOJieHHblX 
:to ClfX nop ,ri.aHnwx: ~JI.II OCKOJIK.OB ~eJleHHJI. Hc
c11e;:i.onau1>1 npo6JICMbl. )];03JUlleTplm OCI\OJJKOB lll'
.1eH0.fl 11 aqi!f>eK'l'HBHocT11 norJIOU\CHRH aueprnu. 
ELIJJJI 113Y'IPHLI llCTO'!HHKH OCKOJIKOB ;neJICHR.ff )];JIH 
ua~HhIX HCCJJe}lOBalIHii B BH,l\e U/Al !pOJIJ,rH, 
U/Pd <J,0Jrbn1 H TOHKO,!\Hcnepcaoil: U02 H B03Mom
uwe BDJ:lld peaKTOpHlJX TOITJIHB Ha OCHOBe ypau
CO.!(ep»<a~ero CTeMOBOJIOKHa JI rpaHYJIHpoBaHHOii 
U02, a Ta1<»<e ax xapaKTepHCTHKH, B1<n1011an pa
:uralQ{01rny10 u imppoaHOHHYIO cToitKOCTL. Onu
cauu tf,om,roBLie TenJroBMJ:leJIHIOm,ue :meMeHTl>l 

.1JUI raaOBl,IX. a;i:epao-XHMH'leCKHX peaKTOPOB <' 
neno~BJURHhlM TOfiJlllBOM. HaKODJieH OllhlT B pa

()()Te C TOHKOJ].Hcnepceoii B3Becuo U02 B )KUJJ..KOM 
NH3• 

.[la110 01111ca11ue ~t•iitTHYIOil\eii raaouoii 11eT!III n 
Pl'HCl'e,1pc.1>0M JJO.lJJl'feXHJJqec1;oM llHCTUTyTe, ;i.l'ii
CTByIOmeii ru~paamuwji: lieT.JJlf qmpMbl •~apo
;in<eT - ,l(meHepa.11 lfblOKJieOHHKC» JI J'a30BOU ne
r.nr, npe;i:Jiomemmii: Bpy1:xeirBeHcKoii Ha~11011a;u,
Hoii JJa6opnopneii:. 
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Estudio de los procesos qufmionucleares 

por B. Manowitz et al. 

Por reactor quimionuclear se entiende un reactor 
que aproveche directamente una fracci6n conside
rable de la energia de fisi6n, sea como energia cinetica 
de los fragrnentos de tisi6n, sea como enersla cinetica 
de neutrones y particulas beta o gamma asociados 
a la fisi6n, para romper enlaces quimicos y formar 
nuevas sustancias. Una instalacion quimionuclear 
consistiria en J) una secci6n nuclear con el equipo 
en que se rompen los enlaces quimicos y se forman 
los productos deseados; 2) una secci6n radioquimica 
donde del fluido primario se separan el producto 
final y, de existir, los subproductos y donde se elimina 
Ja radiactividad; 3) una secci6n quimica clasica con 
equipo para manipular los productos no contaminados 
que entran y salen de la instalaci6n; y 4) una seccion 
de turbinas en que se genera electricidad como pro
ducto secundario en el caso de fabricas mixtas. 

Con miras a evaluar el posible interes economico 
del proceso se han analizado los costos de nueve 
productos quimicos distintos, asi como de la electri
cidad generada. La memoria examina el estado 
actual de Jas investigaciones quimionucleares sobre 
la base de la quimica y tecnologia de dos procesos: 
fijaci6n de nitr6geno y produccion de hidrazina. 

Se · presentan datos obtenidos con capsulas de 
rayos gamma y de fragmentos de fisi6n, ~ c!rcuitos 
de fragmentos de fisi6n, relativos al rend1m1e~!~ ! 
la concentraci6n de equilibria def N02 en la rad1ohs1s 
de mezclas de nitr6geno y oxigeno a distintas tem
peraturas y presiones, asi como para N2H4 en la 
radiolisis de NH3 liquido. 

Se ha analizado la precision de los resultados 
obtenidos hasta el presente con los fragmentos de 
fision. Se ban investigado problemas de la dosimetria 

: de fragmentos de fisi6n y de rendimiento en la absor• 
ci6n de energia. Se han estudiado fuentes de frag• 
mentos de fisi6n destinadas a la investigacion y como 
posibles combustibles para reactores a ?a~e de. frag
mentoj de fision, y tambien las caractensticas (inclu
sive Ios daiios por irradiacion y la corrosion quimica) 
de fibras de vidrio con uranio, teniendo partzculas 
de UO2 y fuentes experimentales de f ragmentos 
de fisi6n que emplean laminas de U/AI, U/Pd Y 
particulas de UOz, Se ban descrito el~m~ntos com
bustibles laminares para reactores qmm1onucleares 
de combustible fijo. Se ha adquirido cierta expe
riencia con suspensiones de particulas finas de UOi 
en NH3 liquido. 

La memoria describe el funcionamiento de] circuito 
de gas RPI, del circuito de hidrazina AGN y de) 
circuito de gaz BNL que se ha propuesto. 
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The use of power reactors as large-scale 
radiation sources for radiation-chemical production 

By F. Herre, W. Herzog, S. Rosinger, W. Schutze and A. Wacker• 

Although numerous radiation-chemical reactions 
having a high G value, such as polymerisations, chlo
rinations, sulfochlorinations, and addition reactions 
with hydrogen halides, have been investigated on the 
laboratory scale. only the manufacture of ethyl bro
mide from ethylene and hydrogen bromide has reached 
industrial utilization (Dow Chemical Company [I]). 
Due to a G value of 4 x I~ and the relatively low 
production rate of ethyl bromide envisaged, a 80Co 
source of 2 kc is adequate for this process. In general, 
however, considerably larger and more powerful 
radiation sources will be required. Suggestions, there
fore, frequently appear in the relevant literature on 
suitable measures by which nuclear reactors can be 
utilized for radiation-chemical purposes [2-6]. 

Two ways are being pursued at present: attempting 
to initiate chemical reactions by using the kinetic 
energy of fission products, or by the interaction of 
y-radiation with matter. 

Fission products are especially suitable for reactions 
in the gas phase, since they provide a satisfactory 
energy transfer. It is common knowledge [7-9) that 
experiments have been conducted on the direct syn
thesis of nitrogen oxides by irradiation with fission 
products. One of the difficutties of the process lies in 
the very short range of the fission products in uranium, 
so that complicated fuel elements are required. 

It is, however, advantageous to irradiate liquids 
with ;,-radiation, since a uniform release of energy is 
ensured even in larger reacting volumes. 

REACTOR TYPES FOP. RADIATION-CHEMISTRY 
WITH y-RADIATION 

The following three methods are feasible for the 
utilization of the y-radiation created during the opera
tion of a reactor: the chemonuclear reactor [6], the 
.. blanket" chemonuclear reactor [6] and the type sug
gested here. the "compound" reactor (Fig. 1). 

In the chemonuclear reactor, the reactants flow 
through the reactor core. Viewed in the light of neutron 

• Farbwerke Hoechst AG, vormals Meister Lucius & Bruning, 
Frankfurt (Main)-Hochst. 

economics they therefore act, depending on their 
nuclear properties, either as moderators or as absorbers. 
The space occupied in the core by the reactants forms 
the chemical reaction chamber. In the case of the 
"blanket" chemonuclear reactor, the reaction space is 
arranged in a zone which is normally occupied by the 
reflector, i.e., within the reactor pressure vessel. 
Bearing in mind these concepts, it is obvious that 
new designs differing from those previously employed 
will have to be developed for the construction of 
reactors. 

In the "compound" reactor, the chemical reaction 
space is situated outside the pressure vessel. The neu
tron economy of the reactor thus remains unaltered. 
In view of the fact that the reaction mixture is placed 
between the wall of the vessel and the biological shield, 
the y-radiation which is normally lost by absorpt!on 
in the shield, can be utilized for the radiation-chemical 
reaction. In accordance with this concept it is therefore 
necessary merely to carry out a negligible amount of 
alteration to reactors which have already beel\ 
proved in order to employ them as "compound" 
reactors. 

Apart from y-radiation, it is also intended to uti• 
lize the thermal energy to the fullest ex.tent, either for 
producing process steam or electrical power. , 

The points to be discussed in the following are: die 
advantages of"compound" reactors, the types of power 
reactors suitable as "compound" reactors, and the 
throughput which can be expected. 

332 

figure 1. Reactor types for radiation-chemical reactions 

a: chemonuclear reactor; b: blanket chemonuclear reactor; 
c: compound reactor 
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ADVANTAGES OF THE "COMPOUND" REACTOR 

Placing the chemical reaction space outside the 
nuclear reactor vessel results, to a considerable extent, 
in independence between reactor operation and chem
ical production, which confers a number of advan
tages. 

Reactor operation and reactor safety 

An economic reactor used for power production 
must operate at the highest possible load factor. The. 
optimum conditions of the reactor should not, there
fore, be affected by the measures taken to operate the 
chemical facility. It is important to avoid having to 
sbut down the reactor because of unavoidable inter
ruptions in the chemical production process. 

This is not the case in the chemonuclear reactor 
shown in Fig. la since the reactants constitute part of 
the core and, because of fluctuations in quantity, com~ 
position and temperature, interfere with the neutron 
economy. Because of this, and as a result of corrosion 
and fouling, the economics and safety of the reactor 
are severely affected. 

In the case also of the "blanket" chemonudear 
reactor as shown in Fig. lb, the amount of fuel required 
is higher and control is rnore complicated, since the 
reactor has a variable reflector. 

The shorttomings in respect of operation and con
struction mentioned above are not inherent in the 
"compound" reactor as shown in Fig. le. Reactor 
and chemical production are completely independent 
of one another in this type; this has a favourable 
bearing on economics and reactor safety. 

Technology and reaction conditions 

offered to the public. Such radioactivity is brought 
about both by the activation of the reactants as well 
as by the contamination of the product. Contamina
tion may stem from impurities brought in with the 
reactants, but may also result from either the corro
sion of the chemical reaction vessel walls, or a catalyst, 
etc. The efflux of fast neutrons is in the main critkal 
for activation; this is because the thermal and epi
thermal fluxes can be weakened relatively easily by 
absorbers without much y-radiation being absorbed. 

The specific radioactivity of the product obtained 
must not exceed the specifications laid down for 
drinking water. This can be taken as a basis for cal
culating the maximum pennissible flux of fast ne~trons 
for tne reaction concerned: a neutron flux density of 
J07/cm2 s is, for instance, adequate for the produc
tion of hexadecane-sulfonic acid. 

Limiting the flux obviates the costs of careful and 
expensive purification of the reactants befo_re ~he 
reaction or otherwise, expensive decontamination 

- after pa;sage through the irradiation .zone. !his p~ri
fication involves the removal of nuchdes with a high · 
activation cross section. In order to check whether 
the technical purity of the starting materials was 
satisfactory, hexadecane-sulfonic acid produced by 
radiation-chemical means was taken as an example, 
and irradiated in the flux converter of the FRF. 
Measurements showed activities which confirmed the 
limit of neutron flux given above. 

As a result of these considerations it will be realized 
that the chemonuclear reactor and the "blan~et" 
nuclear reactor cannot be utilized in ra~iation-c~em~cal 
production involving atoms . with ~gher act1vat10n 
cross sections in the reactmg m1xtur~. _Only _the 
"compound" reactor can be used, since it is possible 
to reduce the neutron .flux to a tolerable . deg~ee 
without affecting the reactor. It is_ also worth no~mg 
that activation of the parts belong•~g to the c~em1cal 
facility (reaction vessel, catalyst, pipes, etc.) situated 
in the radiation field of the reactor can be reduced.or 
avoided and that consequently repairs ca~ ~ ~rned 
out more easily. There is also hardly any hm1tat~on on 
the selection of materials used in the construction of 
these parts. 

Aspects affecting layout and positioning of the chemical 
vessel 

By separating the nuclear reactor from the chemical 
reaction space, the reaction conditions in the chemical 
facility (reaction volume, composition, press)Jre, tem
perature, etc.) can be varied within wide limits. This 
is of importance above all to the reaction temperature 
since radiation-chemical reactions, cracking of hydro
carbons excepted, proceed at temperatures bel_ow 
200 °C while, for reasons of the economic productmn 
of power, considerably higher temperatures m1_1st be 
achieved in the reactor. A reaction in the intenor of 
the reactor vessel would therefore require additional 
coolant circuits whose energy release would adversely 
affect the thermal efficiency of the reactor. Since the 
chernical reaction takes place outside the reactor vessel, 
in the case of the "compound" reactor this problem is 
obviated because the two systems are separate. 

Activation 

The layout of the chemical reaction vessel depends 
primarily on the type of rea~tion and also on the 
optimum conditions to be attained-namely_ pressure, 
temperature, residence time, etc. The wa!J t~Jc~ness of 
the chemical reaction vessel must be kept th1~ in order 
to attenuate the y-radiation as little as_ possible: 

Reaction vessels can for instance be installed m !he 
irradiation zone under water in a tank surrounding 
the nuclear reactor. The tank replaces or serves as 
part of the biological shield. 

Special attention must be given to the neutron 
activation of products obtained by radiation-chemical 
means, since radioactive consumer goods cannot be 
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Table 1. Technical data of th~ reactors 

Reactor • • .. • • t • • • .. • • CVTR 
Po~r (MW (th)l •• , ••.•• 60.S 
Power density in fticl [MW (th)/t] . . 23.0 

Moderator { material . . . • . • • DaO 
temperature (0C) . • • . 65 

Coolant { material . . . . . • • . • DP 
temperature (0C) . • • . • 301 

Pressure in pressure tubes (aun. gauge) 105.7 r-... (m) ••• 
2.75 

Vessel dimensions height (m) • . , • 3.36 
wall thicknCM (cm) 2{AI) 

Wall-thickness of pressu~ tubes (cm) • Zircaloy-4 
0.43 

AKB 

300 
1.S 

D~O 
85 
co. 
550 

60 

6.52 
5.28 
2 (Fe) 

Zircaloy-2 
0,27 

630-A 

85 
375 
Ht<) 
90 

air 
670 

25 
1.80 
1.00 

7(Fe) 

NiCr 
0.01 

Volume of the reaction space (m'). . . • . . • • . so 140 15 
y-dose rate at the edge of the reaction space (Mrad/h) 0.4 0.6 4 

NUCLEAR. REACTORS SUITABLE AS "COMPOUND0 

REACTORS 

The chief requirement is a high y flux density and 
a low neutron flux density outside the nuclear reactor 
vessel. High thermal power alone is not sufficient to 
bring about. this desirable condition, for the following 
reason: a high ,, flux density exists inside the reactor 
core of pressurised water and boiling water reactors 
but the thick walls of the reactor vessels will reduc; 
it by several powers so that these types of reactor 
cannot be used for our purpose. The low y flux density 
inside Calder Hall type reactors also excludes their 
being considered. Only reactors having a high power 
density, with pressure vessels whose wall thickness is 
relatively thin because of low operating pressures, can 
be considered. Such types are, for instance, pressure
tube reactors, and probably sodium-cooled reactors, 
and organic moderated reactors. A few pressure-tube 
reactors will, therefore, be discussed next: 

Carolina Virginia tube reactor 
of the Westinghouse Electric Corporation [10] 

The CVTR is a 60 MW(th) heavy water reactor 
whose construction and technical data are shown· in 
Fig. 2 and Table l. This design enables a temperature 
of 68 °C to be maintained in the reactor vessel, the 

coolant temperature in the tubes being nearly 300 °C 
and the pressure 100 atm. Since the pressure in the 
moderator is about 1 atm gauge, the wall of the moder
ator vessel can be kept thin (2 cm aluminium). 

Atomkraft Bayern reactor of Siemens 

The AKB reactor of 300 MW(th), planned for 
Atomkraft Bayern, uses carbon dioxide as coolant 
which leaves the pressure tube at a temperature of 
550 °C. The temperature of the heavy water moder
ator must not exceed 85 °C. In contrast to the CVTR 
which is loaded with enriched fuel, the AKB reactor 
will use natural uranium, and hence requires consider
ably larger reactor dimensions. 

630 A reactor of General Electric [11] 

The 630 A reactor (Fig. 3) is air-cooled, light water 
moderated, and highly enriched. Having a capacity 
of about 85 MW(th), this plant delivers 90 t/h super• 
heated steam at 520 °c and 60 atm. This high steam 
condition has not been reached by any other reactor 
so far. The high enrichment gives a high power 
density in a small core (height 1 m, diameter 1.8 m) 
and thus a high y flux. density outside the reactor vessel 

(Table 1). 

Table 2. Radiation chemical reactions 

Hcx.adecane/sulfonic acid obtained from 
n-C,,.H", SO, and 0, ......... [l2J 

Gammexane (R) obtained from C 0H, and Clt [B] 
Ethyl bromide obtained from HBr and C,H, [I) 
Polymerisations of various monomers . . . (14] 

Molecula,
wcight 

306 

283 
1 ()(J 

so 

Gvu.lue 
(molocoles 
per 100 cV 
absorbed 
energy) 

I 260 
3x10' 

4XIO' 
10'-IO' 

Me .. ured 
a.t a dose l'atc 
of (Mrad/b) 

O.Q9 
0.001-0.0l 

0.2S 
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i..t, 
CVTR 

&ioloaicot lft•ld 
(anc:rel•) 

. . 
n..-t.th1 ■fd 

(stwl) 

,,,,,' 
,.,,,.kaitrMshl■ I .. 

,..0...liit;GI JNCtiCM 
. ,,, .,.,.,, 

- - . : . -----•..---CIDf• (,,,,_.,....) 

As~-'eoctcr 

Figure 2. Carolina Virginia tube reactor of Westinghouse 

Reactor modifications 

Reactors are normally fitted with thermal shields 
which reduce the neutron and y radiation to a level 
which is tolerable for the vessels used. In the case of 
"compound" reactors, these absorbers must be replaced 
by materials which mainly absorb neutrons. The 
materials concerned are graphite, beryllium, boron 
and their compounds and mixtures with water. Because 
of the favourable ratio of y absorption cross-section to 
removal cross-section, these materials reduce the 
y radiation only to a minor extent. A calculation 
carried out over 6 energy groups of neutrons for the 
GE reactor 630 A resulted in the curves shown in Fig. 4 
representing neutron flux density in the chemical 
reaction space. It is possible thereby to obtain y dose 
rates of several Mrad/h. The replacement of the 
thermal shield by a weak y absorber requires special 
precautions to be taken since excessive gamma heating 
of the container materials will give rise to unwanted 
thermal stresses. 

Estimation of prod1:1cible quantities 

The following data are required for the calculation 
of radiation-chemical products: they dose rate outside 
the nuclear reactor vessel, the volume and type of 
chemical reaction vessel and the G value of the reac-

Figure -'• Radiation characteristics of the 630 A reactor 

·. · . .:: ·. ·. ·: : .. .. · .. 

- Wot.-

Figure 3. 630 A reactor of General Electric 

tion concerned. The G values of several radiation
chemical reactions of technical interest which are 
initiated by y radiation are shown in Table 2. The 
dose rate at which each G value was measured is also 
shown since G values may depend on the dose rate. 
If sev:ral simultaneous reactions are considered, this 
would be possible by subdividing the chemical reac
tion space, e.g., in a radial direction. The actual 

6 

104-__ ~----,---r---,---r---, 

P(t/mo), LF c 1 

_,,_ 
10' 

X sG.M 

0,3 (AKS 
.0(630A 

Figure 5. Production capacities in compound reacto~ 
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arrangement would be in relation to dose-rate depend
ence and neutron sensitivity of the reaction, so that 
an optimum utilization of the available space could be 
achieved. [tis expedient for instance, to place reactions 
of high G value at the periphery. The dose rate depend
ence of low G value reactions is generally a linear func
tion, whereas the dose rate dependence of reactions 
involving chain reactions (high G value) is essentially 
a root function. 

The results available so far (12-14] quoted in 
Table 2 pennit estimates to be made of production 
quantities P which can be obtai!led using the power 
re_actors discussed earlier as the radiation sources (see 
Fig. 5). An annular reaction space 1 m thick and 
equa1 in height to the core was assumed in order to 
~mpare the three reactors. This space, when filled 
with water, absorbs more than 90 % of the radiation 
energy. 

It appears that only radiation-<:hemica1 reactions 
having G values greater than 100 will be suitable for 
production on a technical scale in "compound" reac
tors. The quantities attainable supposing G<lOO are 
too low; if G> 108. a 60Co source would generally be 
adequate, unless a very large market could be found 
for the product. 
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ABSTRACT-Ri;suM~-AHHOTAi_tt-iJI-RESUMEN 

A/S4'J. Rfpublique fedenle d'Allemagne 

L'emploi de reacteurs de puissance 
comme sources de rayonnement 
de grande capacite pour 
la production chimique sous rayonnement 

par F. Herre et al. 

Dans le oo:ur des reacteurs de puissance ii se produit 
un rayonnement intense que l'on est oblige d'absorber 
en majeure partie dans les boucliers thermiquc et 
biologique. Diverses methodes ont ete proposees pour 
exploiter a des fins chimiques ce rayonnement, dans 
un reacteur « chimionucleaire » (irradiation dans le 
ccrur du reacteur) ou dans un reacteur « chimionu
clcairc » a cnveloppe (irradiation dam, la zone du 
reflecteur). Pour pouvoir employer un reacteur 
nucleaire comme grande source de rayonnement pour 
des reactions radiochirniques, il faut, d'une part, que 
ce reacteur fournisse un debit de dose gamma eleve 
dans un grand volume, afin d'obtcnir un tau.x de pro
duction chimique satisfaisant, et, d'autre part, que le 

flux. de neutrons ne depasse pas une limite superieure 
definie, afin de maintenir la contamination par activa
tion bien au-dessous de la concentration maximale 
admissible. Ces deux. conditions ne peuvent pas etn: 
rernplies dans le cadre des propositions faites jusqu'ici 
avec les reacteurs connus a ce jour. It faudrait pour 
cela mettre au point des rcacteurs de conception 
absolument nouvelle, ce qui ne semble pas possible 
pour un proche avenir. 

Le memoire propose une nouvelle formule: le reac
teur << compound ». Celui-ci est caracterise par le fail 
que la reaction chimique se deroule en dehors du cais
son du reacteur, l'installation chimique faisant fonc• 
tion en totalite ou en partie de bouclier thennique. Un 
tel reacteur « compound » permet une production chi· 
mique economiquement rentable puisque J'on utilise 
uniquement le rayonnernent qui, sinon, serait de toute 
fai;on perdu par absorption dans le blindage. 

On peut utiliser des reacteurs de puissance d'un 
type dont la misc au point est achevee, sans devoir 
modifier l'economie neutronique. L 'utilisation- du 
combustible n'est done pas diminuee. Un tel reactcur 
devrait presenter une faible auto - absorption de 
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rayonnement gamma par le creur, par le reflecteur et 
lecasech' t I · · ' ean , par e bouclier themuque, et la pression 
du mo~erateur devrait y etre faible. Les reacteurs des 
type~ a eau bouillante et a eau sous pression ne 
conviennent pas comme reacteurs « compound » a 
ca~ de l'epaisseur des parois que doit avoir Ieur 
caisson. 11 en est de meme des reacteurs refroidis par 
un gaz, du fait de leur faible densite de puissance et 
leur _grand volume de moderateur. En revanche il est 
Poss1bl d' till. • fl . e u ser un reacteur a tubes de force avec un 
aible volume de moderateur et avec refroidissement 

au gaz sous pression moyenne, etant donne que l'on 
peut dans ce cas reduice au minimum {'absorption 
gamma dans le cceur et le materiau de Ia cuve et 
porter au maximum celle de neutrons ' 

Le reacteur « compound » propos6 presente les 
aYantages suivants: 

~) _La production d'energie et la production radio• 
chi1?1que se deroulent presque independamment l'une 
de I autre dans Jes meilleurs conditions possibles; 

b) La sOrete du reacteur n'est pas reduite; 

~). Vespace d'irradiation destine a la production 
cbimique sous rayonnement n'est pas limite; 

d) ~ fl~ d~ neutrons peut etre attenue jusqu'a une 
valeur lillllte detenninee sans intervention dans l'eco
nomie neutronique; 

. e) Libre choix des parametres de la reaction (pres
sion,. temperature) et des materiaux des recipients de 
reaction destines a la production chimique sous 
rayonnement; 

f) Facilite d'entretien de l'installation chimique. 

. P?ur . certaines reactions se deroulant en phase 
liqwde et presentant un interet technique particulier, 
Jes auteurs ont calcule les quantites que l'on peut 
produire avec trois reacteurs a tubes de force et four
nissent les donnees pertinentes. 

, Le re~cteur « compound », qui associe la production 
d energie a la production chimique, pourrait contri
buer a une eJtploitation rentable de l'energie nucleaire. 

A/642 CDPr 

Hcnonb30BaHHe 3HepreTH48CKHX pe
aKTopoe B Ka4eCTB8 KpynH~X HCT04-
HHKOB H3nyLteHHH Anff paAHaU,HOHHO
XHMHYeCKoro npOH3BOACTBa 

Cb. r eppe et al. 

AJCnrnaan ao1rn ~mepreTff'lecKoro peaKTopa HB

JtJieT'cJI HCTOqHJll(OM: BHTeHCHUHOro uaJiy'leUH11, 
60.rn.maa 'laCTI> ROToporo AOJURUa norJio~aTr,ca s 

-renJioBOH 11 6uoJJorn'lecKon: aamuwx. IloKaaaHhI 
pa3JIJPIIU.Je B03MO)l(HOCTIJ ncnon1>30B8BJUI aToro 
113Jlyqenua ]\JUI XBMHll HJJII B «XHMII'IeCKOM peaK-

Tope» ( o6JIY'{eBH8 B aKTHIJBOii 30H8), HJIH B tpe
aKTope C BOCDpoH3BOACTUOM» (06.iiyqeeue B aoee 

OTpamaTeJIR). /J..JIH Toro 'ITOOLI HJJ;epHLlii peaKTOp 

Mor JJBJIJITbC.fl BCTO'IHBKOM H3.UJ'I8HJIJI npB npoBe

;i;eHHH pa,!J;B3~HOBHO-XHMO'lecKBX peaK~IIH B 60J1b-
1mx MacmTaoax, H800XOAUMO 06ec11e'IRTL BbJCO

l>YIO }fOU(lIOCTL ,l(03ld no rain,ra-Jl3JIY'JeHHIO (:r..irsr 
;:\OCTHmemui: YAOBJJ8TBOpHTeJILHOro XOMH'lecKoro 
BhlXO;{a) H AOCT8TO'l110 HH3KBH ypoeeHb ueiiTpou
Horo noToKa ('ITooLI aarp»aueuua B peaynLTaTe 

aJiTJIB8QHJf f>.LIJIH CYU{8CTB8HHO Hlf»re MaKCl(M8Jlb

HO ~OilYCTHMOU l(OHQeHTpaQHH). 3TH: Tpe60B8HJUI 

H8JIL3H YAOBJieTBOPRTL B paMKax Tex npeivrome
mrii, I<oropue ;:tenaJ111c.r, ~o aacro11~ero epeMeu11 
no HCilOJlb30BaHHIO cyJ.QeCTBYlOiqDX peaKTOpOB, a 

paapa6oTKa peaKTOPOB COBepmeeuo HOBOU KOB

CTPYK~HH B 6JJH)Kaiimee BpeMH neBO3MO)J(Ha. 
)1.JJR pemeHHR noii 3a,lla1JH B ~oMaP.e npe~Jla

raeTCH 11;1;e11 umr,mayHA-peaKTopu. EcJJH :xmtH
~ecKue peaKqou OYAYT npoTeKaTL BHe 6aKa 
pea«Topa, TO XHMH'leCKaJI ycTaHOBKa ~8JlHKOM 

JJJJH 'lacTH'IHO MomeT .saJJT.b Ha ce611 (J,yHKJUfH 
TellJlOJIOii 3311\HThl. TaKoii «KoMnaye,n-peaKTOplt 
6y~eT o6ecne•mBaTL 3KOHOMH'IHOe XHMHtteCKoe 

npmrseo~creo, IlOCKOJibKf B HeM HCllOJlb3YIOTCR 

TOJILJW «OTXOALU D3JJY'{eHJUI auepreTH'lecKoro 
peaKTopa, RoTOphle Bee paeHo ueo6xo]UIMo norJJo-

11\clTb B pa):\uaqHOHHOii aam;uTe. 
)1.JIR 3THX I(eneii Momuo HCII0J11,a0Bar1, JUOoou 

TeXBH'l0CKD coeepmeBHLIH aaepreTB'l0CKBii peaK
TOp, eCJlll Be KacaTLCH 6aJiaHca neiiTpoHOB. Hc
lIOJIL3OBaBBe TOIIJIHBa IIPH 3TOM He CHH3HTCSI. Pe-
3.KTOP Ta.Roro TBIIa ){OJilReH 06J13JtaTL HB3KHM ca• 
MonorJio~eHBCM rainrn-D3JIY'l0HHH B aKTHUHOii 

aoue, B OTpa>KaTeJie B, CCJIH 3TO ueooxO)\DMO, B 

renJioeoii aam;nre n P.OJimeH pa00Tar1, npH BH3KOH 
,AaBJieBHB aaMe)\JIHTCJIR. HeJIL3H BCIIOJIL30Batb 
KBIIJII.QH8 peaKTOPLI H peaKTopLI C BO,ll;OH DOA AaB
JieHIIeM, DOCKOJlbKY OHH TpeoytOT CJIIImKOlf OOJIL

IDHX KOJJH1JeCTB MaTepBaJia ;tPUI OaKa BLICOKOro 
,ll;aBJieBDH. PeaKTopi.r C raaoBLIM: OXJia)l(AeHB8M 

TaK>Ke ueIIpuroABLI ea-aa HB3KHX Wioruocreil 
3HeproBw,u.e.11eHHR H OOJILmDX: ROJIH'IeCTB 33H0AJllf
TeJl11. Ilo]\XO.t(fflllUM: THDOM peaKTOpa, BepoRTBO, 
OKa>KeTCR «peaKTOp C TpyoaMH no;a; ;a;aBJieeaeMit C 

H000JJLIDHH KOJIH'leCTBOM aaM8JJ;JIHT0Jl.11 H raao
BLlM oxnam~eBBeM npu yvepeBBOM )laBJieRDH. B 
aToM cJJy11ae norJiom;euee raMMa-BaJJY'leBHH B ai.
THBBOH sose H MaTepuaJJe KOBTeiiaepa MO>KHO 

cp;enau uamreBblllHM, a norno~tmue ueiiTpoRou 
HaHt'iOJILlllBM. 

Ilpe~JiaraeMblii «KoM11aynp;-peaKTop• BMeeT cJIC-

J\YIO~ue npeuMy~ecTBa. 
1. feuepn:poBaaue aJieKTpo3eeprHo H pa~Ha-

1\Hoeuo-xnMH'letKoe npoaaeO,ll;CTBO npaKTH'lec1rn: 
He 33BHC11T ,11;pyr OT p;pyra B npoTeKaR)T ope OOTH
MaJILBLlX yCJlOBHRX. 

2. BeaouaCHOCTI> peaKTopa He yiteBLmaeTCH. 
3. 06JIJ'I38MOe npocTpaHCTBO ,ll;Jlff pap;ea}\HOH

noii XIIMHH He orpaHH'ICHO. 
4. HeiiTpollBblH DOTOK MO>KCT 6LITb orpaBR'lell 

,11;0 aymuoro auaqeemI 6ea uapymeuua 6ananca 
neiiTpoHOB. 
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5. CBOOO,lJ,HLIH BY6op napaMerpoB XHMH'leCKRX 
peaKI\Hii: (TeJmepaTypa, naBJnmne) 11 MaTepHaJJa 
COCYAOB ~II npoBeAeHRII peaK:a;Hii. 

6. JJerKOCTI> ooCJJy>KnBaHH.fl xn11n11ecKoii ycu
ROBKB. 

/1.JJII BeKoTopux TeXBJllleCKH HHTepeCHLIX peaK
naii, DJ)OTeKaJOIIlRX B >KH)J;KOH l)>aae, pacC'IHTRHO 

KOJJU'leCTBO DJ>O,'lYKUHH, KOTopoe MO>KeT OLITL no
JJy'leHo ea Tpex peaKTopax c TpyoaMa no;1 p_aBne
BReM. 

tK01mayu,1-peaKTOpt ,ttJJR XHMH11ecKoro H ancp
feTH'lecKoro npmt3B0,lJ,CTBa MO>ICeT CJJY)KHTL npn
lfepoM 3KOHOMJl'IHOro JICilOJIL30BallltR aTOMHoii 
~ueprnn. 

A/542 Republlca federal de Alemanla 

Empleo de reactores de potencla como fuentes 
de elevada lntensldad para 
la produccl6n qu(mlca radlolnduclda 

por F. Herre et at: 

La intensa radiaci6n · producida en el nucleo de 
· los reactorcs de potcncia, que en su mayor parte 

es absorbida por los blindajes termico y bio16gico, 
puede utilizarse quimicamente de dif erentes form as, 
ya sea en el llamado « reactor quimico » (irradiaci6n 
en el n6cleo) o en el « reactor fertil » (irradiaci6n 
en el rctlcctor). El empleo de un reactor nuclear 
como f uente de radiaci6n en gran escala para inducir 
reacciones quimicas mediante radiaciones requiere que 
aquel proporcione una elevada dosis y en un volumen 
considerable (para conseguir una produccion quimica 
satisfactoria) y un ftujo neutronico que no exceda 
de cierto limite (para mantener la contaminaci6n por 
activaci6n muy por debajo de la concentraci6n maxima 
admisible). Estas dos condiciones todavia no pueden 
satisfaccrse en el marco de las propuestas forrnuladas 
hasta el presente, utilizando los reactores conocidos; 
haria falta perf eccionar un tipo de reactor completa• 
mente nuevo, lo. cual no parece posible en un futuro 
cercano. 

En la memoria se propane un nuevo reactor de 
doble prop6sito, caracterizado por el hecho de que 
las reacciones quimicas tienen lugar fuera del reci
piente del reactor, en cuyo caso la instalaci6n quimica 
cumple, en todo o en parte, funci6n de blindaje ter
mico. Un reactor de esa indole permitiria lograr una · 
producci6n quimica econ6mica~ puesto que solamente 
haria uso de la radiaci6n del reactor no aprovechable, 

F. HERRE et al. 

es decir, aquella que de otra manera se perderia en 
el blindaje. 

Cualquier reactor de potencia tecnicamente perfec
cionado puede utilizarse sin necesidad de interferir en 
la economia neutr6nica ni, por tanto, reducir el grado 
de aprovechamiento del combustible. Un reactor de 
este tipo habria de tener una baja absorci6n r en el 
nucleo y en el reflector y, si fuese necesario, en el 
blindaje termico y ademas tendria que funcionar con 
una presi6n reducida de moderador. Los reactores 
de agua en ebullici6n y agua a presi6n no resultan 
convenientes porque exigen demasiado material para 
la construccion del recipiente de presi6n; tampoco 
sirven los reactores enf riados por gas a causa de su 
baja potencia especifica y de la gran cantidad de 
moderador que requieren. El tipo apropiado podria 
ser por ejempto, el de un reactor de tubos de presion 
con poca cantidad de moderador y de gas refrigerante 
a presiones intermedias, puesto que en este caso la 
absorci6n yen el nucleo y en el material de contencion 
puede reducirse al minimo, en tanto que Ia absorci6n 
ncutr6nica puede aumentarse al maximo posible. 

El reactor de doble finalidad propuesto presentarla 
las siguientes ventajas: 

I) La producci6n de energia y la produccion qui
mica inducida por las radiaciones son practicamente 
independientes entre si y se obtienen en las mejores 
condiciones posibles; 

2) La seguridad del reactor no queda disminuida; 
3) No impone restricciones en cuanto al espacio de 

irradiaci6n destinado a Ia producci6n quimica; 
4) El flujo neutr6nico puede amortiguarse hasta 

un cierto valor limite sin interferir en la economia 
neutr6nica; 

5) Libertad de elecci6n de los parimctros (presi6n 
y temperatura) y de los materiales para la constrUC
ci6n del recipiente de reacci6n quimica; 

6) Sencillez del mantenimiento de Ia instalaci6n 
quimica. 

Para algunas reacciones tecnicamente interesantes 
que tienen lugar en fase liquida, se ban calculado 
las cantidades que podrian producifSe con tres reac
tores de tubos de presi6n- y se f acilitan Ios datos 
correspondientes. . 

El reactor de doble prop6sito, que combmc la 
regeneraci6n de electricidad con la produccion qui
mica, podrla contribuir eficazmente a la utilizaci6n 
econ6mica de la energia nuclear. 



P/92 France 

Une nouvelle structure ordonnee, 
creee par irradiation aux neutrons 

par L. Neel* 

Jusqu'ici !'attention s'est surtout portee sur les 
dommages que les rayonnements des reacteurs nucle
aires produisent dans Jes rnateriaux, c'est-a-dire, en 
fin de compte, sur les perturbations du reseau cris
tallin; les rayonnements Jes ecartent de Jeur etat 
d'equilibre. De meme, les quelques applications reus
sies jusqu 'ici resultent surtout d 'une excitation d 'une 

. ' 
rruse hors d'equilibre des atomes ou des molecules 
- par exemple, la formation de radicaux libres dans 
la greffe des molecules organiques. 

Mais ii importe aussi de remarquer que, par un 
processus inverse, les irradiations dans un reacteur, 
effectuees a une temperature suffisamment elevee, 
facilitent la mise en equilibre du reseau cristallin. 
Le mecanisme de ces phenomenes est probablement 
lie a la creation par !es neutrons rapides de paires 
interstitiels-lacunes de l 'ordre de quelques centaines 
de paires par neutron. La densite des lacunes devient 
ainsi considerablement plus elevee que dans une subs
tance normale non irradiee et comme la diffusion a 
l'interieur du reseau implique essentiellement les depla• 
cements de lacunes, il en resulte que les vitesses de 
diffusion, et correlativement les vitesses de reaction, 
sont augmentees dans les memes proportions. 

On sait d'autre part que dans !es metaux usuels, 
les vitesses de transformation deviennent absolument 
negJigeables au-dessous d'une certaine temperature 
qui. pour le fer ou le nickel par exemple, est de l'ordre' 
de 400 °C. II n'est done pas possible de produire 

les composes defin.is ou Ies surstructures dont la 
temperature de formation est inferieure a cehe limite. 
C'est ainsi que dans les solutions solides de fer-<DickeI. 
la surstructure equiatomique Fe-Ni qui, nous _le 
savons maintenant, devrait se former au-dessous de· 
325 °C, n'avait jamais ete observee jusqu'ici. 

Les equipes du Laboratoire de physique du solide 
du Centre d 'etudes nucleaires de Grenoble ont reussi 
a creer cette surstructure par irradiation prolongee 
a 300 °C d 'un alliage Fe-Ni dans Ia pile piscine 
MELUSINE. Elle est quadratique et constituee de 
plans successifs, alternes, les uns formes d'atomes de 
fer, les autres d'atomes de nickel; elle est remarquable 
par la grandeur de son anisotropic magnetique. Ses 
proprietes magnetiques sont decrites en detail. 

II est probable que beaucoup d'autres nouveaux 
composes OU surstructures pourront et~e fabriques 
par cette methode; au moins ceux dont la tempe• 
rature de formation est comprise entre 250 et 350 °C. 
11 n 'est naturellement pas necessaire qu'ils soient 
magnetiques. 

Ainsi s'ouvre un nouveau domaine pour les appli
cations des reacteurs nucleaires. Meme si aucune 
application industrielle ne devait en resulter. l'interet . 
scientifique en resterait important. 

• Commissariat a l'energie atomique. Avec la collaboration 
de D. Dautreppe, 1. Pauleve, S. Laugier, R. Pauthenet et 
A. Marchand. 
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A/92 France 

A new ordered structure created by 
neutron irradiation 

by l. Neel 

Neutron irradiation of an Fe-Ni (50% at.) aJloy 
at 300 °C in the swimming-pool reactor MELUSINE 
yielded, by accelerating the diffusion process, a new 
ordered phase of this alloy of the same type as AuCu. 
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The evolution of this phase was followed by measur• 
ing the magnetic anisotropy and electrical resistance 
and by X-ray measurements. The super•structure 
rays obtained confirm a quadratic structure of the 
AuCu type. The critical temperature, as determined 
by measuring the electrical resistance in the reactor, 
was about 320 °C ± 2 °C. Studies of monocrystals 
irradiated in a magnetic field gave precise information 
about the magnetic behaviour of this new alloy, which 
is organised in small crystallites, the general con-
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figuration of which favours its orientation in the 
direction of the magnetic field applied during 
irradiation. 

The interest of this study lies in the manifold 
industrial applications of alloys of iron and nickel. 

A/92 IDpatu-'Mft 

Hoea~ ynopRAO~eHHafl 
coaAaHHafl s pesynbrare 
HeRrpoHaMH 

n. Henb et al. 

crpyKrypa, 
o6ny~eHHR 

B pe3yJU,TaTe o6.,y•1PHHR neit1pona:r,rn npu Teir
Jtepa-rype 300° C B BO,llO-BOJVIHOM peaKTOpl! 
l\lELUSINE cnnaaa Fe - Ni (50%) nyTeM ycRo
pe1mn npoueccos ;1.ttclicliyauK noJ1y•1aeTeH HOBaH 
ynop11,lo11euua11 <l,aJa 3Toro cnnasa TRna AuCu. 

3ro npeepall(enue 61,1110 o6napymeno nyTeM 
Jl3Mepennii M8rHIITHOii 811H30Tpo!1 IIH :)JleKtponpo
BO,lHOCTII H peurreHOCTpyKTypnoro 8H3JJH33. 
Ilo.1y'le11n1,1e csep~c1pyHTypu1,1e JJHHHH no~rBepm
,nalOT Ky6H•U?CKYIO crpyKrypy THfla AuCu. J{pllTff
'leCRaR Te)meparypa1 onpe;i.eneunaR 11pn noMolll,11 
11aMepeH11R a.neHrponpoBo;.i,nocTu e peaKTope, co
CTaB:tHeT 320±2° C. Ucc;ie;:i.oBaHnR ua 06ny'ljefl-
1tLllt )(0H0KpHCTam1ax, uaxo;vm\H:liCff D MarHHTHOM 

110.ne, noaBOJIKJIII YT0'IHHTI. Marmnnwe CB0ii.C1'»a 
aTOro nonoro cnnaea, JCOTOpLlii npespamaeTCH B 
JJCOO./lbUJHe KpHCT3JIJIHTLI, OOUJ.aJI HoHqmrypaU,lUl 
i.oTopwx cnocoucreyeT 11aMarn11•rneanu10 e na-

P/91 L. NEEL 

llpaBJJeHHH M8fHHTHoro IIOJiff, np11MeH.fleMoro BO 
BpeMH 06J1y'IeHJUI. 

3to HCCJ1en,o»au11e npencTaruu1eT aua111neJ11,HLiii 

nnTepec, TaK KaK cmiaBhI meJ1e3a n mrne.it11 mu.
po1rn npm,1em110TcJI s npo,,u.nuJ1e11eocTn. 

A/9'Z Francia 

Nueva estructura ordenada, creada 
por irradiaci6n neutr6nica 

por L. Neel 

La irradiaci6n neutronica de una alcacion de 
Fe-Ni (al 50%), efectuada a 300 ° C en el reactor 
MELUSINE de tipo piscina, permite obtener, por 
aceleraci6n del proceso de difusi6n, una nueva fasc 
ordenada de dicha aleaci6n, del tipo AuCu. 

La transformacion ha sido observada midiendo la 
anisotropia magnetica y la resistencia electrica Y 
empleando rayos X. Las rayas puestas en evidencia 
confirman la presencia de una estructura cuadratica 
del tipo AuCu. La temperatura critica, detcrminada 
por la medici6n de la resistencia electrica dentro del 
reactor, asciende a 320 °C ± 2 °C. Los estudios efec
tuados en monocristales irradiados en un campo 
magnetico han permitido definir el comportamiento 
magnetico de esta nueva aleaci6n que se ordena segun 
cristalitas cuya configuraci6n global favorece la ima
naci6n en direcci6n paralela al campo magnetiro 
aplicado durante la irradiaci6n. 

El interes de este estudio reside en las multiples 
aplicaciones que las aleaciones de hierro y de niquel 
encuentran en la industria. 
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Pipeline wear in iron ore transportation 

By H. L. Tavares, P. E. Aun, A. A. Maestrini and M. T. Magalhies • 

This paper is the result of a request made by a 
metallurgical and mining company aimed at deter
mining the wear of a pipeline used for the transporta
tion of iron ore fines in aqueous suspension. 

With the information obtained, further studies have 
been initiated concerning h)·draufics, design and 
marketing problems. 

Brazilian iron ore reserves are amongst the largest 
in the world, and are distributed as follows: 

Friable itabirite: 23.5 x 109 tons 
Friable hematite: 1.7 x 109 tons 
Compact hematite: 0.8 ·x 109 tons 

From the mining of compact hematite, lumps and 
medium-sized iron ores are obtained. This mining also 
produces a large quantity of iron ore fines which ,form 
large reserves, together with those resulting from the 
other mineral deposits. There is an increasing interest, 
both internal and in the world market, for the iron 
ore fines in their original form or in the form of 
manufactured products, such as pellets, briquets, etc. 
The exploration and exportation of these ores is 
therefore necessary. 

Since the deposits are located about 350 km from 
the port of shipment, railway transportation of fines 
is very difficult, due to large resultant losses. Because 
of this and other difficulties, the idea was conceived 
of constructing a pipeline to transport the ore in the 
form of a slurry from the mineral deposits to a pellet
ing and briqueting plant established on the coast. . 

Other advantages inherent in transportation through 
pipelines are: simplicity of installation, operation and 
maintenance, low manpower requirements for installa
tion and operation, ease of crossing both natural and 
artificial obstacles, etc. 

GENERAL CONSIDERATIONS 

Experiments have been carried out to determine 
the wear of a pipeline used for the transportation of 
iron ore slurry. 

• Instituto de Pesquisas Radioativas, Belo Horizonte. 
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Wear U is approximately the sum of corrosion C 
and abrasion A. 

To control as closely as . possible the parameters 
influencing corrosion, measurements of pH, EH and 
dissolved oxygen have been made. Throughout the 
experiments the pH and EH were kept constant and 
the dissolved oxygen concentration remained almost 
constant. It was not possible to separate the effects 
of corrosion and abrasion in these preliminary experi
ments. 

For abrasion A, an expression has be~n derived [lJ: 

A ~ A (v3, r, m, t, D, d, r), 
where 

v = transportation velocity 

(
water weight + ore weight) 

r = slurry density = total volume 

m = pipeline material 
t = transportation time (or circulation time) 

D = hardness of iron ore grain 
d = il'on ore grain diameter (gradation) 
r = grain shape. 

Abrasion varies with the third power of the trans
portation velocity and the optimum valu~ ~o be used 
will be just high enough to prevent depos1t1on and to 
give turbulent flow. Since the pipeline wi~l transport 
ore for a pelleting process, homogeneous m1xtures [2-3} 
were formed using very fine iron ore (85 % passing 
325 mesh) and allowing a low flow velocity. 

The slurry viscosity (hematite+ water, in a ho~o-. 
geneous mixture) increases rapidly ~b~ve the den~1ty 
of J.9 kg/1 [4J and this sets an upper bm1t to the dens1t~
Any further increase in this factor during the experi
ment would decrease markedly the transportation 
velocity and make possible the deposition of particles. 
As the ratio of abrasion to the amount of transported 
material decreases with an increasing density, the 
largest possible value of the density must be used [l]. 

In all experiments the same ore and, hence, a fixed 
value for hardness were used (Mohs value 6}. Thus, 
while maintaining or controlling the values for the 
pH, eH, v, D, m and r, curv~s of u_ versus t were 
obtained for the iron ore grams of different shapes 
and sizes. 
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GENERAL METHOD 

A loop for the circulation of the slurry was built. 
In this loop, a radioactivated steel tube was inserted 
and its wear studied. By suitable sampling and the use 
of a well-type scintillation detector [Nal(Tl) crystal, 
l¾ m x 2 mJ, the wear was determined since it is 
proportional to the total count obtained from the 
19Fe isotope present. 

By preparing and counting a standard having a 
known mass of the same steel and irradiated under 
the same conditions as for the tube, the total count 
obtained can be related to the weight of worn material. 
This standard was also used for correcting the decay 
time of 11Fe. This radioisotope technique measures 
the total wear U, i.e .• the wear due to all chemical or 
physical processes. 

EXPERIMENTAL PROCEDURES 

Irradiated steel tubes 

Three steel tubes of different composition were 
irradiated. In order to use the irradiation facilities of 
the lnstituto de Pesquisas Radioativas tubes 1 and 2 
were activated in our TRlGA Mark I Reactor at 
30 kW. These irradiations required special care due 
to the desired specific activity, and the negative reac~ 
tivity introduced. The walls of the steel tubes were 
machined to a minimum possible thickness. 

The tubes were then canned with thin aluminium. 
Due to the low power level, the irradiation times 
were relatively long. 

Tube I was used only to arrive at a preliminary 
design of the experiments. 

Tube 3 was irradiated in a swimming-pool reactor 
at a power level of 2 MW(th). 

The characteristics of the tubes are shown in Table l. 

Standards 

Cuttings from the tube walls were placed inside the 
tubes, longitudinally. After irradiation the cuttings 
from each tube were dissolved separately in hot 
hydrochloric acid and the resulting solution was 
diluted with water to 250 ml. 

Standards weighing 28 g were obtained by taking 
2 ml aliquots from the solution and mixing them with 
iron ore not yet radioactively contaminated. 

H. L. TAVARES et al. 

figure 1. Pipe wear. Experimental loops 

Samples 

At fixed time intervals a quantity of material was 
taken out .of the circulating slurry and dried. 28 g of 
the resulting ore were then placed in 10 ml poly
ethylene containers and counted with a scintillation 
counter. 

Experimental loops 

Loop 1: As shown in Fig. I steel tubes (I in internal 
diameter and 20 m long) were used, with the irra
diated tube inserted in a closed loop. The slurry was 
circulated by a vertical axle pump. Concentration and 
flow rate were controlled by conventional methods. 

Loop 2: In order to study phenomena occurring 
with the iron ore grains during flow, a second loop 
without the irradiated tube was assembled. 

Iron ore 

The iron ore employed was hematite, wet-ground 
in a ball-mill, dry-ground in a disk-mill, and screened 
to give a pelleting size distribution. 

CONCLUSIONS 

Wear rates 

Curves for accumulated wear versus transportation 
time have the shape shown in Fig. 2, which gives a 
plot of results from experiment 6 in Table 2. Angular 
coefficients at different points on these curves indicate 
a variation in the wear rate with slurry transportation 
time, with a tendency to stabilization. All other curves 
are given in their derivative fonn to characterize the 
wear rate. 

Table 1. Characteristics of irradiated tubes 

f'xpccled 
Hardn<s' Chc01kal composjtion ¾ Length Wci11:ht Oiaroctcr (mm) specific 

Tllbe activities (Mobs) 
C Mn p s Si 

(mm) (s) 
Internal External µ,;Jg, 59Fo ,-~~--

t 5<i0 654.0 26.3 29.9 3 2 3 

2 0.21 0.27 0.013 0.020 800 667.2 29.5 31.9 5 5 

3 0.22 0.48 0.019 0.013 0.27 700 546.0 27.1 29.5 20 5 
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figure 2. Pipe wear. Typical curve obtained 

Grain si:te and shape variation of dry-ground iron ore 

. The fact of wear rate decreasing with transportation 
tJme could be due, among other factors to the varia
tion in grain size and shape during the experiment. 
To test this hypothesis, experiments 11 and 13 were 
~rried out under the same conditions with dry-ground 
iron ore (disk-milled) as given in Table 2. The slurry 
used in experiment 13 had previously circulated in 
the loop 2, for 48 hours to undergo a possible 
smoothening process. 

Loops J and 2 were both constructed with the same 
characteristics, but it was found impossible to obtain 
the same experimental performance. For equal circula
tion times, the smoothening of iron ore grains in 
loops / and 2 is different. 

Expt. 15 

I 
Expt. 16 

0 50 100 150 
Transportation time, hours 

Figur-e 4. Pipeline wear using wet-ground iron ore (ball-milled). 
Expt. 16: gr.tins previously smoothened; Expt. 15: grains not 

previously smoothened 
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Expt. 11 

Expr. 13 

-----L------------------------
0 50 100 150 

Tron•plNlation ti-, hows 

Figure 3. Pipeline wear using dry-ground iron ore (ball-milled). 
Expt. 13: grains previously _smoothened; Expt. 11: grains not 

previously smoothened 

Figure 3 shows that the wear rate in experiment 13 
(pre-circulated ore) has sharply decreased compared 
with experiment 11. This demonstrates that the iron 
ore grains had undergone a rounding and grinding 
process during the transportation period. Hence the 
pipeline lifetime will increase in the direction of the 
flow, i.e., the sacrifice thickness of the tube will 
decrease with its length. Photomicrographs have also 
been made to confirm these results. 

Grain size and shape variation in wet-ground iron ore 

Experiments 15 and l6 were made to determine 
whether wet-ground iron ore (ball-milled) undergoes 
a smoothening during its transport. The results shown 
in fig. 4 were obtained using the same criteria as for 
experiments 11 and 13 with a previous circulation of 
the iron ore from experiment 16 (Table 2) over 48 hours 
in loop 2. 

'::h'--~------•-•-•-•-•~•~•-~~ o ~ ~ m m 
; , •· ;pcMt11t!on liftllt1 hout1 

Figure 5. Particle size etrect on pipe wear 
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Table 2. Experimental characteristics (using hematite) 

Smoo1he11i11a Avera,e Averaae Maximum Thickness 
Gruodin& dema,e 

Ei,:pl Jron ore sie-. anal)'$is 
Mill 

lime 
(h) 

4 30 ¾ passing 32S mesh Disk 
90¾ .. 200 mesh 

6 90¼ .. 32S mesh .. 
98¾ .. 200 mesh 

1l 90¾ .. 32S mesh .. 
98¾ .. 200 mesh 

13 90¾ .. 32S mesh .. 48 
98¾ .. 200 mesh 

IS 80¾ .. 325 mesh Ball 
93¾ .. 200 mesh 

16 80¾ .. 32S mesh .. 48 
93¾ .. 200 mesh 

In experiment 16, the measured wear rate was smaller 
than that obtained in experiment 15, but without the 
drastic variation present in experiments 11 and 13. 
It seems that the wet-ground iron ores from a ball-mill 
have a more rounded shape than that of dry.ground 
materia1. 

Particle size effect 

Ex.periments 4 and 6 (Table 2) were carried out to 
check the effect of ore size distribution on wear. The 
curves in Fig. 5 show that the wear increases with the 
increasing particle diameter [S]. 

Effect of the grinding process 

Finer iron ore than that of experiment 15 was used 
in experiment 11. However• a smaller wear was obtained 
in the former case, as showed in Figs. 4 and 3. In 
view of the foregoing. it can be concluded that wet
ground iron ore produces a wear rate smaller than 
that for dry-ground material. 

Wear rate 

In all the experiments, it was established that the 
wear rate tends. for relatively long transportation times, 
to give values in the range 1- 3 x 10~ mg/cm1.h. 
This range is much smaller than obtained in the first 
measurements. 

Thickness decrease rate 

The thickness decrease rate is defined as the decrease 
in wall thickness of the tube per unit of time, by the 
effect wear. 

The thickness decrease rate is given approximately 

W w· d" by T. = -. where 1s the wear rate correspon mg 
p e 

to the worst condition (extrapolation at the beginning 
of the wear curve) and e is the tube· density. 

density velocily Tube wear rate ra\t 
(ks/I) (mis) (m1/cm'.hl (mm/yr) 

1.45 z.s 2 3.75 x J()-1 0.400 

us 2.S 2 2.40><10-S 0.260 

J.74 2.2 3 J.2Sx 10-S 0.140 

1.74 2.2 3 4.00x lo--' 0.044 

l.72 2.2 3 4.60x lo-' 0.050 

J.72 2.2 3 3.60x 10-1 0.040 

Thickness decrease rates for the experiments men~ 
tioned are shown in Table 2. From the curves these 
rates can be calculated for any given transportation 
time. 

From the thickness decrease rates found for ore with 
pelletizing characteristics, a preliminary design for an 
18 in diameter pipeline was made [6] and the tran~
portation cost determined. In Brazil an econonuc 
study [7] showed that this pipeline can transport a 
given quantity in a third of the time taken by a 
railroad connecting the same points. . 

Based on this, a pilot pipeline (8 in diameter) ts 
being built; a determination of the thickness decrease 
rates in this installation will be made in order to 
check the results already obtained. 
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A/114 Bresil 

Usure de pipe-lines dans le tra~sport 
du mlnerai de fer 

par H. L. Tavares et al. 

Le memoire porte sur une etude de l 'usure de tubes 
d.'acier transportant du minerai de fer broye en suspen
sion aqueuse entreprise en vue de determiner fa viabilite 
~•un Pipe-line de 350 km environ destine au transport 
mdustnel de minerai. Vingt experiences ont ete reali
sees jusqu 'ici pendant une annee de travail. La methode 
a consiste a inserer des tubes radioactives, longs de 
70. cm environ, dans des circuits experimentaux de 
1 mch de diametre et d 'une longueur de 20 m. 

Pour la radioactivation, on a utilise un petit reacteur 
nucleaire {TRIGA Mark I) et on a obtenu des activites 
specifiques de l'ordre de 5Ci/g de 59Fe. Chaque expe
nence a ete conduite pendant 200 heures environ. Les 
echantillons ont ete comptes dans des scintillateurs de 
Nal(Tl); les resultats des mesures ont servi a deter
miner 1 •usure par reference a des etalons de masse 
connue irradies en meme temps que les tubes. Les 
experiences ont etabli une relation entre la granulo
metrie et la duree de vie des tubes. La concentration 
du melange, la vitesse de circulation et Jes techniques 
de broyage ont ete aussi considerees comme facteurs 
de l'usure. Les effets de la corrosion n'ont pas ete 
negliges, mais ils semblent etre reduits. Une diminu
tion du taux d'usure pendant le cours de chaque expe
rience a pu etre imputee a l'arrondissement des grains 
causes par des collisions. Des photomicrographies 
ont ete faites pour controler la forme des grains. Ces 
resultats permettent d'envisager une diminution pro
gressive de l'epaisseur du pipe-line a partir de son 
origine, si des considerations d'ordre hydraulique et 
economique conduisent a des tam: d'usure eleves. 
L'un des resultats caracteristiques donne un taux 
d'usure de 0,2 mm/an pour du minerai d'hematite 
fraichement broye (debut du pipe-line) dans un tube 
d'acier (C:0,22 %; Mn:0,48 %; P:0,019%; S: 0,013%; 
Si:0,27%) avec une granulometrie de 90% au-dessous 
de 325 mesh {100% au-dessous de 200 mesh), la 
suspension con tenant 50 % de minerai en po ids et 
circulant a 2,2 m/s. 

A/114 6pasHnK R 

"13HOC rpy6onpOBOAOB npH nepeKaY
Ke meneaopyAHOA nynbnbl 
X. Jl. Ta6apec et al. 

B )l.01ma~e om1c1,rnaeTc11 ncc~e;t,oBaune H3Hoca 
CTam,HbIX tpy6onpoBO/f.OB, DO KOTOphlM nepeKa'IH
BaeTCJI meJie3opy,a:Ha11 IIYJII>na, jl,.'IR YCTBHOBJICHIUJ 

cpoKa rnym6u rpy6onpono;ta .I\JIHHoii: 0KoJ10 -

:150 r..w. B Te11eune ro~a OhlJIO npoBe~eao 20 aKr

nepnMeHToB. HcKyCCTBeHHO aKTHBDpOBaHHhle naT
py6KH (JJ;JIHHOH OKOJIO 70 CM) BCTBB~RJIHCb B 
~KcnepnMeHTaJILHLie yucTKU Tpy6onpoBOi'.l,a, 
CMOHTHpoBaHHLle Jl3 Tpy6 ;o;naMeTpoM 25,4 MM 11 
i-1,.!HIHOH 20 M. ,l(JIJl aKTHBall;lfll HCDOJlh30BaJICJI HC

OOJibllJOU peanop (TRIGA Mark-1), c noMOZU:LIO 
IWTOporo 6L1J1 lIOJiy'leH H30TOD Fe59 y,o;eJibHOH a1,
TllBHOCThJO OKOJIO 5 M1t1tPOpu/z. ]:(JJHTeJILHOCTh Ka

:ffil(oro 3KCnepHMCHTa COCJ3BJIJIJia OROJIO 200 "· 
Ocraro>IHall pa~11oaKrns1wc11, unpy6.xoB onpe.;1e
JIJ1Jiac1, Ha Cl\HHTHJIJIJITOpe K0JI0/l,e3H0ro THila 113 

N aJ (Tl) ; •mcno oTC'leTos nepeeo;:i;Hnoc1, B BeJiu
•rnuy H3HOCa MaCCLI nyTN[ cpaBHeHKH co CTaH

~apTaMlf uauecrH1,1x Mace, oo»yqeum.ix BJ.leCTe c 
:)THMJl naTpy6KaMll. 3KcnepuMeHTLI U03BOJIH)II[ 

yCTaffOBUTh BJIHHHHe rpauy.noMeTpHH ea npo,ll.0.1-
ffillTCJlhHOCTL CJJfm0bt Tpy6; J.p041C Toro, onpe~c
JIHJICR o6~JlH JJ3HOC B aaBDCHIIOCTII OT KOHu;eu
Tpa~DH ny.nM.i;u, CKopocTn ee nepeMeru,emrn: n 
MCT0,!1,0B Jl3MeJIL'leHml'. JlcCJie]lyIOTCK Tat<JKe a<fi

l~CKTLl ncnrpaHHH If Roppo:mu B or;:teJH,BOCTJf. 

Jlmrnunc xoppo:mu · oKa3aJJoCL He6on1,1IntM. Ilo 
:l.lC'pe npo/1,0JJllieHIUI 3KCnepHMCHTa yeTaHOBJI('HO 

YMCHLUieHne H3H0Ca, lJ.T0 OO'MICHJICTC11 crJiaa<HBa
HHeM JCOJJepXHOCTeii 'laCTif~ B peayJII>TaTe llX 
CTOJI1"IOBeHHii. Jlm1 upoBepKU q>opMLl liaCTHll; npo
BO,!l,HJI3Cb lt11Kpocpororpa1J!RJ1. AonycKancn Boa

~mmnocTL 3Ha'IHTeJILHOf0 yMeHbllieHHH TOJIU(HHLZ 
CTeHOK Tpy6onpono~a B HanpaBJieHUll IIOTORa, 

CCJIH :)nOHOllnt'leCRHe J( nr,!1,paBJIH'leCKHe pacqeTLI 
aToil ro.11mun1,1 crpoHJIHCL c y'leTOM nos1,1meuuo
ro H3HOCa. CornacHo TnmI'IHOMY peayJ1LTaTy 3NC
nep1u1cnToB nauoc BHyTpeuuei't noeepxuocnt B 

Ha•rnJie craJJbHoro TpyuonpoBO)];a (0,22% C; 
0,48% Mn; 0,019% P; 0,017% S; 0,27% Si) 
COCTHBJIHeT 0,2 JIUt/eoiJ, ecnu nym,na ~BJJ)KCTCJI co 
f'nOpOCTJ,IO 2,2 M/ce1. I[ COCTOJIT Ha 50% BCC. Jl3 

rl'!.taTJITH, Jl31ICJil,'l('HHOn) ua 90 % ;i;o ~1HHYC 

325 MCIII 11 11.t 1 Oo/o ,'.\O )IIIIIYC 200 Jl.'IIOC 325 Melli. 
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A/114 Brasil 

Desgaste de tuberfas en el transporte de 
mineral de hierro 

por H. L. Tavares et al. 

La memoria analiza un estudio sobre el desgaste de 
tuberias de acero que transportan finos de mineral de 
hierro. en suspensi6n acuosa, con vistas a la viabilidad 
de una conduccion de casi 350 km. Se han efectuado, 
hasta ahora, c:asi 20 cxperimentos durante un ano de 
investigaci6n. El metodo consistio en la inserci6n de 
tubos activados por irradiacion (alrededor de 70 cm 
de longitud) en circuitos experimentales consistentes 
en tubos de I pulgada de diametro y 20 m de longitud. 
Para cstas activaciones se utiliz6 un pequeno reactor 
(TRIGA Mark J) y se obtuvieron actividades especi
ficas de aproximadamentc 5 µc/g de HFe. Cada expc
riencia se rea1iz6 durante 200 horas aproximadamente. 
Las intensidades se midieron con contadores de 
ctntelleo de Nal (Tl)~ los contajes se transformaron en 
perdida de masa por comparaci6n con patrones de 
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masa conocida, irradiados junto con los tubos. las 
experiencias correlacionaron el efecto de la granulo
metria sobre la vida de los tubos; tambien se tuvo en 
cuenta en el desgaste total la concentraci6n de la 
pasta, velocidad de transporte y tecnicas de molienda. 
El estudio trata tambien de tos efectos separados de 
la abrasion y de la corrosion. La contribuci6n de la 
corrosion parece ser pequeiia. Se encontr6 una dismi
nucion de la velocidad de desgaste en el curso de cada 
cxperimento debido a la suavizaci6n de los granos 
causada por los choques. Se efectuaron micrografias 
para comprobar la forma de los granos. Se espera una 
disminuc:i6n significativa del valor de proyecto det 
desgaste de la tuberfa en la direcd6n del flujo si 
razones econ6micas e hidraulicas justificasen elevadas 
velocidades de desgaste. Un resultado tipico es un 
desgaste de 0,2 mm/ano de espesor erosionado en el 
comienzo de la tuberia de acero (0,22 % C-0,48 % Mn-
0,019 % P-0,013% S-0,27% Si) si la pasta circula ~on 
2,2 m/s llevando 50 % en peso de hematites mohda 
hasta un 90% menor que 325 mallas y un 10% entrc 
200 y 325 mallas. 



P/198 United States of America 

Current status and future prospects 
for commercial radiation processing 

By J. E. Machurek, G. R. Dietz and H. Stein* 

The ~ast eight years have seen the development of 
~ growing number of commercial radiation applica
!•ons. To regard the use of radiation as an industry 
1s_premature; however, the clear beginnings of indus
tnal commercialization of radiation processing are at 
hand. 

This presentation will discuss several commercial 
rndiation applications in existence today, such as the 
production of items including cross-linked poly
ethylene wire. tubing and film, semi-conductor com
ponents, ethyl bromide and the sterilization of medical 
suppries. Possibly even more encouraging than the 
existing processes, however, are those which may be 
~lassed as .. near-future" commercial processes. These 
include the radiation processing of wood-plastic 
materials, foods, coatings, improved semi-conductor 
devices, and others. 

The AEC, in attempting to provide a sound basic 
technology for the development of a process radiation 
industry, has a special interest in and is supporting 
development of several of these applications. While 
our interests are primarily in the area of isotope uti
lization, electron accelerator applications are equally 
as important to complete the spectrum of processing 
systems. · 

EXISTING COMMERCIAL APPLICATIONS 

The use of radiation in the United States for com
mercial processing is more widespread than one might 
at first realize, and encompasses many areas. The total 
annual sales volume of radiation-processed products 
in the United States is conservatively estimated at 
$70 million and is growing rapidly. For this presenta
tion presently known applications have been chosen 
for further discussion. 

Cross-linked polyethylene 

The production of radiation cross-linked materials 
is one of the most widespread uses for radiation. 

• US Atomic Energy Commission, Washington, D.C. 
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Polyethylene wire insulation, .shrinkable tubing and 
plastic film are by far the most important products. 

Irradiated polyethylene, under the trade name 
"Irrathene", was introduced by the General Electric 
Company as early as 1954 as tape and film for elec
trical insulation. Several companies, now active in the 
production of wire insulation and shrinkable tubing, 
include the General Electric Company, Electronized 
Chemical Corporation, Raychem Corporation, Radia
tion Materials, Inc., Sequoia Division of Anaconda 
Wire and Cable, Suprenant, and Radiation Dynamics, 
Inc. Superior physical properties of irradiated poly
ethylene wire include its being half again as heat 
resistant as regular polyethylene, and its better stress 
characteristics. 

Radiation cross-linked polyethylene film is also far 
superior in many respects to its unirradiated counter
part. The advantages of radiation produced film 
include high temperature performance, stress-cracking 
resistance, and shrink-fitting capabilities. Conventional 
poJyethylcne film melts below 125 °C. whereas irra
diated material maintains its integrity up to its decom
position temperature at about 250 °C. In addition, 
the irradiated film has a five-fold increase in strength, 
can be stretched to twice its original size, and then 
control-shrunk for contour-fit packaging [IJ. This 
latter characteristic makes the film ideal for use as a 
food wrap. The Cryovac Division of the W. R. Grace 
Company [2] is the major producer of polyethylene 
food wrap today. The ultimate use of the polyethylene 
dictates the required amount of radiation to induce 
adequate cross-linking. Generally, an optimum balance 
of properties is obtained by a dose of 15-20 megarads. 
At present, machine sources of electrons are used 
exclusively for the processing of polyethylene products 
because of the minimal penetration required. 

Semi-conductor ·components 

Electronized Chemical Corporation, a subsidiary of 
High Voltage Engineering Corporation, is processing 
well over a million semi-conductors per month as a 
service to a number of manufacturers of solid state 
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devices [3}. Radiation, as used in semi.conductor 
manufacturing. produces a controlled number of 
imperfections in a lattice via positive-ion proton 
implantations. This reduces the device'.s switching 
time. Machine irradiation costs for semi-conductor 
applications vary between 0.5 and S cents per unit. 
and often represent less than one per cent of the 
unit's selling price. 

Ethyl bromide 

The radiation.catalyzed production of ethyl bromide 
by the Dow Chemical Company was the first commer
cial radiation process for chemical production. Ethyl 
bromide. a volatile organic liquid used primarily as 
an intermediate for organic synthesis. has particular 
application in the production of pharmaceutical 
products. 

The conventional aqueous process of reacting 
ethanol and hydrogen bromide yields water as a 
byproduct (4]. The outstanding advantage of the 
new process is that it produces a material virtually 
100% pure, without side products or contaminants. 
The reaction mechanism has been postulated as 
follows [SJ: 

Br· + CH1 = CH1 - BrCH1-CH1 
BrCH1 -CH1 + HBr--+ BrCH2CH3 + Br· 

Simple and reliable operation with efficient use of 
gamma rays from a 2 000 curie cobalt-60 source makes 
the new Dow process more economical than conven
tionally produced ethyl bromide. In the new process, 
ethylene gas and liquid hydrogen bromide are fed to 
the bottom of a reaction vesset and flow upward about 
a core of cobalt-60. As the radiation-catalyzed reaction 
takes place. ethylene goes into solution as ethyl bro
mide [6]. G values in excess of 20 000 are obtained. 
Although in itself small. this application is expected 
to spark f urthcr attention to the use of isotopes to 
initiate or catalyze chemical reactions. It is of interest 

J. E. MACHUREK et al. 

that the development of this process is the result or 
seven years of research and development by Dow {71. 

Medical supply sterilization 

Medical supply sterilization has been adapted pri
marily to the processing of surgical sutures and dis
posable syringes and needles. Radiation-sterilization 
of sutures is accomplished upon the finished packaged 
product, eliminating both heat and asepfic handling 
procedures, Compared to a tensile strength loss of 12 
to 22 per cent from heat sterilization, a loss of only 
4 to 8 per cent results from radiation-processing. Thus 
irradiated sutures are 8 to 14 per cent stronger than 
heat sterilized sutures [8]. In addition, pliability is 
maintained. The final product is one which assures 
the surgeon of increased safety and reliability. Of the 
sutures sold in the United States today, approximately 
80 % are sterilized by radiation. Ethicon, In~ .• a sub
sidiary of Johnson & Johnson, is the large volume 
producer of sterilized sutures, aJthough companies 
such as Hospital Supply Company and Becton, 
Dickinson & Company also produce irradiated medical 
supplies. Radiation-sterilization of disposable syringes 
and needles has also been on the increase. As with 
sutures, costly aseptic handling procedures are eli
minated. 

Until recently, machine-radiation was used exclu
sively as the radiation source. Based upon a re-evalua
tion of technical aspects, however, Ethicon felt it 
advantageous to convert to cobalt-60, and is currently 
constructing a plant in Texas which will initially 
utilize 60 000 curies of cobalt-60. This plant will be 
utilized to sterilize not only sutures, but also other 
medical supplies. Ethicon has indicated that other 
isotopic installations for medical supply sterilization 
will follow. 

Table 1 summarizes the foregoing commercial pro
cesses. 

Table 1. Existing commerclal applications 

~ Radiatioo source 

Cross-linked polyethylene wire Machine 
insulation, shrinkable film 

Cross-linked polyethylene film Machine 

Semi-conductor components Machine 

Production of ethyl bromide Cobalt-60 

Medical supply sterilization Machine and 
(Uniterl States) cobalt-60 

Company 

Raychem Corp. · 
General Electric Co. 
Electronized Chemical Corp. 
Radiation Materials, Inc. 
Anaconda Wire & Cable Co. 
Suprenant 
Radiation Dynamics, Inc. 

W.R. Grace Co. 

Electronized Chemical Corp. 

Dow Chemical Co. 

Ethicon, Inc. 
Hospital Supply Co. 
Becton, Dickinson &. Co. 

Voluine 

$27 million/yr 

l 500 tons/yr 

20 million 
units/yr 

400 tons/yr 

$28 million/yr 
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PROXIMATE PROCESS APPLICATIONS 

The aforementioned commercialized proces~es repre
sent the initial returns on years of research investment. 
Jt can be expected that more substantial use of radia
tion will be realized with the proximate commercializa
tion of the following processes, which represent only 
a few of the total potential applications under inves
tigation: 

Wood-plastic material 

A new family of wood-plastic materials has been 
developed at West Virginia University under contract 
to the Atomic Energy Commis;;ion [9, 10]. The pro
~uct, a wood-plastic combination, is produced by 
impregnating wood with a liquid monomer such as 
met_hy! methacrylate, then inducing polymerization by 
radiation. Various combinations of polymer and 
wood have been evaluated, including sugar maple, 
white pine, birch and white oak. 

I!} general, the product produced: 
·, 

(a) c~n be made fire resistant; 

(b) is harder than natural wood by up to 900 per 
cent,. hence more resistant to blows, scratches, or 
marrmg; 

(c) has a considerably higher compression strength; 

(d) has much improved static bending strength; 

(e) absorbs moisture more slowly and therefore has 
more dimensional stability (resistance to warping and 
swelling); 

(/) highlights the natural wood grain and color; 

(g) can be sawed, drilled, turned and sanded, giving 
a hard, beautiful, satin-smooth finish: 

Probable markets include those for end-item or 
finished products. Typical applications include: Fur
niture (indoor and outdoor), floors, window frames, 
sills and doors, tool handles, decorative trim, struc
tural beams, sporting goods, boat decks and fittings, 
shoe lasts, dies and jigs. 

Processing technology and customizing characteris
tics for these wood-plastic materials has been steadily 
improved during the past two year development effort. 
Experience with impregnation procedures using various 
monomers (methyl methacrylate, hydroxy-ethyl metha
crylate and polyvinyl acetate), varying radiation doses 
and catalytic additives have developed improved tech• 
niques having economic significance.· For example, 
radiation doses required to induce the polymerization 
have been reduced by as much as 75% to 0.5 megarad. · 
The process may be readily adapted for volume pro
duction of finished products by industry. Gamma 
energy from cobalt-60 is being used as a radiation 
source because of its high penetrability and indepen
dence from target shape. The processing of panels or 
veneers. however, may be better adapted to machine 
irradiation. 

Food processing 

There are two separate but co-ordinated programs 
within the United States related to food preservation 
[11-14]. The US Army's Quartermaster Corps effort 
has the major objective of developing selected radia
tion-sterilized (high dose) meat items as components 
of military rations. These products can be kept for 
several months and even years af room temperatures 
and yet be quite acceptable. The second part of the 
over-all national program, an extension of earlier 
Army work, has been supported by the US Atomic 
Energy Commission since 1960. Its prime objective 
is the development of radiation-pasteurized (low dose) 
fish and fruit products. These items, distributed under 
normal refrigerated conditions, exhibit a marked 
reduction of up to 75 per cent in fruit decay, or an 
extension of fresh fish "shelf-life" three to five times 
the normal storage life. A further objective of the 
AEC's program is the development of prototype com
mercial food irradiation facilities. 

The Anny's. research is centered atlaboratories in 
Natick, Massachusetts. Complete radiation support is 
offered in their Radiation Laboratory, a facility 
including a complete food preparation area, a 1.1 mil
lion curie cobalt-60 source, and a 24 MeV, 18 kW 
linear accelerator .. Ham, pork, chicken and beef are 
meat items receiving greatest emphasis for develop
ment. Large. scale troop acceptability tests performed 
during the past year indicate that all of these items 
are now acceptable for inclusion in the military ratfon. 
An even better product, however, is believed attain-· 
able. . 

Research in the AEC pasteurization program is 
being conducted at a number of universities and other 
laboratories throughout the country. Products show
ing the best radiation response include peaches, nec
tarines, oranges, strawberries and tomatoes in the fruit 
category, while marine products include soft-shell 
clams, haddock, halibut, crab, flounder and shrimp. 
Because of the lower doses involved in radiation pas
teurization, generally less than 0.5 megarad, there are 
few if any problems in taste and texture changes. 
Significant advances in product development continue 
to be encouraging [15-19). 

Several highlights of the over-all national program 
are noteworthy: 

(a) On 8 February 1963, radiation-sterilized bacon, 
4.5-5.6 megarad, was approved for unlimited public 
consumption. Acceptable radiation sources include 
cobalt-60, cesium-137, and electrons with energy of 
5 Me V or less. 

(b) On 21 August 1963, radiation-disinfestation of 
wheat and wheat products was likewise approved. 
Acceptable radiation sources include cobalt-60 and 
cesium-137. Approval of electron irradiation with 
5 MeV energy has been requested. 



350 SESSION 4.2 P/198 

(c) Petitions for sprout-inhibition of potatoes 
(5 000-10 000 rad) and mold and decay control of 
oranges (75 000-200 000 rad) are currently being eva
luated by the Food and Drug Administration. 

(d) During the next 12-18 months, clearances will 
be requested for paste~rized fruits to include apples, 
pears, sweet cherries, peaches and nectarines, and ten
tatively for marine products such as halibut, haddock 
and related bottom species and shrimp. Requests for· 
clearance of sterilized meats will include chicken and 
pork. Clearance for radiation processed onions for 
sprout control is also likely. 

(e) Radiation facilities for food processing either in 
operation or under construction {20] include those for 
bulk or packaged grain products [21 ], an experimental 
on-ship irradiator [221, a mobile truck mounted irra
diator (23], and a land based fish processing pilot 
plant [24]. All utilize cobalt-60. 

(fl Marketing and economic studies on pasteurized 
fish and fruit products have indicated a price range 
acceptable to industry for the radiation application [25]. 
Nearly 60% of the US fishing industry could tolerate 
a radiation cost of l to 3 cents per pound, which can 
now be met, while fruit irradiation costs, neglecting 
savings in spoilage. should generally be I cent or less 
per pound. 

The commercial application of radiation processed 
foods in the United States has great potential. and 
limited commercial activity is near at hand. Several 
food processing companies are actively engaged in 
developing preliminary design concepts of radiation 
facilities for specific products. The removal of legal 
restrictions through Food and Drug Administration 
clearances will provide a base of acceptable products 
for initia1 radiation applications. It is expected that 
these applications will be limited during initial com
mercial development, but then will gradually spread 
tb a fuller spectrum of food products. 

Curing of coatings 

A radiation process, developed by High Voltage 
Engineering Corporation of Burlington, Massachu
setts, has proved excellent for the curing of paint 
primers and coatings in building materials. lnforma• 
tion related to this process is limited, due to proprietary 
interest. lt is evident, however, that costs for produc~ 
tion line curing of factory applied coatings compare 
favorably with those for conventional air drying or 
heat curing. The radiation curing costs range from 
30 to 80 cents per thousand square feet. Realistic pro
duction levels using machine electron radiation are 
approximately 18 000 square feet per hour as against 
an industrial average of about 12 000 square feet per 
hour for conventional curing. 

J. E. MACHUREK et al. 

Improved semi-conductor devices 

Fundamental Methods Associates, Inc., of New 
York, is developing a technique termed "transmuta
tion doping" which produces unique semi-conductor 
components [26]. The semi-conductor material is 
transmuted by thermal neutrons from a reactor to 
produce electronically active "dopant" impurities at 
desired spacial locations within the semi-conductor 
crystal. Deposition of the dopant impurities is con
trolled by completely enclosing the semi-conductor 
within a .. radiation die". This die is a thin box-like 
structure composed of thermal neutron-absorbing 
material (e.g., boron or cadmium) with a pattern of 
slits which permit neutrons to enter the serni<onductor 
in a geometry determined by the slit arrangement. 
A wide variety of both simple and. complex devices, 
including many with unusual performance charac
teristics, can be fabricated at reasonable cost by this 
process. Diodes, transistors, micro-electronic circuits, 
solar cells, and thennoetectric elements are typical 
products. Doped configurations of unusual but desir
able shapes can be produced, and wide barrier regions 
can be made. Fabrication of a cadmium radiation die 
can be performed at low cost and with considerable 
flexibility. The neutron transmutation doping tech
nique should enable the preparation of silicon carbide 
devices, which cannot be doped by conventional 
methods. The "proof-of-principle" of this process has 
been firmly established and refined techniques are now 
being developed for the production of highly complex 
micro-electronic units. 

Biodegradable detergents 

Large accumulations of foam in some rivers of the 
United States and Europe have been attributed to the 
rapidly increasing use and poor biodegradation of 
present synthetic detergents. One solution to this prob
lem has been offered by the Esso Research Engineering 
Company, which has developed a process for the 
radiation synthesis of a new "sodium alkane sulfonate,. 
biodegradable detergent. This detergent, easily digested 
by bacteria in rivers and in sewage treatment plants, 
will alleviate foaming. 

The synthetic detergent material in most common 
use is .. tetrapropyl-benzene sulfonate", derived from 
petroleum. More than one billion pounds are pro
duced yearly. Its superior cleansing ability and oth~r 
advantages· over soap in "hard'' water have made it 
the dominant detergent. As populations increased, 
however, the use of synthetic detergents soared (8~ % 
of all cleansers now used in the US, and the foammg 
problem arose. In the US, some streams have been 
covered . with foam and in certain heavily-populated 
sectors, such as parts of Long Island, New Yor~, 
drinking-water from faucets has foamed. Foam is 
only a symptom of an over-all water pollution prob-
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lem. about 90 per cent of which stems from the wide 
assortment of organic material usually found in rivers 
and sewage systems. Most of this polluting material is 
related to man's use and re-use of the water. Neverthe
less. the blame has been placed on the visible suds, 
which can arise from very smalJ quantities of detergents. 
In the US. national and state legislation banning syn
thetic detergents that are not biodegradable have been 

, introduced. In the Federal Republic of Germany, 
' a law to this effect has already been enacted. To sur

mount this problem, detergents must be developed 
which are not only biodegradable but which are also· 
economical and have high cleansing characteristics. 
According to Dr. Charles L. Fleming. of Esso Research, 
their new detergent, the product of a radiation
induced sulfonation action, is made from a hydro
carbon fraction of "unequalled high quality which 
can be made available almost anywhere in the world 
in essentially unlimited quantities, and is inherently 
inexpensive" (27]. The new detergent is claimed to be 
superior in· cleaning ability to the active ingredient in 
today's most widely used detergents. It is afso said to 
be more versatile because greater solubility permits its 
use in both liquid and powder formulations. This new 
detergent is now being produced in pilot plant f acili
ties by Esso Research. They selected cobalt-60 for 
the pilot study. 

Textiles 

The American Cyanamid Co. of Stamford, Connec
ticut, has succeeded in using radiation to improve the 
dyeability of polypropylene. The process consists of 
radiation grafting of chloromethylstyrene to poly
propylene textile fibers. Such grafted fibers can be 
dyed by direct or acid dyes in non-aqueous baths using 
levels of graft of about 25 per cent by weight. This 
leads to covalent bonding arising from the reaction 
between the dye and the benzyl chloride group of the 
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graft. Dyeing in standard aqueous baths can also be 
achieved at even lower levels of graft (less than 10% 
by weight) if the grafted material is treated with a 
nucleophilic reagent, such as pyridine. This improve
ment in the dyeability of polypropylene greatly widens 
its potential application as a fiber. American Cyanamid 
claims that using this radiation process, polypropylene 
can be made as dyeable as wool at a cost of 5-10 cents 
per pound. · 

Polymerization of ethylene and copolymers 

Intensive research has been conducted at Brook
haven National Laboratory for the past few years on 
the radiation polymerization of ethylene and copoly. 
mers. This radiation induced reaction can be made to 
proceed with a high degree of efficiency (G values up 
to 150 000). The polyethylene produced is of high 
molecular weight. At the doses employed, the material 
is non-crosslinked. Several companies have shown 
considerable interest in this process. Even more 
important, many copolymers of ethylene have been 
polymerized by radiation, the most important of which 
is a copolymer of ethylene and carbon monoxide. 
This material is characterized by a high density and 
can be easily cast into high clarity film. 

High density polymers cannot be produced easily 
in conventional processes; therefore, copolymers start• 
ing with inexpensive raw materials such as ethylene 
and carbon monoxide are of great interest. The con
struction of a pilot plant is planned in the near future 
for the production of these materials in quantities 
sufficient for industrial evaluation. Table 2 summarizes 
the foregoing proximate process applications. 

RADIATION SOURCES 

Ionizing radiation for process application is obtained 
from either isotopes or machines. Cobalt-60 and 

Table 2. Proximate process applications 

Process 

Wood-plastic material 

Food processing 

Curing of coatings 

Improved semi-conductor devices 

Biodegradable detergents 

Telltiles 

Polymerization of ethylene 
and copolymers 

Principal 
radiation soun:e Potential use 

Cobalt-6() Furniture, flooring, decking, sJ)Orting equip-
machine ment, decorative trim, etc. 

Cobalt-60 Preservation of food 
machine 

Machine Plastic-coated plywood panels, paint primer 
curing. etc. 

Nuclear Diodes, transistors, multi-functional electronic 
reactor components 

Cobalt-60 Volume commercial detergent production 

Machine Dyeability, mildex resistance, fire retardation. 
water resistance 

Cobalt-60 Production of commercial polymers 
Strontium-90 
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cesium-J37 are leading contenders in the former 
category. while tow.to-intermediate range (0.3 to 
3.0 MeV) electron accelerators now constitute the 
mainstay of the machine industry. Their capabilities 
and characteristics are evaluated as follows: 

Cobali--60 

A .chief advantage of this reactor-produced isotope 
lies in its inherent ease of fabrication, containment 
and handling. Its relatively high gamma energy (1.33 
and J.17 MeV) and penetrability make it ideal for. 
bullc processing. These factors, coupled with a 5.3 year, 
half-life and its availability in large quantities at a 
reasonable cost make CQ.balt-60 the leading choice of 
isotope radiation sources for the next few years. 

Ceslum-137 

Cesium-137, also a gamma emitter (0.67 MeV) 
depends on availability from the separation of gross 
reactor-produced fission-product waste. The advantage 
of its around JO.year half•life is offset by its lower 
gamma yield and penetrability, which necessitates a 
curie requirement of 4 to 5 times that of cobalt•60. 
In addition, cesium-137, most often used in a chloride 
fonn, is extremely soluble. creating a potentiaJly dif
ficult containment problem. Wide-scale use of cesium 
as a processing tool is dependent on achieving pro
duction and encapsulation ,costs approximately one
fifth that of cobalt. Th:se costs, although not presently 
realized, are within the capability of proposed separa
tion facilities. 

A recent study conducted by the General Electric Co. 
under contract to the AEC indicates that purified fis
sion products, such as cesium-137, could be produced 
at a cost of about $0.10 per curie with a production 
throughput of 10 megacuries per year {28]. To this, 
costs of encapsulation must be added. 

Strontlum•90 

Like cesium, strontium-90 is obtained from tile 
chemical separation of spent reactor fuel elements. 
Being a p-emitter, strontium uses in industrial pro
cessing are limited by low penetrability. It must be 
encapsulated in thin walJed materials. Consequently 
it is more suited to liquid or gas applications, such as 
in high pressure vessels, where most of the energy 
can be absorbed more conveniently and efficiently, 
resulting in smaller and less expensive pressure vessels. 
Strontium•90 is not well suited for the irradiation of 
bulk solids, nor can, it compete economically with 
machine radiation for the processing of thin films and 
fabrics. 

Sodium-24 

This source is available only in conjunction with a 
liquid sodium~oled reactor. This irradiation tech-
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nique differs from other isotope sources in that the 
sodium must be continuously "recharg'ed" by the2-1Na 
(n, i') 24Na reaction as a result of its reactor cycling.
Its l 5-hour half-Hf e does not present a problem, but 
a low specific activity and dose rate result in an 
increased dwell-time and source inventory. The 
highest energy gamma of 2. 75 MeV makes in an 
excellent source for the processing of thick bulky 
items. Transportation of the product to and from the 
reactor site may present economic difficulties. 

An advantage not to be overlooked is ·that the 
unique combination of an existing power reactor and 
isotope source could provide radiation energy at 
minimum cost. A case in point involves the sodium
cooled Nuclear Power Facility at Hallam, Nebraska. 
In January 1964, the Governor of Nebraska announced 
a resolution of the Board of Directors of Consumers 
Public Power District, Hallam, that the gamma ... 
"energy source for industrial utilization would be 
made available at the lowest possible cost" {29]. The 
radiation charge would not include amortization of 
the power plant, but would include the exceptionally 
]ow costs of incrementaJ heat losses. 

Spent fuel elements 

Although once considered a logical choice as a 
process•radiation source, the use of spent fuel eleme~ts 
has largely been discounted. The control of the radia
tion field is difficult because of the variance in size, 
shape, specific activity, useful life and mixed spectrum. 
The use of spent fuel elements as a food irradiation 
source has not been authorized because of the small 
but measurable activity induced in the food. Private 
commercial use is therefore unlikely at this time. 

Accelerators 
Very intense beams of high-energy electrons can be 

produced by particle accelerators which convert con· 
ventional line-power to electron-power with good 
efficiency. The greatest advantage of the electron beam 
is the very high intensity radiation that can be pro
duced. The radiation intensity and output available 
from some of these accelerators exceeds, by orders of 
magnitude, that from any other sources of radiation 
which might otherwise be considered for process• 
radiation. An impressive number of accelerators s~
cifica11y developed as electron beam sources is now in 

use in this country and abroad [30]. Most of the 
electron beam accelerators used ·today (0.3 to 3.0 MeV 
range) are limited by their relative lack of penetra
tion. Higher energy machines Qinear accelerators~, 
while providing an electron beam of higher penetra~i
lity, are significantly higher in cost and lower m 
reliability. Electron beams with energies up to 10 MeV 
(approximately 5 cm penetration) do not pro~~ce any 
practical difficulties with regard to induced acuv1ty {31}. 



SESSION 4.2 P/198 

X-rays 

Electron beam conversion to X-rays provides an 
alternate solution to the penetrability problem, and 
o~ers. advantage_s in high dose rates and partially 
d1rect,onal be~mmg. Although adequate in laboratory 
use, X-ray units for practical commercial ·processing 
have not yet been demonstrated. 

Choice of source 

There has been a great deal of discussion in the 
past over the relative merits of isotopes and acce
lerators. The comparisons are largely invalid because 
of over-simplification. For example, a comparison of 
t~e superiority of machines over isotopes based on 
kil~watt out~ut is misleading. The obvious advantages 
of isotopes include exceptional reliability, low main
tenance and simplicity of operation, while accelerator 
advantag~s include ultra-high dose rates, flexibility 
o_f op~ratwn and directional output. There are several 
situations . where only one source of radiation can 
logically be used, such as the use of isotopes in pro
cesses requiring high pressure.reaction vessels, or the 
use of electron accelerators for the production of thin 
films or fabrics. For the most part the choice of a 
radiation source for processing is very dependent on 
the more subtle characteristics of both the application 
and the source. For instance, the fact that an isotope 
cannot be "turned off" is often cited as a disadvantage. 
However, this characteristic becomes a distinct 
advantage for chemical production processes which 
must operate reliably on a continuous 24-hour basis. 
A breakdown or stoppage in this type of process can 
often result in great economic loss. In summary, the 
radiation source must be "wedded" to the process 
application by considering the entire operation and 
not just the energy-input step. For these reasons 
generalized comparisons of isotopes and accelerators 
are meaningless. The choice of the source can be made 
only with regard to the demands of a specific process. 

CONCLUSION 

Although the process radiation industry is still in its 
early infancy, several processes are now a commercial 
reality, while others are dose to it. Industrial firms 
as well as the Government are e-0nducting research 
on the possible utilization of process radiation energy 
(see Tables 1 and 2). However, industry generally is 
not situated to establish solely with its own resources 
the technology necessary for a process radiation 
industry comparable in size to its potential for the 
principal reasons that: 

(a) the technological development required is rather 
basic in nature and very wide in scope; thus it is not 
specific to the particular product interests of any one 
industry or organization; 
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(b) the research equipment and facilities needed to 
develop the required basic technology are novel in 
design, significant in cost, relatively expensive to 
operate, and beyond industrial capability to furnish 
the necessary specially trained and experienced per
sonnel at this point in time. 

Accordingly, the Process Radiation Development 
Program of the AEC is designed primarily not to 
develop specific new processes, but rather to fill the 
foregoing technological void, thereby accelerating 
private initiative in the growth of productive applica
tions of ionizing radiation throughout the national 
economy. 
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ABSTRACT-RESUM~-AHHOTAU"1JI-RESUMEN 

A/198 Euu-Unis d'Amerlque · 

Applications lndustrlelles des rayonnements: 
situation actuelle et perspectives d'avenir 
par J. E. Haschurek ct ct. 

Depuis une dizaine d 'annees des chercheurs du 
monde entier ont consacre beaucoup d'attention a 
la possibilite d'utiliser les rayonnements ionisants 
en quantiles massives pour des processus industriels. 
A la suite de recherches qui ont dure des annees et 
auxquelles ont participe un tres grand nombre d'orga
nismes, on commence maintenant a utiliser des proce
dcs industriels fondes sur l'emploi des rayonncments. 

Le memoire decrit de maniere assez detaillee Les 
proccdcs deja appliques aux Etats-Unis. ll etudie 
aussi Jes applications futures des rayonnements, en 
particulier les procedes qui seront probablement 
utilises avec succes d 'ici quelques annecs. Parmi les 
applications deja courantes, on peut citer la production 
de bromure d'ethyle, de pellicules en polyethylene, de 
fils de polyethylene reticule et d'autres materiaux. de 
meme nature, ainsi que de semi-conducteurs, la sterili
sation de fournitures medicales et l'inhibition de la 
germination des pommes de terre. Dans les cas ou cela 
est possible, le memoire fournit des donnees sur le 
volume de la production et ses incidences actuelles et 
futures sur le marche. 

Parmi les procedes prevus pour l'avenir, le mimoire 
decrit: le traitement par Ies rayonnements de revete
ments, de tex.tiles et de materiaux mixtes bois-matieres 
plastiques, la sterilisation de produits carnes, la 
pasteurisation de conserves de poissons et de fruits, le 
traitement de denrees alimentaires, Les dispositifs a 
semi-conducteurs et d'autres applications speciales. 
Le memoire etudie differents types d'irradiateurs -
pour le traitement de matieres emballees, en vrac, 
liquides ou solides - et analyse notamment les para
metres de ces appareils et leur importance. 

Le memoire etudie egatement Les sources de rayonne
ments sous l'angle de ces parametres. 11 analyse de 
maniere assez detaillee les possibilites d'utilisation du 
cobalt 60, du cesium 137 et du strontium 90, la pro
duction de ces radioelements, leur mise en capsules 
et Jes prix de revient actuels et futurs. ll etudie la 
rentabilite actuclle et future des applications indus· 
trielles des rayonnements, compte tenu de tout ce qui 
precede, des plans actuels et des recherches envisagees 
pour l'avenir, notamment sur l'utilisation d'accelera
teurs comme source de rayonnements. 

L'industrie du traitement par rayonnements en est 
encore a ses debuts, mais commence a prendre corps. 
11 importe de bien comprendre Les principaux facteurs 
qui interviennent dans cette industrie afin de prendre 
conscience des vastes possibilites qui s 'off rent a elle. 
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A/198 CWA noCThIO ncnom,aoBaTb ee 60:murne uoTeHJ.\Ha.'IL-

CoepeMeHHOe COCTORHHe H nepcneK• 
THBbl paaeHTHR TeXHOIIOrHH npOMblW· 
neHHOro npHMeHeHHff H3ny4eHHA 

,ll>K. 3. Ma-.ypeK et al. 

3a nocJie,4Hee AeC.RTHJieTHe IICCJieP,oBaTeJIH BCt.'

ro Mnpa 60JILmoe BHHMaHJie ym~»HJIH 113y•1eHuEO 
803MO>KHOCTH npHMCHCHHII MaCCHBHblX A03 HOHil

:JBJ)YJOUlero Jl3JlY'leHHR B npoMLUIIJICHHidX npo-
11eecax. ITocJie MHoroJieTHHx HCCJICAOBaHHii, npo-

8:.lelrnLix MllomecTBoM paaJill'IHI,JX · oprannaarv1ii, 
oopa6oTKa o6JIY'{eHIICM Ha'IHHaCT npHMCIUIThC.11 n 
HpoltLllllJICHHOCTH. 

B 3TOM ~01maAe JtCT3JlbHO 06cymJta10:rc.11 MeTo
~ o6pa6oTRH o6ny'leHHeM, Hamep,mue IlpHMCHl'
HBe II Coe.rurneHHLlx IIITaTax. ITcpcneKTJfBI.r pa3-
BHTHJI T3IORe npUHJl1'LI BO BHHMaune, B TOM 'llfCJJC 

T8 MCTO,Ill.C oopa6oTKH, KOTOpLle, BepOHTHO, oyp,yT 
ycnewno Beenem>l B npaKTHKY B Te•1en11e ue
CKOJJLRHX OJIHmaiimnx JieT. R nepeoii RaTeropnn 
OTHOCHTCJI npOH3BOACTBO 3THJI6poMDil;a, DOJIHaTU

:ieuonoii IlJI0HRH, nJieTeuoii IlOJIH:)THJieHOBOH HUTU 

II CXO.JlHLJX npO.J:tYKTOB, no.rrynpOBO,l:tHHKOB, crepn
.:maal\n.11 Me;tHU,JtHCKMX npenapaTOB H HHr116HJ\IJ1I 
upopacTamrn xapTO<peJIR. Ilo aoaMom,wcrH np11-
Be~eeL1 ,l(88Hhle 06 OO'heMe rrpOll3BO;I:CTBa, 0 

coBpeMe1tH0M nonomeu1111 n OYAYI.QHX. nepcrre1<TH
sax p1,rni.a c6LITa. 

lfa 1JHCJia nepcneKTHBHhlX MCTO]\OB o6cym]\aIOT

CJI pa,AH3}\HOHHOe 0TBepAeBa1rne noKphITJlii, 06.JJy

'leHHe TeKCTHJihHLIX MaTepnaJIOB If CO'JCT3HHfi ,npe

lleCJIJU.t C IIJJacn1accoii, crepnJJH33QHH MJJCHLJX 
npo;{yKTOB, nacTep1133U.HJI pbt6hl II cJ)pyKTOB, npn
lfeHellne pa~naa:mr B rrn~euoii: npoMLimJieHHOCTlf, 
ll npOH3BO;J;CTBe llOJiynpoBOAHm<OBI,JX npu6opoB JI 

paam.i:e cneu,11an1,uLJe npo~eccl>l oopaooTRH 06Jiy-

11eune11. PaccMa'tpHBalOTCH paaJilf'IHLie TIUlhl 06-

:tyqareneii, uaupmtep, ;a;n11 ynaKciBaHuhlx u ue
YnaKoBaRHLIX npo,;o'KTOB, _1\JIH »<HAKifX II TB8PAWX 

l'pf30B. 
06cym,1aJOTCH TaKme HCTO'IHHKlf Jia.JJy'leHlUJ c 

TO'IKII apeHHJI HX COOTBeTCTBIUI pac'leTHhlM napa
lreTpu1. l1,oBOJU,HO ~eTaJII.HO o6cym,l{aJOTCR TaHme 
II03110)KHOCTU npnMeHeHHH, np0H3B0;J;CTB0, aaAC.'1-
Jta n 1<ancym,1 n ce6ecToHMOCTb - J(aK coaper.reH
liaa, TaK II oy.o:Yll\a.11 - Co60, Cs137 11 Sr90• Ilpe;i;
CTaBJleHLl CYII\CCTBytOID.He " nnaHHpyeMLIO aKOHO

}(JAeCKHe noKaaaTeJIH npo1~eccoe o6pa6oTJm 
0tiJJY'ICHltCM, IIOJIY'ICHHl>Ie C Y'ICTOM BCCX ynoMJl

l)J'TLlX BLlllie coo6pameHltii, cyrn.ecTByIOl'-IHC DJJa
au H 6y;r\yUJ,ne Hccne,11.oeamrn, BKJII01laJ1 np1uieue

nHe YCKOpHTCJieii aTOMHIJX 'laCTlfl.~ KaK llCTO'lHJl-

1-0B J13,;ry•teHIUI. 

TexnoJionrn npo:r.tMmneuHoro np1ui:enemrn HJ

Jl:Y11e1rnii, Haxo;i..1t~anc11 ern.e B caMoi1 panHeii: cw
;'.lHJl ceoero pa3BllTHJl, lla'IHHaeT 01popMJIHTl,.CJI. 

Bamno xopomo ycBOHTb rJiaBHhie l}laKTOp1>1, CBH

aaHm,rn C 3TOii TeXHOJIOfJieii, 'ITOULI cyMeTb IIOJI-

JIU(' B03MomuoCTll. 

A/198 Estados Unidos de Ameria 

Estado actual y perspectivas de los procesos 
comerciales de irradiaci6n 

por J. E. Machurek et al. 

En los iiltimos diez aiios, investigadores de diversos 
paises han estudiado con gran atenci6n la p~bilidad 
de utilizar cantidades masivas de radiacione$· foni
zantes para los tratamientos industriales. Despues de 
aiios de investigaciones ejecutadas por un gran mimero 
de organizaciones, comienzan a ponerse en practica 
dichos procesos. comerciales de irradiaci6n. 

En la memoria se examinan con bastante detalle 
los . tratamientos que se practican hoy dia en los 
Estados Unidos~ Se estudia tambien la posible comer
cializaci6n de otros procesos. entre ellos los. que 
daran probablemente resultados satisfactorios en los 
proximos afios. En la primera categoria esta. com
prendida la producci6n de bromuro de etilo, peliculas 
de polietileno, revestimiento para cables de polieti
leno reticulado. y productos a.fines, semiconductores, 

- la esterilizaci6n de suministros medicos y la preven
ci6n del rebrote de las patatas. En Ia medida de lo 
posible, se facilitan datos sobre el volumen de pro
ducci6n y las repercusiones actuales y f uturas en el 
mercado. 

Los procesos f uturos que se exam.in an son el cur ado 
por irradiaci6n de revestimientos, tejidos, combina
ciones de madera y material plastico, la esterilizaci6n 
de productos camicos, la pasteurizacion de pescados 
y frutas, el empleo de las radiaciones en la industria 
de los productos alimenticios, los dispositivos a base 
de semiconductores y otros procesos especializados de 
irradiacion. Se examinan varios tipos de irradiadores 
(por ejemplo, para irradiaci6n de_ embalajes, sustan~ 
cias a granel, liquidos y s6lidos); se estudian asimismo 
los para.metros ~e diseiio y su importancia. 

Tambien se consideran las fuentes de irradiaci6n 
en relacion con esos parametros de dise.iio. Se estudian 
con bastante detalle las posibles aplicaciones del 
cobalto-60, del cesio-137 y del estroncio-90, su 
produccion en forma encapsulada y su costo actual 
y futuro. · 

Se exponen los aspectos econ6micos, presentes y 
futuros, de los procesos de irradiaci6n, teniendo en 
· cuenta todas las cuestiones anteriormente examinadas, 
Jos planes actuales y las investigaciones orientadas 
hacia el futuro, incluido el empleo de aceleradores 
como fuente de irradiacion. 

Los procesos industriales de irradiaci6n, si bien 
se encuentran en sus comienzos, empiezan a tomar 
fonna. Es importante conocer a fondo los factores 
principales que gobieman a esa industria para poder 
apreciar Ias vastas posibilidades que ofrece. 
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Engineering applications of nuclear explosives: 
project PLOWSHARE 

By G. W. Johnson and G. H. Higgins• 

Signi~cant progress ~as ~en made in the continuing 
explorauon of the application of nuclear explosives to 
engineering and scientific projects. Since its initiation 
in _1957, the Congress of the United States has appro
priated about S4S 000 000 for this, the PLOWSHARE 
program. The principal activities to date have been 
devoted to: 

. (a) Developing understanding of the basic processes 
involved for nuclear detonations in a variety of environ
ments; 

(b) Development and test of explosives specially 
designed for the program; 

(c) Assessment of safety and. cost of a variety of 
projects in all parts of the world; 

(d) Conducting field experiments with chemical and 
nuclear explosives; and 

(e) Consideration oflega1 and diplomatic procedures 
to allow the use of perfected nuclear explosive tech
niques. 

Generally, the goal of the PLOWSHARE program 
is to develop the demonstrated engineering capability 
of nuclear ellplosives to better the lot of man. To 
succeed, the nuclear approach must offer greatly 
reduced cost or. even better, uniqueness. Also, it first 
must be made abundantly dear in every case that the 
public health and safety will be assured. 

Applications which offer increasing promise of 
success are : 

(a) Excavation for water diversion, irrigation, or 
flood control; for canal and harbor construction; for 
highway and railroad construction; and for surface 
mining; 

(b) Shattering rock to release natural gas from tight 
geological formations, to simplify mining or in-situ 
leaching, to aid recovery of hydrocarbons from shale, 
and perhaps even to release geothermal energy for use; 

(c) Use of the nuclear characteristics of explosions 
for r~search purposes; and 

• Lawrence Radiation Laboratory, Livermore, California. 

(d) Possible release of oil by heating and shocking 
tar sand with an explosion. 

These applications all involve underground explo· 
sions, but there are two general classes. For one class 
the ellplosives are placed at intermediate depths so 
that craters are fanned by ejection and compaction 
of material. In the other class, the explosives are 
placed two or three times deeper so that the surface 
remains relatively undisturbed. Marked subsidence 
can sometimes occur even after these deeper 
detonations. 

The experience reported in this paper is drawn from 
many sources. Most of the nuclear experience has been 
obtained from non-PLOWSHARE detonations con· 
ducted by the United States Government during the 
past 19 years. 

UNDERGROUND CONTAINED EXPLOSIONS 

3S6 

The first contained explosion of 1.7 kilotons (kt} at 
a depth of 300 meters in tuff (the RAJNIER event) 
was fired in September 1957 to determine whether 
nuclear explosives could be tested underground. The 
experiment demonstrated that such techniques could 
be successfully used. The detailed exploration of this 
event provided the first experimental information on 
the phenomenology of contained nuclear explosions 
and was reported to the Second Atoms for Peace Con
ference in Geneva in 1958. In the fall of 1958, addi
tional events up to 20 kt each were fired. During the 
nuclear test moratorium from September 1958 to 
September 1961 there were no nuclear experiments, 
but with the resumption of testing in 1961 the experi
ence has been ex.tended from tuft', in which all earlier 
events occurred, to granite, salt, and a desert alluvium 
(lightly cemented sand and gravel). ln addition, the 
yield range has been extended upward to about 200 kt 
in alluvium. 

The general phenomenology of explosions is de· 
scribed in phases characterized by different time scales 
(see Fig. 1). For illustrative purposes, the initial con
ditions will be visualized as a 100 kt· explosive in a 
canister 1 m in diameter, 3 m long, and weighing 
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5 metric tons, emptaced at the bottom of a hole 
drille($ to a depth of 800 m. 

Prompt energy release 

The total energy is released in < 1 µ s. A 100 kt 
explosion releases 4.2 x 1021 ergs. The initial entrgy 
density an~ corresponding temperature and pressure 
~n be_ est1~ated by a method previously described 
in University of California Radiation Laboratory 
reports UCRL-5124 and UCRL-5626: ~-

p = 1.1 S X 1016 dynes/cm21 = 1.1 x 101 megabars 
T = 1.3 X 107 °K. 

Hydrodynamic phase, millisecond range 

l!nder these conditions, a strong shock moves 
rad1~lly outward, vaporizing, melting, crushing, dis
placing, and cracking the medium in turn. The energy 
of the shock wave is thus deposited locally until all 
that remains is an elastic or seismic wave. The elastic 
wave reaches distances of I km in the order of 0.2 s. 
After the shock wave has passed, the high-pressure 
vaporized material expands slowly and a spherical 
cavit? grow~ until the i~ternal pressure is balanced by 
the l1thostat1c pressure (m this example, I 200 kg/cm2). 
The cavity at this time (a few hundred ms) will be 
lined with about 6 x JO' metric tons of molten rock 
and will have an internal temperature of a few thou~ 
sand degrees. 

Quasi-static phase (seconds-min,utes-hours) 

The cavity persists for a variable time and then 
collapses to form a chimney. If the medium is· initiaUy 
relatively compact, the post-collapse. disorder of the 

individual blocks decreases the bulk density. Collapse 
p~og_resses upward until the volume of the. cavity is 
d1stnbuted between the fragments. Typical ratios o{ 

post•shot chimney bulk density to pre-shot bulk 
density vary around 0.75 in competent rock. 

In case the medium is already disordered, as for 
alluvium, there is little or no decrease in butk density 
with collapse. The cavity progresses upward until it 
reaches ground surface and a subsidence crater is 
formed (Fig. 2). Collapse typically starts a few s~onds 
to a few minutes after the detonation, although in 
one case nearly 11 h passed before major collapse 
occurred. Cavities in very uniform plastic unfractured 
rock like halite collapse very slowly.' 

High-speed computer calculations provide a de
scription of the shock wave and cavity expansions as 
a function of time. Precise description depends on the 
detailed properties of the medium. An idealized 
approximation is shown in Fig. 3 for a 100 kt event. 
Data scaled from two detonations are also shown. 

The calculations and observations listed in Table I 
are quite consistent. Considerable experience has been 
gained by measurement of the shock wave progres• 
sion, final cavity size, and chimney height. 

Figure 4 shows a section of a collapse zone observed 
in granite; Fig. 5 shows a cavity in salt, and Fig. 6 
is a photograph made in the cavity. Figure 4 is typical 
of collapse zones in both granite and tuff. The behavior 
of granite is of much more general interest than that 
of either tuff or salt for engineering application. 

The size of the cylindrical rubble .:zone (chimney) 
can be estimated. If the cavity is formed by adiabatic 
expansion of high.pressure gas to Iithostatic pressure, 
the cavity radii in all media must conform to the 
equation: Re = CW½/(eh) ¼ (providing the· initial 

Table 1. Data from thirteen underground detonations a 

Mediu111 Event Yi~d. W Depth oC Overburden Cavity Chimney c• (kl) burial. h density. p radius, R height. H K< 

(ml (g/cm') (m) (m) 

Tuff' RAINIER 1.7 274 1.9 19.8 117.7 79.0 S.9 

LOGAN so+o.2 283.5 1.8 28 t:l-4.1 77.9 4.8 
. -0.4 

BLANCA 19.2 ±1.S 301.1 1.8 44.2 301.ld 80.t 6.8 

ANTLER 2.46±0.25 402 1.9 19.8 90.S 76.7 4.6 

PLA'ITE 1.1 ·::1::o.1s 191.4 2.2 21.6 8l.6 81.9 3.8 

Alluvium MAD 0.43±0.04 181.1 1.8 11.3 Unknown 63.4 

STILLWATER 2.7 :±.0,3 _181.1 l.8 24.7 18(.ld 74.9 __,4 

BRAZOS 7.8 ±1.0 256.3 1.8 27.7 256.Jd 64.7 
_., 

Tuff/alluvium CIMARRON 11.2 ±2 304.8 1.8 32.6 304.Sd 70.S ....JI 

HOOSIC 3.1 ±0.3 187.1 1.8 25.9 187.Jd 76.1 ....JI 

Granite HARDHAT s.o ±1.0e 286.2 2.7 19.2 85.6 59.1 4.S 

SHOAL 12.5 ±2.0e 367A 2.7 25.61 108.5g 62.l 4.2 

Rock salt GNOME 3.1 ±0.5 360.9 2.3 17.4 Minor collapse 63.6 

a Data for all events except SHOAL: Ricllards, W.D., Lawrence dChimney growth interrupted by earth's surface. . 
Radiation Laboratory, Livermore; unpublished work. , Private communication, A. J. Chabai, Sandia Corporauon, Albu· 

b C"'" R (~)~. 
qucrque, New Mexico. 

/ Dcterm ined on basis of temperature profile. . 

cK- H/R. 
, Determined from television monitoring of post-shot dnll hole 

by Sandia Corporation. 
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Figu,.e 6. Standing cavity of 3 kt nuclear explosion in salt 

energy deposited in the gas phase is proportionately 
~e same for various media) where Re= cavity radius 
m meters, C = constant, W = energy of explosions in 
h (1012 cal), f! = average overburden density in g/cm3, 

and h = depth of overburden in meters. 
Table l contains values of C determined in several 

media under differing explosion conditions. In four 
rock types with widely variant properties the value 
of C observed for nearly 50 different detonations has 
deviated <23 % from the mean value. Cavity growth 
is thus relatively independent of rock type and shock 
propagation. 

The height of chimney collapse, if chimneys have 
equivalent shapes, is also simply described by the 
equation: H = K Ro where H is the chimney height 
in meters. Values of K derived from observations on 
several nuclear experiments are also listed in Table 1. 

These cavity and chimney parameters can be used 
to assess several potential applications. These are: 
breaking of rock in preparation for mining, both for 
recovery of ore and for leaching in place; creation of 
large-diameter permeable regions to enhance liquid 
and gas petroleum recovery, injection of unwanted 
fluids in semipermeable substrata, or recovery of 
geothermal heat. 

Some of the technical questions associated with 
applications of contained explosions were investigated 
in salt with the GNOME experiment. The broad con
clusions were that: 

(a) Reasonably permeable regions were created in 
impermeable rock one or two cavity radii beyond the 
collapse region; 

(b) The corrosive nature of fluids in the detonation 
chamber creates serious problems for the recovery of 
thermal energy; 

(c) Elastic waves associated with detonations in an 
aseismic region traveled with unexpected amplitude 
and velocity; and 

Figure 7. Crater formed by 100 kt nuclear explosion buried 
635 feet deep in desert alluvium 

(d) The high-flux short-duration neutron source of 
the nuclear explosion could be used to make unique 
scientific studies. 

The last two observations, along with the previous 
discovery of the new elements einsteinium and fermium 
in debris from the first thennonuclear detonation 
(MIKE, 1952), caused the PLOWSHARE program 
to be expanded. to include scientific applications. 
Designs of special explosives with enhanced fluxes 
and minimum explosive energy are pointed toward 
exploration of very heavy transcurium element nu
clides. Other areas of scientific application to which 
contributions have already been made are in earth 
science and neutron physics. 

We intend in the near future to extend our experi
ence to limestone, which represents a major component 
of the earth's natural surface structure. A second area 
to be investigated in the future will be the interaction 
of simultaneous detonations in close proximity to 
each other. 

UNDERGROUND CRATERING EXPLOSIONS. 

Perhaps the most obvious and direct engineering 
application of nuclear explosives is that of excavation. 
In fact, the initial motivation for establishment of a 
PLOWSHARE program by Dr. Harold Brown in 1956 
grew out of the need for sea-level canals. Continued 
research has improved the outlook for accomplishment 
of major projects with large savin~s in cost for projects 
involving water resource conservation and develop
ment, commerce (harbors and canals) and mining. 

Extavation is accomplished by using the explosion 
to eject material to form a crater or a ditch; a circular 
crater would be provided by a single charge and a 
ditch by a row of charges fired simultaneously. The 
crater dimensions depend upon the nature of the 
medium, the yield, number and spacin_g of charges, 
and the depth of burst. Most of the expenence has been 
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Figure 12. Sequence of cavity and bubble growth 

Figu~ 14. Cratering explosion at H+s2 s: 0.42 kt :u 34 meters 
in basalt (DANNY BOY) 

gained in desert alluvium; however, some limited work 
has also been accomplished in tuff and basalt. Figure 7 
shows the crater produced in the 100 kt cratering 
experiment (SEDAN) after post-shot exploration was 
initiated 8 months after detonation. 

In Fig. 8 is sketched a cross section of-a typical 
crater produced by explosions emplaced at depths 
planned for PLOWSHARE excavations. Of most 
relevance, for excavation purposes, are the dimensions 
of the volume produced below the original ground
level surface, which is termed the apparent crater. Its 
dimensions are termed the apparent crater radius and 
depth. Below the crater surface is a large rubble zone 
composed of material that fell back into the crater. 
Toe original surface around the edge of the crater is 
displaced upward and ejecta are deposited on this 
surface; this region is termed the lip. 

The dependence of crater dimensions on depth of 
burst was well established for Nevada desert alluvium 
(a lightly cemented sand and gravel). The results of 

/0.42kt NUCLEAR-BASALT 
,, 
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j°j20 I 
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Figure 13. Spall, free fall, and gas acceleration phases of cratering 

Figure 15. Cratering explo,ion at H + 6 mln; 100 kt at 
193 meters in alluvium (SEDAN) 

this work are plotted in Figs. 9 and 10, where the data 
are all corrected to 1 kt by an empirical scaling law: 
Shown on the same graphs are the results obtained 
with nuclear explosions; three experiments at 1.2 kt, 
one at 500 tons, and one at 100 kt. The data for all 
nuclear cratering shots are listed in Table 2. Except 
for the event slightly above the surface (I m), the 
agreement between the scaled nuclear results and the 
high-explosives results suggest a similar dependence 
on depth of burst. Using the scaling law derived from 
chemical explosives, the observed crater depths for 
. nuclear experiments lie approximately on the empirical 
curves, but the radii are IS to 20% smailer. 

Cratering experience in basalt, or other hard, dry 
rock, is quite limited. Only one nuclear explosion has 
provided any information in this area, a 0.42 kt 
experiment at a depth of 33.5 m conducted by the 
Department of Defense. In addition, there have been 
eight chemical explosions of 18 100 kg each in the 
same basalt structure in which the nuclear event was 
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fired, and a number of much smaller experiments. The 
results for basalt indicate that the crater dimensions 
will be 10 to 20% smaller than those observed for 
desert alluvium. 

The mechanics of crater formation continue to be 
analyzed from a fundamental standpoint, and the 
following general picture has been established. 

The early stages are as described for the deeply 
buried case, which ignores the presence of the free 
surface. The behavior of this surface, obviously, is the 
essence of the cratering process. 

The first manifestation of the explosion on the sur~ 
face is the arrival of the compressional shock wave at 
the surface. On reflection, a rarefaction wave propa
gates back toward the center of the explosion. This is 
illustrated in Fig. 1 t for a 100 kt cratering event in 
alluvium. At some depth, the rarefaction, or tensile 
wave. exceeds the amplitude of the compressional wave 
and the medium breaks in tension to produce a spall. 
This zone then proceeds. upward with a velocity charac
teristic of the total momentum imparted to the slab 
by the shock. A series of successively slower spalls may 
be generated. . 

In addition to compaction and spall, a third and 
most important mechanism becomes effective finally. 
This has been referred to as gas acceleration. The gases 
in the cavity continue to expand adiabatically and 
ultimately break through the overlying material to the 
atmosphere. This process provides a final acceleration 
to the material to form the crater. Several stages in a 
cratering explosion are illustrated in Fig. t 2. The final . 
phase in crater formation is fallback of the m~terials, 

Figure 13 is a plot of the observed velocities showing 
spall and gas acceleration for the SEDAN event of 
6 July. 1962. Results in basalt are shown to illustrate 
effects of different media. Differences may be due to 
large amounts of volatile material in the alluvium. 

When the ejected material falls back to the surface, 
a large dust cloud is formed. This cloud, termed a 
base surge, moved radially for considerable distances. 
In addition, there may be a large central plume which 

rises to high altitudes. For cratering events, two dif
ferent kinds of cloud have been noted, one in dry rock 
in which no central plume was produced, and one in 
material of greater water content in which a plume 
did result (Figs. 14 and 15). The 0.42 kt event in basalt 
produced a low-lying cloud with no plume and the 
following stabilized dimensions: radius, 440 m; height, 
300 m. In alluvium for the SEDAN 100 kt event, the 
base surge radius was about 5 500 m with a height of 
1 000 m at I min after detonation, and the central 
plume ultimately rose to a height of 4 000 m. 

In addition to the' _behavior of single charges in 
producing circular craters, an understanding of tiring 
rows of charges to produce ditches for engineering 
applications is important. Cratering programs have 
been carried out with · chemical explosives. Empirical 
information relative to the effects of varying charge 
spacing and depth on sizes and shapes of craters has 
been developed. Work conducted only in alluvium 
shows that smooth ditches result for charge spacings 
of 1.0 and. 1.25 crater radii with multiple explosions 
of the same individual charge weights. As the charge 
spacing increases from 1.0 to 1.25, there is some reduc
tion (about 15%) in ditch width and depth. Very little 
of the ejected material appears at the ends of the ditch. 
This is important because less cleanup will be required 
where adjacent canal sections join. Figure 16 shows 
a chemical explosion crater illustrating the point. The 
speculation is that this behavior results from a merging 
of the gas cavities underground to form a long cylin
drical tube which expands radially about the channel 
ax.is. 

There have not yet been any nuclear row~charge 
experiments. Both row- and single-charge experiments 
are planned. . 

The foregoing provides the base from which en_gi
neering applications have been assessed. To detenn~ne 
whether nuclear excavation technology can be applied 
with sufficient benefit to any specific project, a number 
of factors must be taken into account. Generally, only 
two classes of evaluation must be included; cost and 

Table 2. Summary of nuclear cratering data from the Nevada test site 

Dimensions of app~~~. 

Shot name Medium 
Yield 

Deptb Radius Depth Volume Lip height 
(kt) ofbunt (m) (m) (m•) (m) 

(m) 

JANGLES . Alluvium 1.2±0.l -1.07a 13.7 6.4 1260 

JOHNNIE BOY Alluvium 0.5±0.2 0.53 18.6 9.1 4080 ~3.5 

JANGLE U . Alluvium 1.2±0.1 5.2 39.6 16.2 2.83 X 10' ~2.4 

TEAP0TFSS Alluvium 1.2±0.1 20.4 44.5 27.4 7.34x 10« ~5.8 . 
SEDAN. Alluvium 100±15 194.0 184.0 91.5 5.04x10' 4.6-30.5 

DANNY BOY. Basalt 0.42::1::0.08 33.5 32.6 18.9 2,75 xlO' 4.6-9.1 

NEPTUNEb. . Tuff 0.115±0.015 30.5 30.5 10.7 1,68 X f()' 

" Detonated 1.07 m above surface. 
b Neptune was detonated 30.S m beneath a 300 slope. 
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Figure 16. End-on view of a di~h produced by a row of chemical explosives 

safety. These are not independent because measures 
whlch assure public hea1th and safety affect the cost to 
varying degrees. There will be situations in which a 
given project cannot be seriously considered because 
safety risks override benefits. However, many major 
worthwhile projects can be accomplished within 
accepted guidelines of safety with several-fold reduc
tions in cost. 

In any real project the cost factors include: 
(a) Charges for the explosives, their logistics, and 

services of firing; 

(h) Drilling costs for emplacement of charges; 
(c) On-site surveys to establish topographical, geo

logical, ecological, hydrological, and meteorological 
information; 

(d) Provision of access roads, camps, and logistic 
support; 

(e) Relocation and later return of people prior to 
and after the detonations; and 

(f) General engineering and construction to com
plete the project after the excavation is complete. 

The nuclear approach will be profitable in any given 

situation if an estimate of all of the above factors is 
more favorable than the estimate for conventional 
methods. To aid such estimates on proposed excava
tion projects, the AEC has recently released charges 
for thermonuclear explosives of two magnitudes; 
$350,000 for 10 kilotons and $600,000 for 2 megatons. 
. These charges include the nuclear explosive and the 
related firing services. Interpolation may be made 
from Fig. 17 to approximate the charges for inter
mediate yields. The explosives being designed par
ticularly for future excavation projects will have no 
more than a few kilotons of fission yield. When 
properly emplaced this should result in very small 
amounts of radioactivity being vented and appearing 
in the fallout pattern as indicated below. The explosive 
in a cannister will have an approximate diameter of 
91 centimeters for yields of 10 to 200 kilotons, and of 
122 centimeters for yields up to 2 megatons. 

Extensive nuclear test experience provides bases for 
recognition and positive control of the safety problems 
associated with nuclear excavation. The principal 
identified areas are: (a) radioactivities, (b) ground 
shock, and (c) air blast. 
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figure 17. Projected charges for thermonuclear explosives 

Radioactivities distributed by deeply buried explo
sions are largely incorporated into fused slag. This 
makes most nuclides unavailable to ground-water 
leaching. Further, ion exchange processes incorporate 
soluble species onto clay particles. These factors, along 
with improved explosives, lead to the conclusion that 
major projects can be carried out and that monitored 
workers can resume activities in craters and detona
tion areas within a week or two. General activities of 
residents can be resumed within about a year. A fallout 
pattern for a proposed highway and railroad excava
tion requiring two sequential megaton row charges is 
shown in Fig. 18. Radiation levels should be compared 
to exposure of 0.S r recommended by the ICRP for 
members of the public. To illustrate the present and 
projected advances in technology, Fig. 19 shows fallout 
patterns from three 100 kt events. Pattern A is similar 
to that of Project SEDAN. Development of devices 
with less fission yield, and the use of special emplace
ment techniques could now reduce the levels to those 
indicated in pattern B. Future device development and 
emplacement techniques will reduce the radioactivity 
to the levels shown in pattern C, about 100-fold less 
than for SEDAN. 

Ground shock from various detonations in a com-

pressible (tuff) and brittle (granite) rock are shown 
in Fig. 20. Damage to residential structures would not 
be expected where particle velocities were < 8 emfs. 
More resistant structures and equipment such <\S used 
in construction work might withstand as much as 
80 cm/s without damage. 

The air blast originating from an excavation travels 
by two paths. The first is the direct wave traveling 
along the lowest layers of the atmosphere. The second 
arcs upward and is refracted back toward the earth's 
surface about 200 km from the explosion source. 
Curves indicating expected intensities for various yields, 
wind direction, and paths are shown in Fig. 21. 
Very large windows might be broken by a 2.5 mil
libar overpressure. Doors and weak structural mem
bers might be damaged by 10 to 15 millibar over
pressure. 

The safety problems associated with fallout, ground 
shock, base-surge, and air blast are subject to control. 
The control conditions involve selection of minimum 
yield for each single detonation, temporary population 
evacuation, selection of appropriate meteorology, and 
monitoring after the explosions. 

As a consequence of experience gained in design 
and test of nuclear explosives over the past 20 years, 
and in view of the more recent assessments of potential 
engineering and scientific applications, there is no 
doubt that many useful projects can be planned for 
accomplishment in the near future. Depending upon 
the nature, location, and magnitude of the specific 
undertaking, the use of nuclear explosives can result 
in major savings in cost and may, in some cases, 
result in the recovery of petroleum products or mineral 
resources which would not otherwise be economically 
recoverable. To put this powerful and cheap source 
of energy to work for the benefit of man will require 
continuing effort in development of the technolog~, 
the demonstration of its capabilities, and the recogm
tion of its applicability to the solution of major prob
lems in human welfare. 

A list of references will be provided upon written 
request to the authors. 
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Applications des explosifs nucleaires 
dans le genie civil - Projet PLOWSHARE 

par G. W. Johnson et G. H. Higgins 

L'etude des applications constructives que pour
raient recevoir Ies ex.plosifs nucleaires, entreprise aux 

Etats-Unis par la Commission de t'energie atomi~ue 
en 1957, s'est poursuivie, et des progres substantt~ls 
ont ete realises, notamment dans la mise au poi~t 
d'explosifs beaucoup plus« propres ». Grace a ~eux-c,, 
les domaines d'application possibles seront ete_ndus 
et les couts se trouveront abaisses a cause de la reduc
tion des depenses a consacrer aux coiiteuses matiere~ 
fissiles. On a realise plusieurs experiences nucleaires qm 
fournissent une base technique meilleure pour evaluer 
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a la fois la possibilite pratique et le coOt de projets 
envisages. 

Ces connaissances nouvelles ont confirme la possi
bilite pratique et les avantages economiques de tra
vaux d•excavation nucleaire, de certaines applications 
minieres souterraines, de raugmentation de la produc
tion des nappes de gaz nature}, et de la production 
d 'isotopes pour la recherche. · 

Le perfectionnement des explosifs nucleaires a 
conduit a une reduction impressionnante des retom
bees auxquelles pourraient donner lieu des travaux 
d•excavation. Les zones qui devaient etre temporaire
ment interdites se limiteraient a celles qui doivent etre 
controlees pour eviter les dangers resultant de la 
projection de matieres et de poussieres et d'ondes de 
choc aeriennes et souterraines. 

Des experiences de formation de crateres par explo
sion nucleaire a 420 tonnes dans le basalte et a 100 
kilotonnes dans des alluvions desertiques (melange de 
sable et de graviers legerement lies), ainsi qu'un 
programme complementaire sur les explosifs chimi
ques, ont ete realises. Us ont confinne les lois de gra-· 
dation et donne de nouveaux renseignements irnpor
tants sur la liberation et la distribution de la radio
activite. La formation du nuage initial, l'enflement de 
la base ct certains autres effets ont ete differents dans 
les deux milieux et cela a atTecte dans une certaine 
mesure la djstribution des retombees. On a recueilli 
dans les deux cas des donnees sur les distributions par
tielles de certains radioelements tels que 137Cs, 90Sr et 
UlI et sur le champ de rayonnement total. Dans le cas 
ou des plturages actif s se trouvent a proxhnite, 
m1 est un produit de fission qui requiert une attention 
toute particuliere et un contr6le special durant la 
saison du pacage. 

Le coot et la possibilite pratique du creusement de 
canaux au niveau de la mer ont ete revus a la luntlere 
de l'cnscmble des donnees nouvelles. Du fait des pro
gres dans la technique des explosif s et de la reduction 
de la radioactivite, la nouvelle etude fait paraitre 
ces projets plus realisables et moins coftteux que ne le 
faisait l'etude de 1960. D'autres projets prometteurs 
plus modestes soot a l'etude et sont decrits dans le 
m~oire. 

Pour perf ectionner encore la technique, on prevoit 
de nouvelles experiences de creusement de crateres. 
Ces experiences comprennent l'explosion de rangees 
de charges destinees a creuser des tranchees dans des 
roches dures et l'explosion de charges uniques plus 
puissantes dans diverses formations presentant un 
interet. On progresse dans une etude theorique de 
longue ha\eine tendant a mettre au point des modeles 
mathematiques de la creation de crateres. 

Des explosions nucleaires contenues ont etc realisee_s 
dans quatre milieux: tuf, granit, alluvions desertiques 
et sel gemme. Ces explosions ont ete realisees a des 
fins variees. Les puissances ont varie d•une fraction de 

kilotonne A plusieurs centaines de .kilotonnes. L'expe
rience accumulee, en liaison avec la theorie, a perm.is 
de comprendre assez bien nombre des processus fon
damentaux qui entrent en jeu. A la suite de cette 
experience, !'utilisation d 'explosifs nucleaires p<>ur 
briser les roches dans certaines applications minieres 
semble attrayante d 'un point de vue a Ia fois technique 
et economique. La connaissance des zones de fracture 
et de la formation de cavites a egalement conduit a 
envisager favorablement des techniques qui pourraient 
permettre une augmentation de la production de puits 
de gaz de petrole. 

Les techniques de retention et de recuperation rapide 
des isotopes liberes. par une explosion off rent la possi
bilite, par I 'utilisation d 'engins explosifs convenables, 
d'obtenir, et peut-etre d'extraire par exploitation 
mjniere, de nouvelles especes d 'isotopes. 

A/291 CWA 

HcnonbsoeaHHe RAepH~X esp~eoe s 
CTpOHTeJlbHblX ~ellRX - npoeKT ,,nnay-
wep" 
/J.. Y. /J.>KOHCOH, r. X. XHrrHHC 

lkcne~oeaane noaMo>KHblX npm1eHeneii J1]1ep
m,1x B3pMe•taTLJX eem;ecre )!.JUI CT-pOHTeJlhCTB3. 

Rpynu1,1x coopymeHHH Ha'laJIOCb B Coe,lJ.HBeHHW~ 

llhaTax no HHHI~HaTHBe RoMHCCHH DO &TOHJIOH 

aneprnH u 1957 ro]J.y, pa6oTLI np0Aonma10rc11 If 
;\OCTHrHyT aHa'luTeJ11,HL1ii: nporpecc. BamJU,,Ie yc
uexu 6LIJJH AOCTHruyrLI B paapa6or1<e oonee nH
CTLIX• B3pL1B'18TLlX ycrpoiicTe. 3To pacuJHpJIT AK
anaaoH eoaMo»moro npHMeueHHJI R npnue,n;eT K 
coa,naumo 6oJiee )J.eWeeLix cncreM, raR KaR J\lUl 
HMX TJ)e6yeTCJI MeHLIDee lWJIB'leCTBO }\OporOCTOSl-

11\HX )J.eJIHll\HXCJI Bell\eCTB. Buno npoBe,JJ.eBO ue
CI<OJILRO RAepHLIX B3p1>lBOB1 'ITO ll03BOJlHJIO DOJlf
'lKTL OOJiee coeepmeeHyJO TeXHOJIOfH'leCKY.IO 
OCHOBY H TeM caMLIM on;eHHTL TeXHH'10CKYIO ocy
~eCTBHMOCTL H aarpaTLI JJ,JUI aa)J.yMaHDldX np~ 
eKTOB. 

Bnaro)J.apll :)THM KCCJieJJ,oBaRH8M B03pOCJl8 yiie

peHBOCTL B TOM, ':ITO npuMeHeJIHe 8A8pB1.U D3p1i1-
BOB B03MO)l(ff0 H :rn:oHOMH'ICCKH JU.11"0]\HO WJSI BLl

eMRH 6o-1bmoro ROJlHtJeCTBa rpyHTa B ruaHRX n 
B py,a.mrnax, Aliff yseJrnqemrn: npo;i,yKTKBHOCTK 

raaoBLIX MecTopomnemdi, a TaK>tce AJJII npoaaeoA
cTBa H30TODOB AJIH HCCJICJJ,OB3HHH. 

,QaJII,Heiimee. pa3BHTHe JI,11.CpHIJX B3pL1B'laTLlX 

ycrpoiicTe npuBeno K cy~ecTBeHHOMY coRpalJle
HHIO pa,11.uoaRTBBHLIX BJ,IUa,!{eHHH. O:IKB~aeYLU.: 
npH HX JICIIOJIL30BaHHH )!.JUI aeMJIJIIlldX pa6oT. 
'YMeHi.maeTCJI DJIO~a,11.1, aeMCJIJ,HblX yqaCTROB, 'KO-
TOpble npB,!{eTCH »peMeHHO BhlBeCTR 113 ynoTpeo
JlCHBH; Tenept. ona orpaH111mnaeTCff. .rom,Ko Te.11n 
paiioRaMH, KOTOpble AOJJ»<HLl aaXQAHTLC.JI no,11. KOR
TpOJJ8M BO 11a6emaHHe OllaCHOCTD, o6ycJIOBJlHBae-
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Moii BU6pocoM MaTepnaJion BO BpeMH B3pbIBOll, 

llLIJlhlO, B03JlYWIJOif B3pb1B110tt BOJIHOii H COTp.RCC
UBJIMD 3eMJJH, 

BUii« npoHase~eH1,r orr1,1Tbl no coa.a.a1nno ~JJ,ep
HLIX KpaTepoB npn MOW.Hocrn B3pLIBOB 420 T 13 

liaaam,Te H f(}() KT B nyCiLIHHLIX HaHOCHhIX IIO
po:(aX (cJia6o QeMeHTltpOBaHHLie necoK H raJih

i-a); ocyiqecTBJIHeTCH Tami\e pacunrpeHHa.R JJ.OITOJI

HHTeJihHaH nporpaMMa C lICilO:Ib30BaimeM XHMJf
'ICCKHX B3pLlB'l3Tl>IX Bern.ecrn. 3n1 OIIbITbl 

IIO~TBep;i;HJID aaKOHhl nponopu;nouaJILHOro OTHO
memrn H JJ,am1 na:»rnyIO nonyro 1rncpopMaQHIO no 

BLlopocy H pacnpocrpaHeHHIO paJJ,H08KTHBHOCTH. 

Oopa30B8HHe paHHero 06Jia1<a, paapLIB rpyHTa H 

lleKOTOpble p:pyrne alf>q,eKTU OhlJIH pa3JIH'!HhlMH B 
amx .nayx cpeµ,ax H rroamrn:;rn: n 3Ha'IHTem,Hoii 

creoeun Ha pacnpe;i;eJiemre a1,maµ,eHnii:. ,UJIH o6o
x:r: CJJy'laes 6LtJia npoaeJJ,eHa perncrpan;HH 'Iacruq

eoro pacnpeJJ,eJieHJrn orrpe.a,eJieHHhIX BaoTonoB, 
KaK, HanpuMep, Cs137, Sr90 n J 131, a Ta«me ooll(e
ro pa~na~Honaoro noJIH. Horp;a no6nuaocrn Ha
xo~JITCH TeppllTopmr, yno1pe6JIHeMLie 1caK nacr

fi~a. Heo6xo)J;HMO oco6eHno TW:3 T8JihHO CJI8,!l,HTL 

33 llOHBJieHH01( npOJJ.YKTa JJ;eJieHIIJI J 131, ocy~eCTB
JUl:TI, cne~eam,n1,1ii KOHTpOJih B KOpMoBoii ceaou. 

PaaMepu 3aTpaT H T8XHll'IeCKaf! oc~eCTBH
HOCTb npe~noJiaraeMou nocrpouKH KaHaJIOB Ha 
YPOBHe MOpH 6hIJIH rrepeCMoTpem,1 B CBeTe HOBhlX 

;:{3UHblX. 6Jiato,'l.apa yconepmeHCTBOBaHHHM B 

Te:taOJIOfHH B3phlB'l[aTLIX ycrpouCTB H Y!.leJIJ,me-

. HJfJO pa~HoaKTHBHOC1'JI npoeKTbl, npH BQBOM eay

'leHnH, RamyTC.f[ 6o;iee BbIIlO;IHHMhIMH u ~emeBbl

:vn, 11eM 3To 6WJIO orrpe,:i:eJieHo B 1960 ro)J,y. Baa
CTORil\eM J);OruJa.a,e paccMOTpeHbl Talrn~e APYTHe 

aKTneuo nayqaeMLie nepcneKTHBHLie npoeKTJ,( 
Hem,mero o6'heMa. 

AJia A3JihHeihnero paaBllTH.fl rexuoJioruu naMe
qe1u,1 J];OilOJllIHTeJihHhle OllhlTl,I no C03;.(aHHIO Rpa
repoB. 3rn: OllhlTLI COCTOHT B 33KJI8,!l,Ke pfl,!l,3 aa
pH;J.OB P,JIH 3KCKaB31\HH Kanan B ci-aJJLHoii: nopo

:i.e H e)J,HHH"IHhIX aap1,rnax: c 6oJILIIlHM n1,1xo}J.OM B 

paJJIR'IHblX cpeµ,ax, npe;i;CTD.BJIJIIOlll;HX HHTepec. 
Hel.oTopLJii: nporpecc 6LIJI JJ,OCT11rnyT e 11po~oJJ

ma10rn.Hxc11 KPYIIHbIX Teopernqec1rnx paooTaX no 

C03JJ:aHIUO pacqeTHhlX MO}J.eJieH .RBJJCHHK 'o6pa3oBa

llllJ{ Kparepoe. 
CAepma11n1,1e ..e.l{epmJe B3pblBM 61,rJJH rrpoJt3BP

:\l'Hbl B 'leTblpex cpe.a,ax: TYIP, rpaunT, nycTLIH
HLli\ aJJJIIOBHH n coJJ1,. BapLIBhr 6LJJIH npo1rnseµc
n1..1 c pa3JIJt"IHLlMH l\eJJHMH. Ilwxo;i.Lr nap1,upoua

J1HCh OT i'\OJICii: JOfJIOTOJIHLI ;J,O COT8H JHIJIO'l'OHH. 
Bec1, H3KOll.'1.l'HHUii OllblT, no.11.Hpe1mem{1,1ii reo

plteii, ll03BOJHIJl ;l;OBOJlhHO xoporno Jl3Y'IHTJ, 6oJih

llllfHCTBO OCHOBHl,JX npol{C-CCOB, uponcxo;:vu.1_\HX 

IIPlf 3TOM. fi.'Jaro,'.l.apH HaKOIIJieHHOMY OUhlTY HC

IIOJil,30B8Hlle R,l;C'pHWX B3phIB'l8TLIX YCTpoHCTll 
:(JISI BCKPl,ITJIJI MC!U8IOIIJ;C-ii uycroii: nopo~bl B ne-

1'0Topb!X ropHJ,IX pa6oTax oKa3hlBaetc.R TeXHH'll'
c.'Kll JI :rnoHOMH'leCHH 38M81flntBhlM. 311au11e am[ 
))8CTpCCK1tJ1am1R H o6paaOB8HJIH DOJIOCTeii Tome 

Jl03B0.'Hl-'l0 IIOJIO;KHTCJJ!,110 oqeHHTb MCTOJI.J,I, HOTO

i>ble 1.roryr YBl'.lUl'IJtTI, 11po;J.YKTHBHOCTb Heqiumux 

raaoswx c-1rna».HH. 

M no;:J.bl y;i.epIBaH1u1 u 6hlCTporo Jl3BJJe'lt'HIIH 

1130TOIIOB llOCJJe B3pUBOB ;J.3IOT B03MOiKHOCTb uy
H'M BbI6opa cooTBeTCTBYI0J11HX IWHCTpyi.u11 ii 
B3pLIBIILIX ycTpoiiCTB, noJiy•mTb n, B03!IIO)l(IIO, H3-

D.'1 (''Jb 'l:epe:J W3XTbl_ HOBl,IC 1111;:l,LI Il30TOTTOB. 

A/291 Esndos Unidos de America 

Usos constructivos de los explosivos 
nucleares: el proyecto PLOWSHARE 

por G. W. Johnson y G. H. Higgins 

La exploraci6n de posibles usos constructivos de 
los explosivos nucleares, iniciada en los Estados 
Unidos por la Comisi6n de Energia At6mica en 1957,, 
ha continuado, y se han hecho grandes progresos en 
este campo. Se han alcanzado grandes adelantos en 
la produccion de explosivos mucho mas perfectos. 
Esto aumentad la lista de posibles usos y entranara 
precios mas bajos puesto que se reducira la cantidad 
invertida en los costosos materiales fisibles. Se han 
llevado a cabo varios experimentos nucleares, los 
cuales han mejorado nuestros conocimientos tecno-
16gicos, que a su vez han servido de base para deter
minar la posibilidad y costo de los proyectos que se 
desea acometer. 

Los efectos del mejoramiento de nuestros conoci
mientos han sido un aumento de la confianza en la 
posibilidad y ventajas econ6micas de las excavaciones 
nucleares, algunos adelantos en Ia mineria subterra
nea, un aumento en la producci6n de gas, y la pro
ducci6n de is6topos para la investigaci6n. 

Los nuevos adelantos en el campo de los explosivos 
nucleares han dado como resultado una gran reduc
ci6n de la precipitaci6n radiactiva que cabe esperar 
de Ios proyectos de excavaci6n. Las zonas terrest_res 
que tenian que ser tempora!mente evacuadas han s1do 
reducidas a aquellas que deben ser controJadas para 
evitar daiios causados por el desecho de materiales, 
polvo at6mico, explosiones atmosfericas o temblores 
de tierra. , . 

Se han Uevado a cabo experimentos para abnr 
crateres por medio de explosiones nucleares de 420 t 
en basalto y de 100 kt en aluvion del desierto (grava 
y arena ligeramente unidas), como tambien un pro
yecto suplementario de explosivos quimicos de gran 
alcance. Estos han confirmado los calculos hechos a 
escala y han suministrado informacion impor!an~e 
acerca de la liberaci6n y distribuci6n de la rad1act1-
vidad. La formaci6n de la nube primitiva, la nube 
de base y otros efectos son diferentes en los dos 
medios y afectan grandemente la distribuci6n de la 
precipitaci6n radiactiva. En ambos ca~os se com
prob6 ta distribuci6n de is6topos espec1ficos, como 
137Cs, ~Sr y 1311, asi como el campo total de radiaci6n. 
En Ios· ·casos en que tierras de pasto se encuentren 
cerca, se ha comprobado que el 1311, producto de 
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fision, requiere una atencion y control especial durante 
la estaci6n de pastoreo. 

El costo y la posibilidad de la construcci6n de 
canales al nivel del mar han sido determinados de 
nuevo usando la nueva informaci6n. Debido a los 
progresos en la tecnica de los ex:plosivos y en la 
disrninuci6n de la radiactividad, los proyectos parecen 
mas practicos y menos costosos despues de este nuevo 
estudio que lo que parecia en 1960. Otros proyectos 
prometedores, aunque mas pequenos, estan en estudio 
y son descritos en el documento. 

Con el· fin de aumentar nuestros conocimientos se 
han planeado mas explosiones experimentales para 
abrir crateres. Estas incluyen hileras de cargas para" 
formar zanjas en rocas duras y detonaciones aisladas 
de mayor efecto en varias regiones de interes. Se e~ta 
haciendo algun progreso en el constante esfuerzo 
para perfeccionar modelos matematicos que describan 
fenomenos relacionados con la apertura de crateres. 

Se han provocado explosiones nucleares subterra-

neas en cuatro clases de rocas: to has, granito, aluvion 
del desierto y sal. Estas explosiones se han hecho 
por varias razones. Los productos han variado desde 
una fracci6n de kilotonelada a cientos de kilotone• 
ladas. La experiencia acumulada, unida a la teoria, 
ha permitido una mejor comprensi6n de muchos de 
los procesos basicos relacionados con estas explo
siones. Como consecuencia de esta experiencia adqui
rida, el uso de explosivos nucleares en mineria para 
romper rocas utilizables, parece atractivo desde el 
punto de vista tecnico y economico. El conocimiento 
de zonas de fractura y formaciones de cavidades ha 
conducido al estudio de procedimientos que puedan 
aumentar la produccion de pozos de petroleo. 

Las tecnicas de confinamiento y rapida recupera
ci6n de los isotopos de una explosion ofrece Ia 
posibilidad, usando aparatos explosivos diseiiados 
convenientemente, de obtcner y posiblcmente de 
recobrar nuevas especies de is6topos por media de 
la mineria. 
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Pa.qtta4MOHHO•TepMM'ieCKMM 

Heq>TM, HecpTenpOAYKTOB M 

ra30e 

KpeKMHr (PTK) 
yrneBOAOPOAHblX 

A. c. noAaK 

I_(aI< noI<aaauo B pR.I(e pa 6oT 1- 8, coBMecTHHM 
~e.lfCTBHeM pa.I(ll3}\llH H remrn y.n;aeTCH ocy.m.ecTBHTL 
npo:qecc Tax Haa:r,rnae:irnro pa.I(ua:qBouno-TepMD
'leCKoro Rpe1nmra (PTH) yrJieBOJI;Opo.n;oB. TaKoii 
npo:qecc Mo.meT npoxo~n'l'b co e1wpocTHMH, pau
mam C:t<OpOCTJll,f 1IHCT0 TeplmtzecKilX npon;eccoB, 
110 npu TeMneparypax na 150-200° C HHme, 
11eM: npu TepAUf'IeCKOM gpe.1rn:are (TH), n:060 npJJ 
paBnLix TeMrrepaTypax, ao c cym.ccweHBo 6oJiee 
BJ.ICOKHMH BLIXOJJ;aMH. :ho o6yCJIOBJieHO .n;eii:cT
BHe_:'il paJVlal\lf.ll, ROTopan CHIIMaeT aRTRBaI~HOH
mm: oap1,ep u11u11,m-1p0Bann:a }\ennoii peaKI\HD, 
»D.'ln10m;eroc11 aan6onee aneproeM«oii: cTa.I(neii 
B TepMif'IecRoM npo.qecce. .HaJiyqeune Buocur 
H3)IeHeHBe TOJILI{O }J HHlf'J\ltDpoearurn peaK}\lIII, 
11031.'0My JierKo DH,LleT.b, lfTO UpCBI,lffiCHHC Jl.LlXOµ;on 

PTK na,n; BHXo}laMn TH 6y,!leT aannceTb oT MOD\
HOC'l'H )I.03.LI .QCT01UIHl(a H3JIYIJeHH.JJ JI OTJWDieBJie 
CKOp0CTeH 6y~e'.l' ll8AaTt, C poCTOM TeMDeparypu, 
npH'Ie.M 'IeM 6oJn,IUe HIIT0HCHBHOCTL HaJiyqeHDJI, 
TO ecTL '<!eM 6oJU,me CI<OpOCTI, pa,vi:au,H0liH0ro 
mn11~n:11poBaHHH pea1<n;un, re:r.i: npn 60JI1,meii: reM
neparype MLl ell\e 6y.n,er.r na6mo,AaTh npenliUileHne 
Blilxo~a PTR na,it TR. 

Hco6xo~11Mo OTMeTntL, qro coa~aBaeMUe HaJIY-
11eH.QH?.nl :Q0HTPI.r lt:Hlf~HHpO.MHHH B ana~mreiu.
BOH 118CTll JIBJUIJOTCJI tropH'IBMlf», a pacnpe~e11e-
1111e H:X HBJIJICTCJI TElpMO,llHll8MH'ICC1UI BepaBBO
B0CUl,ll\f. 

B uacroJI~eii pa6oTe A8H o6aop uamex eccJte
'AOBaonii npon;ecca PTR n paanu1:1aL1x a1<cnepu
Me11Ta.n:1>HLIX YCJIOBlHIX u Jia paaJIH'IIROM yrJieBO-
i'(0pO,i.(Il0M n neqiTHBOM c1,1p1,e. Ilpol\ecc PTK uc
c."l.el{.oBancR up« pa6ore 11 npoTO'IHLlX ycraao111<ax 
c ueno»I>aoDauneM: 

a) OJ,ICTpl.lx 9JICkTpOHOB (800 1'38) OT JIHHe.ii
uoro ycKOpllTeJIJI; 

6) CMema:anoro v-n-uaJiyqeunH .11~epuoro pe
anopa. 

Hay<1aJtoc1, amurn:e:e reMI1epazyp1,1, ~aBnenna, 
M:O~ocr:u Aoau aa BNxo,zi;w upo;zy11:roa PTR. 
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I. osnY'"IEHHE &blCTPblMH 
anEKTPOHAMH HA m-1HE,;,HoM 

YCHOPHTEJJE 

1. PTK Ha npoTO'tHoit ycTaHoeKe e 
HepaBHOMepHOM TeMneparypHOM H naAa10U48M 

A03HOM none • 

06JIY1IeBne npo»anol{BJioe1, a.11exTponaMn c :mep
ru:eii ,.._, 800 1£36 I MOlilHOCTL ,!{03LI IJO al{eTHJieHOBOi 
A03HMeTpun paDHJIJiaCI, 2. 1016 ;JB/Ce1' B pac11eTe 
)Ia 1 MA napon np:n nopMaJI.hHLIX YCJIOBHJIX. ,ll;JIJI 

onLirOB 6J.Ina cRoHcrpynpoBaaa nporo11aa11 ycTa
HOBI<a 9 , npnu~:nnHaJI1>nan cxeMa Roropou npH
Be)l;eaa aa puc. f. 

Roml'Ie<:Tno npe11pa~eaaoro C.hlpl>R onpe,l\eJIH-
J?Oc1> no pa3BOCTH MCJRJlY 061>eMaMK 1iar,ll;KOCTD:, ✓ 
no,1taBa.BlUCHCH B peaRTOp, H ~IWCTH, KO~eH
c11ponaBmeiicJ1 B .xoJio,n;HJII.>H.Bire. 

061>0M o6paaonanmerocH raaa naMepHJICH raao
BLIMH -qacaM'u. faaoo6paanLle npop;y:KT1,1 aHaJUta11-
ponaJIHCL Ha co.n;epmaune BO)l;opo.n;a R yrJieno,Ao
po.I(OB C1-C1 :x:poMuorpa(j>lf'IeCKDM MeTop,oM. 

TaCIJlffl(a 1. Xapa1<TepHCTHHa KCXOAHOro 
H8tpT.AHOro CblPbJI 

C.wpi.e 

ueB3DH np1n,roi fOHKB, 
xoBell J<»ne11:ea HO" C 

HpaCBOJl8pCKBi f830Bldi 
6eB3Bll 

BeBaJJH np,z11.oii. ro111ar, 
1<oaen. 1umerum 200• C 

(l)paKJ(BR, l(OlleD. KltIIe-
ll:S:8 200° C, BY,U:eJJeB-
11a11 :e:a cwpo.ii ~a,-ap-
cxoii ueira 

Cpend rasobL, noee~ 
ul1ellaR 363° C 

1,3886 0,6880 

1,3872 0,6750 

1,4121 0,7420 

1,4115 0,7420 

1,4758 0,8615 

CynMlnt
llpOll- pyioou,eeJI 

H0e DPOllJlfTY• 
'IIICJW (16. " 

0,63 13,6 

1,7 14,2 

0,5 14,8 

0,7 16,4 

3,0 31,8 
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B )R~KBX upo.a;yRTax peaKD;IIH H B HCXOJJ;HOM 
cup1,0 onpe.a;eJIHJiuc1>: y.a;em,HNii Bee, noKaaareJIL 
npeJIOMJieuns, co.a;epmaune nenpe.a;eJILHHX yrJJe
BOJJ;opo.a;oB M0TOJJ;OM aJieKTpOMerpn11ecKoro THTpO
BaHDR 19, c}>pa.KD;BOHHIJii COCTaB CB8TOBNX He<pTe
DpO~KT08. CyMMapuoe co.a;epmauue apoMaTn'le-

12 uuu 
11 

10 

7 

8 

Pttc. 1. CxeMa npoT0'tH0A ycTaHoeKH: 
1 - wepeu e•ncocn.; 2 - sacoe HPiK; 3, 12 - 1i1auo

, Nerpw; I, 5, 7, 8, 11, 15, 16 - ee1tT1ma; 6 - ncnapn
TeJUt; 10 - peaKTop; 9, 13 - S.OJIO}\HJlhRHt<H; 14 - raao

cenaparop; 17 - raaoswe ffacw 

CJ(HX II Henpe.a;eJILHLIX yrneeo.a;opo.a;oB B >KHJJ;KHX 
DpO~KTaX H8XOJJ;UJIOCL MeTOJJ;OM cynL~Hp0B8HBR 
no lbrsuaKemo. 

B 1<a11ecwe c1,1p1,.11 PTK ncnon1,3ouanncL paa
J1nu1,1e uecpTRBWe AHCTHJlJlaThl, xapaRTepBCTBKa 
KOTOpHX npe)1.CTaBJiena B ta6n. 1. 

P/389 n.c.nonAK 
11:eun.R (PR) npu COOTB0TCTBYIOID;HX TeMneparypax. 
Peaym,TaTLI cpaBHJIBaJI11c1, c repMnqecKH.M .KpeKBB
roM (TR). PTR npore1rner npn reMIIeparypax, ana
'IHTeJil>HO 6oJiee HH3KHX, tJeM TCpMU110CKHii RpeK1IHr. 

Han6om,mnii nnTepec B aroii cepnn omnoB 
npeJJ;CT8BJIH0T pOCT CO'AepffiaHBH uenpep;em,Hill 

a 
t) 

~ 90 PTK 
0 

~ .. 
,c 
,as 
0, 

~ 85 
II 

:a 
cf 
Q. 
0 
~ 80 
ID 
GI 
C: 
'
~ 

0 

~ 75 

TK 

60 

60 
JI 
C: 
t) 
I:( 
GI 
a. 
C • J: 

45 
701L--......l--.1--....:I--~~--::-==-:: 
350 400 460 600 550 eoo t:c 

yrJieBOAOpo.a;oB BO ippaKIJ,nn C2-C4, noKaaamu.rii ua 
pnc. 2. Ha pucynKa BHp;Ho, 'ITO npon;eBT aenpeAML
HblX np11 PTR oqem, I<pyTo pacTeT c Te.MJiepary
poi, IIpCBHmaa 80%, B TO Bp0MSI KaK B TepMir:r 
CKOM KpeKHHre OH ,!I.OCTHraeT Bcero JimrII> 50-55 ,o• 

Tat511Hqa 2. BwxoA raaoo~pasHblX npOAYKTOB TK H PTK t5eHSHHa 
np10110H roH.KH C KOHqOM KHn8HHJI 140" C nplt pa3Jll'l4HblX TeMnepaTypax 

BNXOA raaoollpaafflolX upo)lYJITOB, t;.MI/B, DpODYllleBHOl'O cwpi,R 

Bcero 
IlpoJ:teCC ·c raaa. Ht en. 

{ 400 28,7 2.8 10,1 
PTK 500. 72,0 6'.3 19,8 

600 206 J5 58 

{ 400 
TR 500 t,6 0,3 0,5 

600 97 7,2 25,6 

H-renTaH 

Omnu no PTK n~renTana (KaK H .n;pyrux BH
AOB CHpbH) npOBO;it;HnllCI, npu: TeM.nepaTypax OT 
400 ,i.o 600° C. B1i1J1a ycTaHOBJieHa aauuc11MOCTI> 
o6paaouamrn raaooopaau1,1x upo.a;yKTOB OT TeM
nepa eypu AJUI PTH n BHJJ;eJieHa cocTlrBJIRIO~a11, 
-06yenoBJ1eBHaJ1 u~uupyIO~M ~eicTBD0M 11aJiy-

c.Hu 
CtHs Cali& c,a. CaHs CaH, Et+,. 

2,8 3,0 0,7 2,1 2,5 0,9. 
7,4 15,4 t,2 8,5 4,6 3,4 

16,9 43,2 3,9 26,2 15,1 13,1 

0,04 0,22 0,06 0,2 0,02 
4,8 8,0 21,6 1,6 1,2 7,2 

· np.FIMOrOHHblH. t58H3HH. C KOHqOM KHn8HHll 140• C 
H KpacHoAapcKHH raaoPblit (SeHaHH 

3aBHCHMOCTII BHXOAll raaoo6pa3HLIX npo.a;yK'fOB 
PTR B 1 cM'le npony~esaoro chlpbR OT Te!tfflepa
Typ1i1 (pHC. 3) AJIH aTIIX 6eH3lfil0B no xapaKTePJ 
auaJIOrH11HH TaKllM me aaBHCDMOCTlU.1 AJUl u-re -
TaHa. Ha npmtepe 6eB3BHa e J{OHIJ;OM KBJleJDUI 
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140° C B~Ho, 'ITO cocTaB raaoo6paaHJu. npo.n,yK
TOB PTK 6ora11:e no co.n,epmamuo oJiecfnurnBhlX yr
JieBO~opo,!\OB, 'leM npn TR, 'ITO no.n,TBep~aeTC11 
J,Tallm:MH TaoJI, 2. 

B1,t.1m ncc.11e~0Bam.r Tam«e H .n,pyrne llHALl cL1p1,H. 

np11MorOHHblH ~0H3HH C MOHl{OM l<Hll8HHR 200° C· 
¢PaKqH11 cu KOHL(OM KHll81iHR 200· C, sw,a.e.neH1-1a~ 

H3 CblPOH HeqlTH M8CTOPOH<A8HHJI TanpCKOH 
ACCP 

llpu uccne.n,o»amui: PTR Tn:meJuu 6eHaRHOB 
llOKaaano Tam«e »oapacTaatte c reMnepaTypoii 

·c•3/2 
200 

m 160 
0 
t-
~ 
:,,. 

"' 0 
Q. 
c; 

,c 
JI 
2; 
«J 
crs 
0. X 
l0 
0 
0 
I!) 
crs ... 
I:( 
0 
X 
JI 

[D 

'350 450 

PHC. s. 3aSHCHMOCTb BblXOJ}.08 raaoo~ 
paaH1,1x npop,yKToe PTK H TK ffeHa11Ha 
npl!MOH fOHKH C KOHL(OM KHll8HHR 140" C • 
H KpacHop,apcKoro raaoeoro ffeHaHHa 

OT T8MnepaTyp1:,1; 
1 - PTR 6e11auHa c K0llll0M 1umeHBH 
140° C; 2 - PTR Kpacno,D;apcRoro raao
ooro 6eHauna; 3-TK 6eH3HHa C K0HIJ;0M 
lUlneIDJ.11 H0° C; l - TH xpac1101];ap-

cxoro raaoeoro 6eHaHna. 
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npoqecca BLl:tO)lOB ra3ooopaaHHX npozyKToB, 
BKJIIO'laH mrerpHHOBIJe yrneBO,llOpO.D;J,J (pBc. 4). 

BLIXO.U,LI raaooopa3HLIX IlpO,rzyKTOB H pacnpe
)'.1;0JI0Hll0 B unx uenpe.n,eJILHlilX coe.n,11aeunii: npu: 
Te.MllepaTypax, HBJISIIO~XCSI MaKCUMaJILRlilMB B 

Haumx Olll,IT8X, IlpHB0,!\0BLI B TaOJI, 3. 

Cp&AHHH raaoilnb (HHTepaan BblKHllaHMJI 
260-363"C) 

IIpH PTR napoB cpe.n.nero raaoi-brn Boapacra
ane BHXO.l{OB raaoo6paallhlx npOlf.YKTOB aaaJio
rwrno TaKOB&M .I{JJH PTK Jienmx BHJl:OB CblpLR, 
KaK 3T0 llOKa3LlllaeT pHC, 5 ll Ta6JI, 4. 

2. PTH HH3HOOKTaHOBOro 6eH3HHa npRMO~ 
roHHH B paBHOMepHOM reMneparypH0M none 11 

KoncrpyK~llH peaKTopa B onLITaY. c uepaBuo
MepHI.rM TeMneparypHI,IM IIOJieM 61,ma TaKoBa, 'ITO 
Henocpel{CTBBlIHO 110)1; BXO)];HID,f Ol!'.OfilKOM, 'lepea 
1WT0poe BllO)];HJIH 3JieRTp0lil,l H r11.e OLIJla M8KCII
Ma.u:1,1:ta11 HHT0HCHBHOCTb H3JIJ'"'l8IIHH, TeM11epa
Typa 6LIJia IIO'ITH ua 200° C uume reM1IepaT)'p1>t 
6om,weii: '18CTH J),JIHHI,I peaRTOpa (nplUIHMaBmeiic11 
np:u: pac11erax 'aa 'l'eMIIepa1ypy · omua). 3To o6-
CTOHT0JihCTBo, ROH0'1HO, ClmiRBJIO Ba6JUOAaeML1e 
BLIXO,ll;LI npo.n,yKTOB PTH H aaa'lnTeJII.Ho HCRamano 
.n,e:iicTBHTeJILHYJO TeMnepaTYPHYIO aaBBCHMOCTh. 

C n;em,JO llOJiy,IeHIUI 6onee O.U,H0388'1HlilX 3R
cnepHM0HTaJII,HLIX ,qaRH.Llx naMH 61,ma nponep;eHa 
AOilOJIHHTeJILHan cepHH Oil&TOB na a~eRTpOHHOM 
ycxopBTMe no PTR HnaxooxraHo»oro npaMoroH
Horo 6enanaa (c 1w:a:qoM xnnennn 140° C) 11 peaK-

, Tope C paBH0MepHLIM TeMIIepatypHlilM noJieM, 'AJIJI 
'lero HCUOJI1,3OB8JICJI peaKTOp HOBO.ii KOHCTPYKD;HB 
co cBn11n;oBoli 6aae:ii (pnc. 6). B HOBOM peaKTope 
Bxop;aoe oKHo pacnoJiaraJiocL :e rey6uue ero, 
'ITO npe.n,oTBpam;aJio oxna>KJ{euue 6epnnnue:aoii 
~orr1,rn n ncKameane TeMIIeparypnoro noJIH nop; 
BXOAHHM OKHOM peaKTopa. IlplIMeHeune oo;r1,nroii 
M8CCLl pacnJiaBJI8BHOI'O CBHBI{a B K8ll8CTB8 TellJlO
HOCHTeJlR DO313OJIHJIO IlO.l1Y'J8Tb BLlCOKHe TeMnepa
Typhl H o6ecne'IHB8Tb HBT0HCHBHLlii TeDJI006MeH 
H paBHOMepHiilH uarpeB napoB CLIPMI BO BteM 
061>0M8 peaKTOpa. 

Ta~nH~a 3. 8blxop, raaoo~pa3HblX npop,yKTOB TK H PTK 

IIpo- C,ll, C,1li1 C,Hs CaH, c.u .. c,u. ChlJ)t.e uecc •c Hi Cllt :E;-n 

Ben:anH npinmii romm, .KOBeI( rume- PTR 6,7 30,0. 8,5 20,0 3,6 10,9 2,4 6,1 
lllUI 200· C TR 550 2,0 9,8 2,7 6,0 0,6 2,7 0,9 l,1 

lDpa.KO.HH, RBIIeJIIUI 200" C, PTK 9,5 30,6 13,0 36,6 t,2 13,0 2,4 9,5 KOaea; 
.550 2,2 8,7 3,9 9,1 0,2 3,2 t,5 J,9 Bl,lJJ.eJ1em1a« na cupou: TllTapcKoii TK 

eetjlru 
PTR 18,d 41 18,8 36,0 18,7 30,0 3l,9 11,4 Kpacaop;apcIWii raaoublu: 6enane 
TK 600 6,8 13,0 4,8 15,0 0,72 9,0 9,1 3,4. 
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40 
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4eo 500 G60t~C· 

Pite. 4. 3aBHCHMOCTa BblXOA08 ra30. 
o«5pa3HWX npop.yKTOB PTK H TH. CSeH3H· 
Ha npsiMOH rOHKH c KOH40M KHneHHSI 
200· C H ¢ipaK4HH c KOH40M KHn8HHSI 
200"C (BWA8n8HHOH H3 CblpOH TaTap-

CKOA He¢ITH) OT T8Mneparypw: 

1 - PTK 4>pa~u; 2 - PTK 6eua11Ha· 
3 - TH i)>pa~a; 4 - TR oesauua (sc; 
"leTWpe 4,paR~ C ROHll;OII J(Hnemu1 

200° C) 
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/00 

0'---£.....---'---~'C 450 500 ssot,0 
. 

P11c. a. BnHsiHHe TeMnepaTypw Ha ewxoA ruooftpu· 
Hl:,IX TIPOAYKTOB PTK (1) H TH. (2) t5&H3MHa CP6AH9M 

Q)paKU.HH 

Ta<SnHu.a 4. BwxoA rasoo<SpasHwx npOAYKTOB TK M PTK cpeAttero raaotln11 
npH pa3JlH~HblX T8MnepaTypax 

Bwxo)l rasooopa:mux npo,ttyKTOB, CM.1/e, DPOIJ}'ll\l!HHOl'O CWPJ>II 

npol{ecc ·c :Pcero 
Hi CH, raaa. 

{ 450 22,6 5,7 3,9 
PTK 500 72,5 5,5 11,8 

550 100 3,0 19,9 

{ 450 2,7 0,34 0,81 
TH 500 7,4 0,5 2,0 

550 43 1,9 13,i 

Ilp11 npoBeµ;eBHH l.lKCnepHMemam,BLIX RCCJie
~OBauzii na peaK-rope ROBOii KOB.CTpym~mt npeA
noaaranoc:r, )"?O'IBHTb eneAy10~e BonpocH: 

1. rJJyoHuy npeBpam;eHIIJI IIpHM0f0HH0f0 6eH-
3:BB8 C KO~OM KHil8JIHH 140° C. 

2. BUXOA raaoo6p8.3HYX npo~KTOB peaKnuii 
B aaBHCBXOCTll OT TeMUepuypw npon;ecca. 

KaK BBJ\B0 ua p:ec. 7. rJIY6Bua npe»pa1J1eH1u1 
B oru.rrax C B0BNH pea:KT0p0U llQ"q,TlI B _ABa paaa 

C1H1 

1,0 
7,9 

13,5 
0,3 
t,0 
5,8 

C1H, c,Hs CiH, c,Hu c,11. £,+n 

8,5 1,0 3,6 0,6 t,0 
21,8 3,1 H,8 0,8 6,3 
33,6 4,0 16,6 9,9 

0,85 0,05 0,17 0,07 0,05 
0,2 2,7 0,2 0,8 

15,6 i,5 4,9 2,3 

Ta<5nHl{a 5. XapaKT8pHCTHKa HCJCOAHOrO Cblpbll 
((58H3HHOBall 4JpaKI.Vf.A KapaAarCKOrO KOtfA8HOaTa, 

KOHeq KHneHHSI 200· C) 

1120 
D 

Mone-
-~ IIJ'JIRJr Ho)Uloe Cepa, 
~ Br.ill: 'lll'CJJO 96 

HC 

I'pynnosoll coeT8ll, l!eC. i 

apo
traTHKll 

1,4139 0,7435 94,5 0,258 0,0125 11,27 29,56 59,17 
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PHC. 6. Cx&Ma peaKTopa c paeHoMePHl>IM TeMnepa• 
Ty PHWM noneM: . 

1 - 6epBJIJIBeBoe OKHO; 2 - peaK~JIOJmLri ofh.eM· 3 -
alleeBBl(H ]I,JIJ[ no11:a,m CLlpLH; 4 - CBUllll;OBaJl 6a1t~; S -
IIJleKTpoHarpesaTem.; 6 - uaonmorn; 7 - Tep11:onapu;. 
8 - 1t.OJIJ1e1Crop /IllH noJ(a'le: napoe 1ra 11crrap.11Te.ir11 e peaK-
~OBmli: 061.ev; 9 - BHXO.Z. IIp0.QyRTOB B3 peaxropa 
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25 

600 550 eoo t"c , 
PHC. 7. r ny611Ha npeepaLl,\8HHII 68H3HHa 
npRMOl:i rOHKH c MOH40M KHneHHII 140° C 
B aaBHCHMOCTH OT TeMnepatypbl npoqecca: 
1 - PTR B pen.rope c pau11011ep!IWl reK
ueparyp11w11 110J1ew; 2 - TR a TOIi'. me peaK
rope; 3 - PTR B peaKrope c e:epallf[o11epm.oc 
rewepuypm.Df DOJJe11; I - TR B TOM me 

peaxrope 

Ta<Sn11~a 6. Cocraa raaoo6paaHwx np0AYKT0B PTH 8 aaBHCHMOCTH OT TeMnepaTypw 

CoC'I'aB 
H.:1 raaa CHt CsH, Cali, 

480 11,2 42,f t3,4 25,2 
530 7,4 43,5 10,6 20,2. 
570 6,6 54,7 6,5 19,4 

BLIIIIe, uemeJID D peaKTope C paBHOM8pHLIM T8M• 
nepaTYpm,1111 uoJieM. . · 

Pac. 8 noKaar,1BaeT, no II BlilXOJJ: raaooopaaHI,,lJ: 
(B TOM qlfcJie ll on:ewaHOBux) yrneB011,opo11,oB aHa• 
1IBT8.llbll0 npeBOCXO'AHT TalCOBOH B ouwax co CTB.• 
PYM peaRTOpOlf. 

3. 06Jly"leHHe Ha RA0PHOM peaKTope 

~JUI npoBe,Aelllf.R PTK B KanaJie Jl,l\epaoro 
peaRropa 6una cnen;ua.nhHO CKOHCTpynpoBaaa 
npOTO'JHaJl ycraHOBRa 12 , CXeMa KOTOpOH np11-

CaH• CaH, 
c,H10 C,llo c,Hu 

E;+" E;+n 

2,8 5,3 
1,6 12,2 2,2 0,9 f,3 
0,7 8,6 4,3 0,6 t,2 

Ta6.11t11.ta 7. BwxoA ra3oo(lpa3H1,1x np0AYKTos PTK 
B :aaBHCHMOCTH OT TeMnepaTypw npou.ecca, tM'fz 

480 
530 
570 

5,6 
36,4 
93,0 

2t,8 
4t,4 

373 
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300 

100 

1:c 
PHC. 8. 3aeMCHMOCTb 8blXOA08 raaooOpa3HblX 
npOAYKTOB PTK " TK ~eHaHHa Ha np11Mcl1 
f0HK8 c KOH40M KHn&HHft 140"0 OT TeMne-

parypw: 
t - PTK a peaKTope c paaaoa,epm,,:a, Te111nepa
-rypllla0f BOJ1e11; 2 - TH'. B TOIi )1(8 peaKTope; 
.1- PTK • pe&KTOpe e ae_pasao11epHLUl Te11nepa-

TJPBJ,h,l noJlew:; I - TR B TOM )Ke peaKTope 

7 

: 
6 

YcnoeHwe 0~03HR~8HHR: 

_ -T8XHOJIOfH'48CKaR JIMHHR 
opraHM~ecKOR mMAKOCTH 

- JIKHMR RPOAYBKH 

-M- - B8HTHnl, 

~ -nepexoA 

--u-- - aneaupopas"beM 

-npOBOA& 3838NJ18HHR 

P/389 11. C. OOJIAK 

TaCSnK~a 8. XapaKTepKCTMKa tttK,l\1u1x nP0AYKTOB PTI< 
npM paa.11K<tt1blX T&MnepaTypax npH P = 1 am.w 

480 
530 
570 

t,4190 
1,4309 
t,4880 

0,7458 
0,7569 
0,8459 

Mo11e1l'Y• HOJU!oe aenpe-
nRpHYA 'IBCllO JI.Mblllie," 

Bee 

94,3 
100,1 
t27,7 

i5,9 
15,8 
28,3 

5,9 
6,2 

H,2 

BeJ:{eua Ha pnc. 9. VcTaHoBKa pacciuJTtrna wra 
ropuaomaJu,aoro KaRaJia H,rJ;epaoro peaRTopa H 
Ha Beii MO»nio npOBO'AllTb npou,eccH B npOTOKe 
npH teweparypax 40-600° C 11 ~aBJleHHB 1+ 
+30ama;np1P1eHAaBJieuneaaAaeTc11co6cTBeHllLDDl 
napum Bem;ecTBa. Vc-raBOBKa o6ecneqeaa aBTo
uarlflleCKHH perynnpoBanneH n ROBTpmleM TeM
uepaeypLl H ~8BJieHH11 If 8BTOMaruqeCKH.M or6op0M 
raaoo6paam,1x npOJ!:YKTOB Ha xpoMaTorpaq,. 9JJeKr
poo6orpenaTeJih 06ecnr,qunae1 panHoMepnocTL reM
nepaeypnoro noJrn unyrpu pea~uonuoii 30Hlil. 

Ilepe11; aa11aJioM pa6oTLI ycraHoBKY BBOJPIJIH 
B RaHaJI peaRTopa, npoBepnn« repM.ernuocn. 
uanyc«oM B cncTe:t.ty C01. Ilocne BhlXOJ\a Harpe-

Ta'5.nio~a 9. BblXOA raaoot5pa3Hbllt yr.neso,u.opop,oe, 
eec. "'/01 Ha Cblpi.e 

Ilpoo.ecc 

TR 
PTK 

IInpOJiea 

Te.1mepaTf£a 0 .. ~..... """••ffA .. upoo:ecca, c u...,... raa .,.,...,,~ .. 

570 
570 
770 

11,0 
68,0 
52,2 

19 

2,0 
1~.o 
17,0 

llpolllllled 

t,8 
12,5 
R8T 

PMC. 9. TeXHOJIOTl1"18CKaA cxeMa ycTaHOBKH: 

1 - a1'TRB11811 aoua; 2 - fPBJILTp B,C; 3 - 8Jl8KTponeq1,,; 4 - peUIJ,H0BB811 aoua; s - 'I0I(Onpouo
JVDIJ.aR Tpy6Ka-Hc11apHre.u; 6 - T8pH0II8pN; 7 ~ KaHaJl peaKropa; 8 - 81le1tTp0illlTalD'I&; 9, 2-l -
06pa311.os1r1e wairo»erpw (P = 1 + 60 amM); 10 - peJzyKTOp (c 0-150 lf.O 0-60 amM); 11 - »oa
l(l'mB'.IIK; 12 - peo11eTp C K81IlfJIJIJ1po11 (P = {()() am.M); }3 - JCallBJIJIHp; J4 - CblpLeBOR OarOR 
(1,5 ..-); 15 - >RHAl(OCTHLIB Bacoc; 16 - TepllOMCTP (0-50° C); 11 - B BelITBJI,rnHJO; 18 - ra30-
e'leT'IUJ( THDa 1-I'CB-400; 19 - JI.HlllUI Ha or6op npo61,{ J( xpoMaTOrpaci,y XT-2M; 20 - U-oopaa
md ll;SWepe~ani,m.ri MllROMeTp (P = 600 MM t1oiJ. cm,); 21 - rH~poaaTBop (P = 600 .,;,M ooiJ. cm.); 
22 - nporouaa D01f.a; 23 - peryJUnop ~aBJJ@HRII «~o ce6JJ•i 25 ~ xoJIOJlHJII,HBK; 26 - raaocenapa-

Top; 21 - npo~yBKI\ 
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PMc. 10. 3aBHCIIMOCTb BblXOAOB raaoo6paaHblX 
npoAYKToa PTH H TK ¢pat<~HH 15eH3HHa c KOH· 
40M KHOOHIUI 200· C OT TeMnepaTyp1,1 npH 

P=1 am.,11: 
J-PTK; Z-TR 

TKTaOnH1.ta 10. CocTae raaool5paaHwx npoAyKTos 
H PTK B aaBHCHMOCTH OT AaB118HHR npH 480 "C 

CCIC'raB 
J:{aMeBHe BTIIIOc(f>epaoe 

raaa tO 20 
TR PTH TK PTK TR PTR 

H. tt,2 5,5 4,2 4,0 4,2 cu. 42,1 54,2 45,2 56,3 53,4 
C1 H• 13,4 11,4 13,8 13,8 9,7 C1 H, 25,2 9,3 9,5 5,8 8,1 
C1 Ha 28,0 3,7 7,2 6,2 6,0 C,H. 10,9 13,4 9,0 11,5 

i-C4 Hie 0,6 1,0 0,8 0,7 
.n-CtH10 5,3 2,3 3,2 2,2 2,8 

CtH, 0,6 0,8 0,6 0,8 
C,H,1 0,9 1,1 0,8 t,2 

6yew,m TeMIIeparyp1u,1ii pemBM B YCTaHOBK8 C03· 
,naBaJI0Cb aaAaHHoe ;i;aBJI8Hll0 napa!IDI CLipLR, npo
xa~uaeMoro c llOCTORHHOB CKOpOCTLIO. O6.ny~e
HBe DpOBOJ{HJIOCL OLICTpLIM:H HeiiTpouaMH H y-B3-
JIY'i8JilleM; Me.n;neam.xe neiirpOHI,1 OTC0KaJIHCL 
~11J11,Tpo:1t Ha Kap6H.!(a 6opa, Mo~ocTL p;oau 
no qieppoeynMparnoMY p;oa11MeTpy B uepec11ere 

Ba napLI npH IIOpManLBOM ,!{8BJieBBII H TeMIIe
paType coc'taBJISIJia ,-.,.,1Qll5 96/cM9 , ce1'. IlocJie 

OKOH'laBHJI OllLITa KOH~eucar CJI.HBaJICR B T8pH
ponamcy10 8:MKOCTb, II BC,r CHCTeMa DPOAYBa~ 
.nac1, C01 • 

TepMB11eC1(Bii Kpexnur IIPOBOJ{BJICJJ ua roii: me 
ycTaH0BKe, .B TeX 2K8 YCJIOBHRX T0MJieparypw R 
~anneimJI, Bo BHe RaaaJia peaxropa. MeTOJ{HKa 

P/389 L. s: POLAK 

2 

10 20 P,arM 

PHC, 11. 3aaHCHMOCTI> Bl>IXOAOB raaoo6paaHWX 
npoP,yKTOB PTK H TK rppaK4HH CieHaHHa c KOH· 
40M KHn8HHJI 200° C OT AaeneHH.R npH 480" C: 

1-PTK; 2-TK 

Ta!SnHl\a 11. XapaKrep11cTHKa HlHAKKX rrpoP,yKToa 
TK 11 PTK 

P, Be;Q; n20 d20 Mone11y- HoJWoe Henpe;Q;em.• ·c Offl-1' 11po- D 4 .IIRPBlolA 'DIC.110 Blole \¥ 
11ecca BeC ' 

480 
1 PTK 1,4120 0,7458 94,3 15,9 5,9 

10 { TR 1,4220 0, 7557 95,1 29,8 U,2 
PTK 1,4335 0,7635 103,6 25,4 10,4 

20 { TK t,3480 0,7684 103,1 22,7 9,3 
PTK 1,4175 0,7417 105,8 23,1 9,t 

8B8JIH38 CHpbJI B DpOJzyKTOB pe8KD;HB TO}KJl;eCT· 
BeHH8 OIIBC8BHOH nwne • 

PTK ~3HHosoA ¢paKI\HH KapaAarcKoro 
KOHA8HC8Ta C KOH40M KHneHHR 200"C 

XapaKT0pHCTHKa CLipLJI npe~cTaBJieua B Ta6JI. 5. 
.L{JIJI BJ,IJICHeBHJi CTeDeHH 8KTHBH38Iµm npoBeJ{eBO 
06.nyqeBRe IICXOJ{HOro CHpLR B aanaJIHHI,lX KBap

n;eBI,ZX umyJiax B Te'IeBB8 JtBYX 11ac0B B ueiiTpOH
HOM llOTOK8 ,.._, 4 • 101:l neump/c.M1 • te"I>. CnycTH 
9 ,1weii nOCJJe olmf'{en.11 upn neI<pLITnu aHifYJI 
uase~euHaR aKTHBHOCTb 6ell3DBa He npeBlim18JI8 

ciioaa. 
3aBHCIIYOCTH BIUOJ{OB raaoo6p83mlX npo,izyK

TOB J{JUI TK H PTK OT reHIIeparypu upu aTMoc
q,epuoH Jt8BJI0HHH (puc. 10) no cnoeyY xapaKTepy 
anaJiorlI'ISH noJI}"IeHRJ,111 paHee npu pa6ore ua 
3Jl8KTpOHHOM ycKopHTeJJe f,ll JI Ko6ant.TOBOM HC

TO'lBBl<8 u. Cocran rasoo6paa111,1x npo,izyKTOB PTK 
no~ ~eiiCTBBeM cuemauaoro y - n-HaJI}"lemrn 
npuse11eu B Ta6Jr. 6; 

375 



376 3ACE,4AH"1E 4.2 

lfa CODOCTaeJieHuR peaJJILTaTOB TaOJl, 6 « 2 
M:0}KH0 BB):{8TI,, 'IT0 BKJia.q Heiirpouaoro H3JlY'fe

RHfl He 0Tpa:i«aeTCR aa COCTaBe ra3oo6pa3BL1X 
Dp0,!O'RT0B, lfa ra6JI. 6 BH)l;B0 TaKme, '!TO C UOw 
BHmeHHeM. TeMDepnyp1,1 npo~eur uenpe.n;en1,uux 
yrneBo~opo.n;ou B raaoeoii CMec11 nouumaerc11 • 
o.quaRo BX a6coJIJOTHHH BLIX0,!I;, K8K aro BBJ);HO II; 

ra6JI. 7, pacrer. 

B Ta6.n'. 8 npe.n;craeneHJ,1 xapaKrepncrHKH >KHA

KHX npOJO'KTon PTK npn paann11n1i1x reMnepaTy
pax u arM:oC<f>epaow .n;auneann. 

Ec.,n cpae1rnaan Pe:JYJILTaTY PTK c peaym,
Tarum nuponnaa aroro me cLipLSI (ra6n. 9), 
TO Bl!J\BO, 'lTO 0011\HH BLIXO'A raaOBHX npoJJ,yKTOB 

PTK npu 570° C B 1,2 paaa BLlme, 11eM npu nnpo
nuae npn 700° C, a cyMMa aenpe.qeJILBLIX -
B 1,5 pasa BLlme u. 

RuueT1111ec1<a11 o6pa6orKa peayJILTaron .n;aer 
8B8118HJ18 .JtJIR B8JJ011HHLI cyMMapeoii aueprHH 

8KTHBB38~HH 'IHCT0 TepMn11ecKoro npo~ecca 60± 
+2,5 1'M.A/MOAb n cornacnn c nnrepaTypHLIM.n 
l{8BBLllfD; aueprHR 8KTHBH38Q;HH 'IHCTO pa)\Ha
IJ,llOBBoro npo~ecca (ycnouuo onpeAeJIReMoro no 
paauocru M:e»cAy cKOpocr111u1 PTH H TK) paBua 
23 ± 3 ,.,.u/MOAb. IloCJieAHRH :semI'IHHa xopomo 
cornacyeTcJI e nonf11eHBLilMH pauee aa Apyrnx 
BCTO"'IHJJKax naJJY'feBn11 n AnR APYrnx BIIAOB 
CYpLR f, t, ll,U. Y CJIOBBLlii p8AH&JlHOHBO-Xl1Mll
'leCKDll BLIXOA npo,ttyKT0B PTH (onpe]leJineMLiii 
no paauocTH CK0pocreii PTH'. H TH JI 11oneKyJiax 
na 100 ;J(J norno~euuoii :meprnu 11aJif11eu1111) pa
Beu 10•-105 MOJieKYJI ea 100 at/ B 38BllCIIMOCTH 

or re11nepazypw. 

8.nMHHHe AaeneHMR Ha npo14ecc PTK 

Oonudi nwxoJl raaoo6paaaNx DPOAYKTOB pacTeT 
c ynenn11euue:.1 A&BJJeHn.R, npH11eM mrneuuo B 06-
nacTH OT f l{O 10 anui. BLIXOA llpOAYKTOB PTH'. 
npeBLimaeT BLIXOA npo.n;yKTOB TH (pnc. 11) .. 

B raaoo6paamzx np0Ay1<rax c ynen1111euneM 
.n;auea1111 ua6n10.n;aeTCR cum«eaue npo:Q;eeruoro 
c0Aepmanu11 uenpe.l{eJILHLIX coe.n;neeunii (raon.10). 

Auanor1111uoe 11nneaee oTM:e'laJiocL u s paoo
Tax 8, 11• Bl,(XOA uenpeAeJILBLIX coe11.uueauii: 11,0-
cTuraeT MaKCHM&JILBoro aaa11euun npu cpeJlHHX 
A&Bnemu1x 1-3 arn.M, a aaTeM yMeuLmaeTCH. 

Ilpu noswmeueu TeMnepaTypu AO 530° C c yse
n1111eeneM p,aBneunJI ua6Jno)J;aerca yMeHLmenu.e 
oruorueHHR BNXOAOB PTH/TH . .I(eiicTBHTeJILHO, 
ecne npn P = 1 amM WPTRIWTK = 4,5, To npll 
10 aTn.M aTo ornomenne yme Bcero 1,2. 

C non1,1menueM A&Bneana cyrqecTBeIIHO naMe
B.RCTCJI cocraB )KH~KHX npOAYKTOB (w6JI. 11). 

HeKOTopble nepcneKTHBbl npou.ecca PTK 

B uamux pa6oTax noKaaauo, 'lTO BNXOJ\U ue

npeACJILBLIX raaOB )\0CTHraJOT ,.._, 55% ua CLIPLe, 
a coJ:1,epmanHe nx B raaax PTR µ;o 70%; co,!(epm:a
uue »<UAKDX uenpe)J,eJILBLlX B KOBJl,eBCaTe Jl,O 
45 Bee. %. 06m.aa rJiy6nna npenpam.emUI aa 
o;vm npo:xo}J, ,.._, 75%. Pa.ztnaQ;BOHBO-XH.MlfTJeCKHii 

P/889 n.c.nonAK 

BLIXO,U: 103-105 MOJieKyJI Ha 100 ae B 3aBHCIIMOCTH 

OT .tdO~HOCTH, TCMDeparypLI H ;i;aBJ'leHHS, Onru
MaJILBLie ycnosm1 PTK no BHxo,n:aM B rny6oa11 
npeBpam;eRnR }1,JIH pa3JIH1JHLIX BH,rtOB cUpl>JJ Jiemar 

B o6JiacTn 400-600° C, 1-3 am.v B 38BHC1DIOCT11 
OT MOill.HOCTH ](03Ll. . 

O.ztHaKo TaKne no«aaarenu npol{ecca AaJJeKo ue 
RBJIRIOTCR npe)\eJILHHMlI. YBeJilflleHHe BHXOAOB 
MOffleT 61,1r1, noJiy11euo npem)l;e ecero aa c11er yue
nn11enen MOill.BOCTH j\03l>l, TaK :KaK B JJ.OBOJIJ,HO 
IDHpOKHX H II0Ka em;e ae ll3Y'f8HHLIX cuepxy npe. 
p,eJiax G ,...., VJ, npa'leM eamrnn cooTBeTCTByio

~ex RpDBLIX aaBHCHT OT TeMilepaTypw npol{ecca. 

011eBltJlHO, 'lTO npH RaKIIX-TO 6oJILIDBX MOiqllOCTJIX 

AO3Ll lJHCJIO lfHlU~HHpyIO~BX ~eHTpOB, renepHpye
MLIX 113JIY110HUeM, BOapacTaeT uaCTOJll,KO, 'ITO BX 
peKOMonna.l(nH noMemaer ,n;a.m,HeiimeMY soapac1a
HBIO BJ,lXO,ll;OB lfBTepecyrom;ux nae npojzy'KTOB 

PTK. TeM ee Menee na ocnouaeuu HMeJOIIQIXCII 
)\aHHLIX MO)IUIO BNC:KaaaTL ,lJ;OCTaTO'JHO ynepeHHOO 
npeAUOJIO'lKeHHe, 'ITO ysemt11eaue MOIWIOCTH p;03Il 

AO 6-8 • 1018 ;;6/c.M3 npuse,n;eT K ,n;an1iueiimeMy 
yBeJIR'leBRlO lU,IXO,ll;OB R BeKOTOPOMY CBH'IReHllPJ 

TeMneparypN npo:Q;ecca. 
CyrqecTBeJIHOe ana11enue ,lJ;JUI yseJill'leBHR BH

xo,n;oe II CTenemr nanpaonenaoro npeupaJI\eIDUI 
HCXO,n;aoro CLIPLH h.MCIOT lJHCTO T0XHOJIOflf'leCKBe 
napaMeTpLI npon;ecca, RaK aro noKaaauo Halm nps
MLIMH aKcnepHMCHTaMH. TaK, OCfJI\0CTBJICHDe 

TeMUeparypHoro nom1, y,n;oBJICTBOpSIOJI\CFO KHBC
THlJeCKHM H P8AH8D;HOHHLIM oco6euuocTRM npo
Q;ecca, npHB0JIO K yseJIH'l8HHIO BLIX0,!\0B 6ea H3-
MeueHHJI ucex npo11Hx rrapaMerpoB PTK. Bamuoe 
auaqeane HMeeT Tam«e cTpy~Typa ,n;oauoro non:!, 
J];JJHHa H Jlpyrue xapaKTepHCTHKH KOMMYHifKa~HB, 
rR,n;pOMexaHBKH IIOTOKa, CKOpOCTL nepeM.eme.
B3BRR H T. ,n;. ,name 11acTH1JHLlii H ,n;aJieKO ne on-. 
THMaJILHLIH y11eT 3THX cJ>aKTOpOB Il03BOJIBJI, Be 

H3M8HIUI auepreTH'leCKHX aaTpaT ea H3JJY'feHBe 
n ua earpeo, aua111rren:i.uo ysenn11nT1> BHXO,ll,li1 JI 

co.n;epmaane B npo,n;yKTax PTH n;eneu1,1x npo,n;yx
T0B (aaMeTHM, 'ITO uarpeB nponaB0JJ;HTC.R sa C'ICT 
otxOJJ;Hm;ero Tenna peaKTopa). 

IJ peJlBa pHT8J.U,Bl>l0 opneHTHpOBO'IHLl0 pac11eTW 
ll0Ka3LIBaIOT <1K0H0MH'leCKYIO a<I>clieKTHBBOCTI, 
PTR no cpaBJieHJU0 C nnpOJIH30M B TpyoqaTlil 
ne11:ax. Rpo:Me Toro, PTK noauoJrneT B Kpatx»e 

cpOJ<Jf OKYIIHT.L aaTpaTLI na CTpoeTeJII,CTBO JJ,D;ep
Boro peaKTOpa, OCOOOHHO eCJIH HCIIOJIJ,30B8TI,. 
KpeKnpyeMue yrneBOJ\OPOJ\HI,le napLI KaK TeIIJIOHO
CHTCJIL (6oJiee BNrO)J.Hhlll no CBOl'IM TeIIJIO<f!HaH'le
CKHM cnoiicTBaM, 'Ie.M COa n ,n;pyrne raau). 

Heo6xoAnM0 yi<aaan, 'ITO PTI{ 01ma1,rnaerc11 
8K0H0MH'1ec1rn a<ji(j>e.KTHBHhlM He T0JII,K0 Ha CTaJlHll 
caMoro npo~ecca KpeK»ura, no II na cra,!\HH raso-. 
paa.n;eJieenH s cnJiy 6oJiee npocToro cocTaua ra:Ja, 
npwieM cocran raaa .r.1omuo uaMeH.RTL B onpeJ\eJieB
HNX rrpe,n;eJiax npu pa.QHOHaJILHOM nu6ope napa
Metpou npo~ecca. PeaKoe y.r.1em,meHHe no cpaB
uemuo c rrnponJiaoM came- u: cMoJioo6paaosallll! 
TaKme RBJIJleTCJJ cyiqecTBeHIIOR UOJIO}KHTCJILHOH 
oco6enHoCTLIO PTH. B -ro m:e speMH na npo~ecc 
PTR pacX0J\YeTC11 O11eu1, MaJiaff <IaCTl> MOII\ffOCTH 
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~HeprOXHMH110CKOrO peaKTopa, nopR~Ra HeCROJib
mx npon;eBTOB, 'ITO ll03BOJIHeT IICllOJIJ,30BaTb ero 
~aK ,n;JIH ~pyrux pa,n;uan;HOHHO-XHMlflleCKHX npo
J(CCCOB aa ocnone nonyqeHHoro B PTR cup1,» 
UK I{ B RaqecTBe llC'l'O'IHHKa 3J'IeKTplf<CeCKOii: ~ 
TeIIJIOBOii 3BepruH. 

IloaTOH}' npeACTaBJIHeTCH aq><peK'.l'BBHLIM C rex
lIOJIOfH'leCKOH ~TO'IKH apeHHH crpo:wr.i. ne4JTenepe
pa6aruBaIO~HH u ne1JirexnMn1IeCKBii KOMOBHaTH :a 6aae aneproxmrn1JecKoro peaRTopa, cJiy.mam;ero 

CTO'l.UllKOM: 113Jiyqenuii: lJ.JIH pa,n;«a~HOBHO-xmm-
1Jec1tH:x: upon;eccou 11 HCTO111m1toM anepreTH1JecKoro 
IIBTaB.uH HecprexuMuqec1mx npon;eccon, ocynw
CJBJIHeMUx 3TBM KOMOBHaTOM Ha OCHOBe paaJilf'I
ID,[x_ npo.n;yKTOB PTK. 
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A/389 USSR 

Radiation-thermal cracking of crude oil stocks 
and hydrocarbon gases 

by L. S. Polak 

The use of ionising radiation (r, e-, y-n) makes it 
possible to pyrolise liquid and gaseous hydrocarbons 
in the vapour phase, because irradiation Jowers the 
activation barrier to the initiation of the process, and 
the temperature (some 200 °C lower than that at 
which common cracking processes proceed) creates 
the necessary conditions for primary-radical decom
position and development of the chain reaction. 

It is shown that ordinary radiolysis of hydrocarbons 
enters the chain-reaction phase around 250 °C or, 
in the presence of a catalyst, around 150 °C. 

The aim of radiation-thermal cracking (RTC) is to 
obtain unsaturated monomeric raw materials for 
petro--chemical synthesis and polymerisation. 

RTC of various types of crude oil, fractioJ}ates and 
gaseous hydrocarbons was studied. 

The dependence of the yield of end-products and 
the raw-materials conversion depth on the dose rate, 
duration of stay in the reaction zone, temperature and 
pressure was studied in order to establish the opti
mum conditions for the process. 

It is shown that the unsaturated gas yield is equiva-

lent to about 55% of the raw materials, and that their 
content in RTC gases is around 70%; the proportion 
of liquid unsaturated compounds in the condensate 
is nearly 45 % by weight. The over-all conversion 
depth in a single pass is about 75%. The radiation
chemical yield is approximately 103-105 molecules per 
100 eV, depending upon the dose rate, temperature 
and pressure. The optimum conditions for RTC as 
regards yields and conversion depths for various types 
of raw material range from 400 to 600 °Cat 1-3 atm, 
depending on the dose rate. 

Preliminary estimations suggest that RTC is eco
nomically sounder than pyrolysis in tube f umaces. 

A/389 URSS 

Craquage radio-thermlque du petrole, 
des produits petroliers 
et des hydrocarbures gazeux 

par L. S. Polak 

L'utilisation des rayonnements ionisants (y, e-, 
r-n) permet de realiser la pyrolyse des hydrocarbures 
liquides et gazeux en phase vapeur, car le rayonnement 
enleve la barriere d'activation a l'amo~ge du proces
sus, et la temperature (inferieure d'environ 200 °C a 
Ia temperature habituelle du craquage) cree les condi-
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tions neces tires a la decomposition des radicaux pri
maires et au developpement de la reaction en chaine. 

On montre que la radiolyse ordinaire des hydro
carbures prend le caractere d 'une reaction en chaine a 
environ 250 °c ou, en presence d'un catalyseur, vers 
150 °C. . 

Le but du craquage radio-thennique (CRT) est 
d'obtenir des produits monomeres non satures pour 
la synthese petrochimique et la polymerisation. 

On a etudie le CRT de divers types de petrole brut, 
de fractions petrolieres et d'hydrocarbures gazeux. 

Pour trouver les parametres optimaux du CRT, on 
a etudie le rendement en produits et le degre de trans
formation de la matiere premiere en fonction de l'in
tensite de la dose, du temps de sejour dans la zone de 
reaction, de la temperature et de la pression. 

On montre que les rendements en gaz non satures 
representent environ 55% de la matiere brute, et que 
leur teneur dans les gaz de CRT atteint jusqu'a 
environ 70%. L¢ condensat a une teneur en liquides 
non satures allant jusqu'a environ 45% en poids. Le 
degrc total de transfonnation en un passage est 
d'environ 15 %, Le rendement radiochimique est 
d'environ JOS a J()II molecules pour 100 eV, selon 
l'intensite, la temperature et la pression. Les conditions 
optimales du CRT pour ce qui est du rendement et du 
dcgre de transformation pour differcnts types de 
matihe brute correspondent a des temperatures de 
400 a 600 °C, et a des pressions de I a 3 atm, selon 
l'intensite de la dose. 

Des calculs preliminaires montrent l'interet econo
miquc du CRT par rapport a la pyrolyse en appareils 
tubulaires, 

A/389 URSS 

Craqueo t~rmico radiatlvo del petr61eo crudo 
y de los hldrocarburos gaseosos 

por L. S. Polak 

La utilizaci6n de las radiaciones ionizantes y, e-, 
y-n) permitc rcalizar la pir6lisis de los hidrocarburos 

P/389 n.c.nonAK 
liquidos y gaseosos en su fase de vapor, puesto qt1t 
la radiaci6n suprime la barrera de activaci6n para 
la iniciaci6n del proceso, mientras que la temperatura 
(unos 200 °C inferior a la necesaria en un proceso 
ordinario de craqueo) crea condiciones propicias 
para la descomposici6n de los radicales primarios y 
el desarrollo de la reacci6n en cadena. 

Se demuestra que la radi6lisis normal de los hidro
carburos adquiere caracter de reacci6n en cadena a 
los 250 °C aprox.imadamente mientras que en pre
sencia de un catalizador ocurre a unos 150 °C. 

La finalidad del craqueo termico radiativo (CTR) 
es la obtenci6n de hidrocarburos monomeros en 
bruto no saturados para la sintesis de tos derivados 
del petr6Ieo y la polimerizaci6n. 

Se ha estudiado el CTR de diferentes fonnas de 
petr61eo crudo, de los productos de la destilacion 
fraccionada y de los hidrocarburos gaseosos. 

Para encontrar los parametros 6ptimos del CTR 
se · ha estudiado la relaci6n entre la cantidad de Ios 
derivados obtenidos y el grado de la transformacibn 
del petr6leo, por una parte, y la intensidad de la 
dosis, tiempo de exposici6n, temperatura y presi6n. 
por otra. 

Se demuestra que la proporci6n de los gases no 
saturados alcanza un 55 % del peso total de la materia 
prima, mientras que su contenido en los gases de 
CTR alcanza el 70 % aproximadamente: la propor
ci6n de los productos liquidos no saturados en los 
residuos alcanza hasta el 45% del peso. El grado 
total de la transformaci6n en un ciclo es de cerca 
del 75%. La re1aci6n entre el numero de molecul~s 
y la energia de la radiaci6n es de unas 103-105 mole
ctilas por 100 eV, segun la potencia, temperat~,Y 
presi6n. Las condiciones 6ptimas del CTR en relac~on 
con el rendimiento y el grado de transformaci6n 
para diferentes tipos de materias primas estan :<>Dl· 
prendidas entre 400 y 600 °C, I y 3 atm, segun la 
intensidad de dosis. 

Los calculos preliminares ponen de manifiesto un 
buen rendimiento del CTR en comparacion con la 
pir6lisis en hornos tubulares. 
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Algunas aplicaciones de los elementos radiactivos 
como trazadores en obras publicas 

por M. del Val*, A. Plata* y J. M. Serratosa** 

DETERMINACl6N OE LA POSIC16N 
DE MEDIDORES DE TENSl6N (« VENTILGEBER ») 

EN LOSAS DE HORMIG6N · 

. Uno de Ios metodos de medida directa de las ten
srones en cuerpos s61idos, desarrollado recientemente 
J>?r Giotzl ll J, consiste en equilibrar las tensiones ori
gmadas en. el solido mediante una presion de aceite, 
actuando ambas sobre una membrana. 

En I~ fi~ra l puede verse una fotograffa de uno de 
estos medidores de tensj6n (« VentjJgeber »), y en la 
figura 2 un esquema de su funcionamiento. La tensi6n 
en el hormig6n a actua sobre una Camara elastica 
estanca llena de aceite; esta tensi6n se transmite a una 
membrana que apoya sobre una base pulida, quedando 
entonces cerrada la valvula. Para hacer la medida se 
a~enta paulatinamente la presi6n de aceite p, que 
actua sobre el otro lado de la membrana; en el 
momento que p es mayor que u se produce una ligera 
separacion de la membrana permitiendo el retorno del 
~cite bombeado, e impidiendo el aumento de Ia pre
s16n · de aceite. Utilizando una membrana suficiente
mente flexible y un caudal reducido de aceite, se 
puede lograr un estado de equilibrio entre p y <1. 

Para las medidas de tensiones en losas de honnig6n 
de pavimentos de carreteras estos medidoies de ten
si6n van incluidos dentro d; las Josas, generalmente 
en un p]ano perpendicuJar al eje de la carretera. Sin 
embargo, durante el extendido y distribuci6n del hor
mig6n, se pueden producir desplazamientos de la 
posici6n del medidor, por lo que es necesario deter~ 
minarla ex.actamente despues de construida la losa. 
Interesa medir, por tanto, las inclinaciones respecto al 
piano perpendicular al eje principal de las tensiones 
{eje de la carretera). La posicion debe determinarse con 
una precision de ± 5°. La determinaci6n de esta 
inclinaci6n de la camara elastica se ha lfevado a caho 
por un metodo basado en la :fijaci6n a la misma de dos 
fuentes radiactivas puntuales y medida posterior de 
la actividad de estas desde la superficie. 

• Junta de Energia Nuclear. 
• • Centro de Estudios y Experimentaci6n de Obras Publicas, 
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Metodo experimental 

Para la determinacion de Ia inclinacion de 1a camara 
elastica del « Ventilgeber » se fijaron, en las aristas 
superior e inferior de la mhma, dos fuentes radiactivas 
puntuales de un emfaor de rayos gamma, localizandose 
la desviaci6n con respecto al plano vertical, por medio 
de un contador de centelleo con un colimador de una 
apertura muy estrecha. 

Las experiencias se llevaron a cabo colocando la 
placa en un caj6n con arena, simulando el hormig6n, 
y con analogas dimensiones a las de este en la carre
tera. Las fuentes empleadas fueron de rnr, que emite 
rayos gamma de 0,36 MeV de energfa. Se realizaron 
experiencias con inclinaciones de la camara con res
pecto a Ia vertical de 0, 3, 5, 10, IS, 20, 25, 30 y 35°, 
estando esta a una profundidad, dentro de la caja de 
arena, incluso mayor que la que t1ene generalmente en 
la Iosa de hormigon de 1a carretera. Las medidas se 
llevaron a cabo despla.zando al contador de centelleo 
junto con el colimador de plomo sabre la superficie 
de la caja de arena, de la forma indicada en la figura 3, 
con saltos de 5 mm. Los resultados obtenidos estan 
representados en los graficos de la figura 4, en los que 
las abscisas indican los desplazamientos relativos del 
contador de centelleo a escala natural, y las ordenadas 
la velocidad de recuento en cuentas por segundo, Ieida 
en el integrador. 

'·~, -:.: :., . :· 
_, .~ ' ,,'f-"': 

Figura 1. Fotogralla de un medidor de tensiones « Ventilgeber » 
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Figura 2. Esquema del fun,ionamlento de· un medidor de unsiones 
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Figura 3, Esquema del mc§todo de medida de la inclinacl6n del medfdor de tensiones 



''°°' uoo1 

,,ooi 

,ioo! 
,,001 

... , .. 1 

~IOO 

~ ... 
:, ' u ,oo: 

,oo: 

,.,, ... HICLIMIM:IOII 111&4 ~ 

",-.---------.-----------. • la 

.. 
... 
... 
""' 
~ 
:!IN . 
l ... .. 

i•c .. u,•.0111 4'1A&. 1• • 1•cr.•••c10M ••L r 
IMICUNACION Gl.tttlMI..,_ 

••JG' 
,1,,,.,0.,,, ••• 0 

I 
I 
I 

I 
I 
I 
I 
IVI 
~ 

1•cL1t1Ac10• 11c ... r.. •• I 111c1.H,.ct0111 e&M.,.. I 1•c1.~•ac1bM ., .... to' I 1•c1.11A(.• •1&u• I •■c1.1MCJCMt .,. so-
111cL.1tt,c10tt DITI........ IMCUII-CION DEU.•~ INC.LMll&CIGN tlftE■Mllt.t.OA ll&C.1.1-.00• ., ...... QI, &NClU&ACION Oltbe.w.o.\ 

.. I" ... ., ... ,,. 1.-.-· ... ,. 
, S I 7 ---.-- I -- 'Cl 4 I I 7 I I tO 4 I t 1 I I Kl 4 I I 1 I t 1G Ii 1 I -,-- I I 10 

DISTANCIAS Cffi 

Figura 4. P.esultados de las medidas para dlstlntas lnclinaciones de la placa del medidor de tensiones, 
Dlstancla entre las dos fuentes de 7 cm 

,, 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 I 
~ 

•• ltlCLt-.C .... IMC\,Ul&C:101111 111-.-. 1• 
INC1-•••c1D ■ NrH•••D• a•r 

••cu11•c•o• 11t •" 4• 
INCu•.c•o• oc11.a1u••o•••• ,., 

........... - ..... --,---,---,---,....i-,,----·'"""-------'-------------..L.-----------...., • • 
DIStANCIAS c"' 

Flcura S. P.esultados de las medidas para distlntas lnclinaclones de la placa del medidor de ten1lone1, 
Dlstancia entre las dos fuentes de 11 cm 

, ... 
,..,. 
.... 
,..., ... 
..... 
... !e 

"' .... .. 
z ,.. ... 
:> ,..u ... 

''° ,., 
•1i.•••t10t4 ••~ ,. I '"'"' 

UC(LIN&C.ION 01,11......art. I ,:.J 
12•>1 

4ri t I J ,----.- ta 

.,. 

... 
... 

"' HI! 
J&CI e 
,. . 
... 

11,:~~=~~,=~:,-::~::. 1•11' ... 

V) 

m 
V, 
V, 

6 z 
• j..J 

i 
;I 
0 m r-

~ r-
~ 
0 :-

w 
Cl) .... 



382 SES16N 4.2 P/497 

Si se analizan estas curvas se observa que, cuando 
la camara elastica del « Ventilgeber » se encuentra en 
un plano vertical, la curva obtenida tiene una fonna 
simetr_ica, ?resentando un max.imo cuando la rendija 
de colimac16n se encuentra preclsamente en ese mismo 
piano. A medida que se va inclinando dicha placa la 
curva se va haciendo cada vez mas asimetrica y p~ra 
una inclina7i6n mayor de 10° aparecen ya dos picos, 
correspond1entes a cad a una de las fuentes radiactivas. 
La separaci6n de estos dos picos debe coincidir per
fectamente con la de los pianos verticales donde se 
encuentran las fuentes radiactivas. Por tanto cono
ciendo dicha separaci6n y la distancia a que se ;ncuen
tran las dos fuentes radiactivas (en nuestro caso 7 cm), 
puede determinarse faciJmente el seno del angulo de 
inclinaci6n de la camara elastica del « Ventilgeber » 
~• ~n ello, dicho angulo. En las graficas adjuntas se 
rnd,can los valores de dichos angulos obtenidos expe
rimentalmente y que concuerdan con los angulos 
reales con un error generalmente inferior a I 0 • 

Puesto que la sensibilidad del metodo aumenta con 
la separaci6n entre las dos fuentes radiactivas, las 
experiencias se repitieron colocando dichas fuentes en 
los cxtremos de una pktina de 11 cm de longitud, 
soldada a la camara elastica del « Vcntilgeber ». La 
fuente radiactiva inferior se hizo entonces unas quince 
veccs mayor que la superior, para compensar la mayo·r 
absorcion en la arena y distancia de aquella. Los resuJ
tados obtenidos (figura 5) indican que, en estas condi
ciones, es posible determinar con bastante exactitud 
inclinaciones de la camara elastica desde 3° en ade
lante y que, inctuso, una inclinaci6n de 1° puede ya 
adivinarse observando la asimetria de ta curva obte
nida. 

Para que los errores cometidos en la determinaci6n 
de la inclinaci6n de la camara elastica del « Ventil
geber >> sean pequefios, deben cuidarse las condiciones 
experimentales de medida, especialmente en lo que se 
refiere a los siguientes puntos: 

i) La superficie sabre la cual se desplaza el contador 
de centelleo colimado debe ser horizontal, lo cual 
puede controlarse por medio de un nivel; 

ii) La direcci6n del desplazamiento del contador de 
centelleo debe ser perpendicular al eje longitudinal del 
<< Ventilgeber ». Para ello es necesario conocer la posi
cion de dicho eje; esto puede solucionarse sin la menor 
dificultad fijando al« Ventilgeber » una tercera fuente 
radiactiva en el extrema del mismo opuesto a la placa 
y localizando la posici6n de esta inclinaci6n del eje 
longitudinal del « Ventilgeber » respecto al eje de 
tensiones. Tambien interesa conocerla para la correc
ci6n de los valores observados; 

iii) Las fuentes radiactivas deben ser lo mas pun
tuales posible; 

iv) La rendija del colimador debe ser estrecha y en 
fonna de curia, Esto ultimo para aumentar la sen
sibilidad de la medida. 

M. DEL VAL et al. 

Figura 6. Coiimador y dispositivo de desplaumiento utiliudo 
pan. las medidas en la urretera 

Basandose en la experiencia adquirida a traves de 
estas experiencias de laboratorio se ha construido el 
equipo necesario para llevar a cabo las medidas en 
carretera en buenas condiciones experimentales. Este 
equipo (figura 6) consiste en un colimador de plomo, 
con rendija de colimacion en forma de cuiia, al cual
se ajusta el contador de ccnteUeo, y un soporte meta• 
lico para efectuar el desplazamiento de este sobre la 
carretera con saltos de S en S mm. Este soport~ se 
apoya sobre cuatro puntos de altura regulable por 
medio de unos tornillos, lo que permite la nivelac:ion 
del mismo. Las experiencias reatizadas en la carretera 
con estos dispositivos ban dado resultado~ satisfac• 
torios. 

LOCALIZACl6N DE PLACAS DE REFERENClA 
PARA LA MEDIDA DEL AS!ENTO SITUADAS 

DEBAJO DEL FIRME DE LA CAR.R.ETERA 

La medida del asiento quc se produce en el tiempo 
por la accion del trafico en el finne de una carretera 
se realiza mediante unos dispositivos (fi.gura 7) que 
permiten obtener una medida difercncial entre una 
placa metalica de refcrencia anclada sobre la expla
nada, inmediatamente debajo de la estructura de la 
carretera y otra placa situada en Ia superlicie. 

La placa de referenda· ha de situarse y anclarse 
convenientemente antes de extender y construir las 
distintas capas de! firme. Una vez verificada est~ 
extensi6n, el fume tiene que ser perforado en la pos1-
cion donde se encuentra la placa para realizar en esta 
un taladro roscado, que sirve para la fijaci6n del 
vastago, tal coma se observa en la figura 7. Es, por 
tanto, necesario conocer exactamente la posicion de 
la placa de hierro. Pero, con frecuencia, la placa se 
desplaza de la posici6n en que se habia colocad~, al 
llevar a cabo la extensi6n del material que consutuye 
el firme, siendo entonces muy dificil y laboriosa su 
localizaci6n. 
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Figura 7. Esquema del dispositivo Utilizad~ para la medida 
del asiento de firmes de carreteras 

La localizaci6n de estas placas se ha llevado a cabo 
en la carretera fijando al centro de las mismas una 
fue?te radiactiva puntual de unos 100 o 200, micro
cunos de 1311. La fuente se ha preparado depositando 
sobr<: el centro de la placa el material radiactivo en 
~1UCJ6n liquida, y, despues de evaporacion a sequedad, 
e~te se ha recubierto con una capa de adhesivo « Aral
di!e ». La posici6n de la placa marcada se ha deter
mmado, despues de construido el firme, utilizando un 
contador de centelleo, un colimador con orificio de 
colimaci6~ en forma de rendija y un soporte para 
d~pJazarmento de ambos, empleados para determinar · 
la mclinaci6n de los « Ventilgeber » (figura 6). 

La _posici6n exacta del centro de Ia placa se ha 
~htemdo de la siguiente forma: se comienza por loca
lizar __ grosso modo la posici6n de la placa. Con Ia 
rend1Ja longitudinal del colimador en posici6n normal 
re~pecto al sentido del desplazamiento, se da una 
pnmera pasada detenninando la posici6n de maxima 
velocidad de recuento. En este punto se traza una 
recta segun el sentido de la rendija del colimador. 
Sohre esta recta y con la rendija de nuevo en posici6n 
normal al desplazamiento, se da una segunda pasada 
Y en el punto de maxima velocidad de recuento se 
vuelve a trazar otra recta, segun Ia direcci6n de la 
rendija. La intersecci6n de ambas nos da el punto de 
la carretera bajo el que se encuentra el elemento radiac
tivo y, por tanto, el centro de la placa. 

CONTROL DE LA DOSJFICACJ6N DEL LIGANTE 
EN RIEGOS ASFALTICOS CON TRAZADORES 
RADIACTIVOS. ENSAYOS DE LABORATORIO 

Los tratamientos superficiales constituyen las capas 
de rodadura bitummosa mas sencillas que se pueden 
aplicar a la superficie de las carreteras. Como ya es 
sabido, los riegos consisten en la aplicaci6n de una 
capa de ligante bitwninoso y su recubrimiento por una 
capa de gravilla, que queda retenida por el ligante des
pues de haberla apisonado. Para que el riego se com
porte adecuadamente es por tanto necesario que, 
supuesta una buena eleccion de cantidad de Iigante y 
cantidad y tamaiio de la gravilla, la distribuci6n de 

ambos sobre la superficie de la carretera · sea lo mas 
uniforme posible. 

Para ejecutar el riego en las mejores condiciones 
tecnicas, se dispone de Ios camiones regadores y de Jos 
distribuidores mecanicos de gra villa. Es evidente que, 
aunque hay que cuidar ambas distribuciones, la del 
ligante tiene mayor importancia porno ser posible su 
correccion una vez ejecutado su riego. -

Los camiones regadores o distribuidores se com
ponen esendalmcntc de un tanque o dsterna de alma
cenamiento y calefaccion, un sistema de alimentaci6n 
de la barra donde van montados los difusores y del 
propio conjunto de barra y dif usores. 

En la u.niformidad del riego hay que distinguir entre 
la distribuci6n transversal y 1a longitudinal. La falta 
de uniformidad transversal se debe, aparte de un rnal 
disefio de la barra, a un defecto de funcionamiento de 
la misma o de los difusores. La falta de uniformidad 
longitudinal tiene su origen en no mantener la velo
cidad del camion constante pordescuido del conductor 
o mal funcionamiento del mecanismo de control de 
la misma. 

El control de la ejecucion de un buen riego debe 
comenzar por la inspecci6n del camion regador para 
comprobar primeramente que el sistema de aliznenta
ci6n, bomba o comprensor, funciona correctamente y 
que los man6metros y los cuenta-revoluciones marcan 
correctamente. A continuaci6n, es preciso comprobar 
la barra y los difusores. Todos y cada uno de ellos 
deben dar el mismo caudal lo que se vcrifica reco
giendo, en recipientes previamente tarados, las can
tidades vertidas por cada uno de ellos en un tiempo 
detenninado, trabajando todos ellos simultaneamente •. 
es decir, e·n las mismas condiciones en que se va a 
efectuar el riego. 

Verificado el cami6n regador, es el momento de 
comenzar con el verdadero control del riego. Los 
metodos utilizados hasta ahora para estudiar la uni
formidad de distribuci6n transversal y longitudinal se 
basan en la toma de rnuestras del ligante, durante el 
extendido del mismo, por medio de bandejas o tiras 
de papel, determmandose por simple pesada la can
tidad de ligante recogido. Estos rnetodos son bastante 
complicados y no siempre pueden Uevarse a cabo en 
condiciones experimenta:les adecuadas. Por este motivo, 
hemos tratado de poner a punto un metodo, basado en 
el empleo de ligante marcado con un nuclido radiac
tivo, emisor de rayos gamma, que permita estudiar la 
distribuci6n de este in situ, de forma no destructiva y 
sin los inconvenientes de los metodos convencionales. 

Metodo experimental 
Descrlpcion 

La dosfficacion del Jigante en riegos asfalticos se ha 
estudiado en el laboratorio, utilizando ligante al cual 
sc ha aiiadido aceite de oliva marcado con fl!Br. El 
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aceite de oliva es soluble en el ligante, siendo facil 
obtener una buena uniformidad de mezclado de ambos 
por simple agitaci6n. Para Uevar a cabo dicbo estudio. 
se han simulado las condiciones de la carretera prepa
rando probetas de la capa de macadam en recipientes 
metalicos circulares de 50 cm de diametro y de 20 cm 
de profundidad (figura 8). 

Sohre el macadam se ban extendido capas de ligante 
radiactivo y gravilla, con dosificaciones variables. Las 
medidas de radiactividad se han efectuado con un 
contador de centelleo con cristal de INa(Tl), conectado 
a un integrador. Con objeto de pod er ref erir las 
medidas de radiactividad a una zona bien delimitada 
de la capa radiactiva, el contador de centelleo se ha 
provisto de un colimador de plomo. con el objeto de 
impcdir que las radiaciones emitidas desde las zonas 
circundantes a la misma puedan inftuir en las medidas. 
Se emplearon dos tipos· de colimadores construidos 
con ladrillos de plomo. En estos colimadores, que 
llamarcmos A y B, las alturas de la proteccion de 
plomo cran de 12.5 y S cm, respectivamente. La super
fide en ambos casos era un cuadrado de 5 x 5 cm. 
En estas condiciones. se ha detenninado la velocidad 
de recucnto rcgistrada por cl contador de centelleo en 
f uncion de las dosificaciones de ligante radiactivo y 
gravilla, manteniendo fijo el contador de centelleo con 
su colimador y haciendo desplazar por debajo del 
mismo la probcta con la capa de ligante radiactivo 
para tomar medidas en diferentes puntos de csta. 

Las experiencias de laboratorio se han encaminado, 
principalmente. a estudiar las posibles causas de error 
que pueden afectar a las mcdidas y a encontrar, de 
acuerdo con estas, Jas oondiciones experimentales 
6ptitnas para Uevar a cabo las medidas en la carretera. 
Se ban estudiado las siguientes causas de error: 

a) lnftuencia de la cantidad de gravilla. La gravilta 
puede af ectar la medida por absorcion de las radia
ciones; 

b) lnftuencia del espesor de Ia capa de ligante y 
gravilla._Puesto que la medida tiene que efcctuarse en 
la carretera con· el colimador de plomo descansando 
sobre la superficie de la misma. una variaci6n en el 
espesor de la capa dara lugar a una moditicaci6n en la 
velocidad de recuento registrada por el contador, tanto 
mayor cuanto menor sea la distancia de este alla 
capa; 

c) Falta de homogeneidad en el marcado del ligante 
asfaltico; 

d) Contribucion al recuento de las radiaciones emi
tidas por las zonas circundantes al colimador de 
plomo en funci6n del espesor de este. 

Estudio de la lnfluencia de la gravilla en la medida 

Para estudiar la intluencia de la cantidad de gravilla 
anadida en la medida de la radiactividad de la capa 

H. DEL VAL et al. 

de ligante, depositada sobre la base de macadam, se 
han preparado muestras de dicba capa sobre las pro
betas circulares, en unas condiciones siroilares a como 
se efecttia en la carretera, es dedr, con dos riegos de 
betun y dos adiciones de gravilla. Los riegos de betun. 
se ban realizado con betun fluidificado RC3, fluidifi
cado a su vez con petr61eo, al cual se habia afiadido 
previamente aceite de oliva radiactivo, para dar una 
actividad especifica inicial de unos 250 µcfkg. La 
homogeneidad de la mezcla se ha conseguido des
pues de unos minutos de agitaci6n, comprobando$C 
mediante la medida de la actividad de pequeiias 
muestras tomadas en diferentes partes del recipiente 
donde se realiz6 el mezclado. La extensi6n del ligantc 
se ha llevado a cabo utilizando una pistola pulveriza
dora. La cantidad total de betun radiactivo aiiadido 
en cada probeta se ha determinado, de una forma 
aproximada, por dif erencia de pesadas de la pistola 
antes y despues de efectuar dicha adici6n y ha oscilado 
entre 500 y 2000 g/m2• 

Con cada probeta se han realizado cuatro medidas 
de radiactividad: 1) despues del primer riego de betun 
radiactivo; 2) despues de la adici6n de la primera capa 
de graviUa; 3) despucs del segundo riego de beuin; 
4) despues de adicionar la segunda capa de graviUa. 
En todos los casos, la gravilla se ha compactado fuerte
mente, tal como se hace en la carretera. Los resultados 
obtenidos a traves de estas medidas estan reflejados 
en la tabla 1, donde se indican las vetocidades medias 
de recuento, en cuentas/segundo, registradas en cada 
caso por el contador de centelleo. Dichas veloddad:s 
de recuento, representan el valor medio de u?a serte 
de lecturas efectuadas a lo largo de dos diametros 
perpendiculares de cada probeta coo la geomc:ria 
indicada en la figura 8. Todas estas medidas ban sido 
corregidas en cuanto a tiempo, de acuerdo con la 
curva de desintegraci6n del B2Br, la cual se ha dct~r
minado parale\amente con una muest~a de ~tun 
radiactivo. En la tabla se observa que la mftuent1a de 
la adici6n de gravilla en la velocidad de recuento 
obtenida es practicamente despreciable. 

Figura 8. Esquema de la disposici6n e,cperime~tal utilizada 
en mas medidu de la dosifia.c:l6n del hgante 
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de la capa radiactlva 

P/497 

Cuando el espesor de la capa compuesta por el 
betun radiactivo y la gravilla varfa debido a una 
desigual distribuci6n de la gravilla o ~ una cornpacta
cion no uniforme, resulta evidente que las velocidades 
de recuento registradas, para una misma dosificaci6n 
del ligante cuando el colimador de plomo descansa 
sobre la superficie de la carretera, se modificaran en 
una magnitud tanto mayor cuanto menor sea la dis
tancia del contador de centelleo a la superficie de la 
capa. Con capas mas gruesas, el recucnto registrado 
distninuye debido, en primer lugar, a aumentar 
entonces la distanda entre el punto rnedio de la capa 
Y el contador de centelleo ( variaci6n segun la invcrsa 
dcl cuadrado de Ia distancia) y, en scgundo lugar, por 
aumentar la autoabsorcion de las radiaciones emitidas 
por el 82Br. No obstante, esta segunda causa puede 
considerarse casi despreciable frente a la primera, 
dada la elevada energfa de las radiaciones emitidas 
por el 82Br. 

Para estudiar la magnitud del error que puede come
terse como consecuencia de la variaci6n del espcsor de 
la capa radiactiva, se ha hccho una serie de mcdidas 
en las cuales se ban puesto bajo el contador de cen
telleo, a diferentes distancias, muestras de betun 
radiactivo de la misma actividad y de unos espesores 
variables, entre los limites maximos previsibles de 
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Figura 9. Variacion de la velocidad de recuento en funci6n de 
la distancia entre el contador de centelleo 7 la superlicie de la capa 
radioactiva para dos valores des espesor de e$ta. Linea de truos: 

2 cm; linea continua: 4 cm 

variaci6n del espesor de la capa en la carretera. Los 
rcsultados obtenidos a traves de estas medidas estan 
reflejados en la grafica de la figura 9, donde se ha 
representado Ia velocidad de recuento en funci6n de 

Tabla 1. Valores medios de los recuentos efectuados con cada una de las probetas tras 
la sucesiva adici6n de capas de betun radiactlvo y gravilla 

Probeta Cueotas/segundo 

N.• 
Ricgo 

Ligante Variaci6n 
Dosificaci6n Colimador Ugan1es6to mugravilla (Y.> Orden (leg/cm') 

1. ).0. Ligante. 1,14 A 316 328 3,7 (+) 
GraviJla 25 B 1866 I 858 0,4 (-) 

2.0 Ligante. 1,22 A 732 
Gravilla 12 B. 40(,(J 

2. 1.0 Ligante. 2,33 A 452 488 7,7 (+) 
Gravilla 20 B 2647 2731 3,2 {+) 

2.0 Ligante. 1,16 A 794 160 4,4 {-) 
Gravilla 12 B 4626 4 751 2,7 (+) 

3. 1.0 Ligante. 1,97 A 426 454 6,4 (+) 
GraviUa 20 B 2291 2 521 9,6 (+) 

2.0 Ligante. 0,91 A 727 714 1,8 (-) 

GraviUa 12 B 4159 410S 1,3 (-) ...... 
4. 1.0 Ligante. 2,32 A 498 sos 1,4 (+) 

Gravilla 20 B 2689 2846 s.1 <+> 
2.0 Ligante. 0,85 A 758 719 S,3 (-J 

Gravilla 12 B 4179 4 ()C)8 2,0 (-) 

5. 1.0 Ligante. 1,30 A 474 SOI s,s (+) 

Gravilla 20 B 2628 2696 2,6 (+) 

2.0 Ligante. 0,70 A 737 737 0,0 (-) 
Gravilla 12 B 4213 4300 2,0 (+) 
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la distancia entre el contador de centelleo y la super• 
ficie de la capa radiactiva. para un cambio del espesor 
de este de 2 a 4 centimetros. Se observa c6mo el error 
disminuye a medida que se hace mayor la distancia. 
No obstante, esta es la causa de error mas importante 
a que esta sujeto cl metodo, pero puede subsanarse, en 
una buena extensi6n, si los valores de las dosificaciones 
de betun se hacen referir a una superficie grande de 
capa {por ejemplo, 1 m9 o mas), tomando medidas en 
una gran cantidad de puntos y determinando el valor 
medio de estas medidas, tal como se indicara. mas 
adelante al hablar del metodo propuesto para las 
medidas en carretera. 

Medldas efectuadas con cantidades variables 
de betun radlactlvo 

Debido a la imposibilidad de poder conocer, de 
una forma exacta, la cantidad de betun radiactivo 
aiiadido a las probetas cuando dicha adicion es reali~ 
zada con ta pistola pulverizadora, el estudio de la 
variaci6n de la velocidad de recuento rcgistrada por el 
contador en funcion de dicba cantidad de betun se ha 
llevado a cabo colocando sobre las probetas de maca• 
dam una bandeja rnetalica, en la que se ban hecho 
adiciones sucesivas de pequciias cantidades de betun. 
Despues de cada adici6n se ha medido la radiactividad 
de la capa en trece puntos de la misma, distribuidos 
uniformernente. Los resultados obtenidos estan indi
cados en la figura 10, donde se representa el valor 
medio de las trece medidas efectuadas despues de c~da 
adici6n de betun en funci6n de la cantidad total de 
betun de la capa en g/m2. Dichos resultados indican 
claramente la existencia de una proporcionalidad entre 
la velocidad de recuento y la cantidad de betun, como 
era de esperar. 

Por ultimo, con la bandeja Ucna de betun, en una 
caotidad equivalente a 4 000 g/m2 se ha adicionado 
una cierta cantidad de gravilla, correspondiente a una 
dosificaci6n de 20 kg/m2 y se ha repetido el recuento, 

1000 3 000 
Dosi/; .... ;.., ,,.,2 

000 

Figura 10. Curva de callbrlJCi6n que representa la velocidad 
media de recuento en funci6n de la dosificacion del ligante. 
Obs~rvese la pequeiia lnfluencia que tiene la adici6n de la gravilla 
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Figura 11. Fotograffa del colimador para la medidi 
de la do.sificacl6n de ligante en carretera 

en los trece puntos citados. El resultado indic6 que el 
recuento medio obtenido despues de la adicion de 
gravilla fue s6lo de 1,43 % menor que sin dicha gra
villa. Esta variaci6n de recuento. como era de esperar 
despues de las medidas descritas mas arriba, es tan 
pequeii.a que se encuentra dentro de las desviaciones 
estadistkas propias de estas medidas. 

Metodo propuesto para las medidas de dosificacion 
en la carretera 

Dado el gran volumen de ligante que se maneja 
corrientemente en los riegos asfalticos, las detennina
ciones en la carretera deben efectuarse en condiciones 
que permitan un marcado del ligante con la minima 
cantidad de trazador radiactivo. Por este motivo, las 
medidas de radiactividad deben realizatse con una 
eficacia de recuento lo mas elevada posible, para que 
los errores cometidos por la estadistica de recueoto 
sean pequeiios, Esto se consigue si se cumplen las 
.siguientes condiciones: 

a) El cristal de centelleo de INa activado con Tl 
que se utilice debe ser de gran tamaiio; 

b) El colimador de plomo debe poseer un~ ~ 
apertura a fin de que la superficie de capa rad1acuva 
vista por el contador de centelleo sea grande; 

c) La distancia del contador de centelleo a la 
superficie radiactiva debe ser lo mas pequeiia posible. 
Por otro !ado, segun se ha demostrado mas arriba, 
la infiuencia de las diferencias de espesor de la capa 
radiactiva es menor cuanto mayor es la distancia 
anterior. El compromiso se resuelve empleando en la 
practica distancias entre 4 y 8 centimetros. 

Teniendo en cuenta estas consideraciones, se ht 
construido un colimador de plomo (figura l I) de 
caracteristicas adecuadas para su utilizaci6n en la. 
carretera. Este colimador tiene interionnente forroa 
de tronco de cono y la superficie de capa radiactiva 
que abarca, colocado sobre la carretera, es de 314 CJD'. 
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Utilizando este colimador y un cristal de centdleo de 
2 x 2 pulgadas, las medidas de dosi.ficacion de 1igan
tes asfalticos pueden Uevarse a cabo con una actividad 
especifica de ligante inferior a 0,2 µc/kg. El calibrado 
del contador de centelleo se Heva a cabo simulando la 
capa asfaltica por medio de una caja metalica de fonna 

circular que se deposita sobre el macadam, una vez 
llena del ligante marcado. 
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A/497 Spain 

Some applications of radioactive tracers 
in civil engineering 

By H. del Val et al. 

As part of a programme of co11aboration between 
tbe Junta de Energia Nuclear and the Centro de 
Estudios y Experimentacion de Obras Publicas, Spain, 
to solve certain problems relating to the study and 
control of road surfacing, some tracer experiments 
have been carried out as follows. 

Location of buried strain-gauges (" Ventilgeber ") 

Using two small iodine-131 sources, securely fixed 
to the .. Ventilgeber" elastic chamber, it is possible to 
determine its inclination to the main tension axis 
(road axis). while inserted in concrete slabs in the 
road. The inclination has a great influence upon the 
strain measurements in concrete, so that its deterrruna
tion is of a great imporiance. Although the inclination 
of these devices is originally known, this can change 
while the concrete is being spread and distributed over 
the road surface. 

Location of hidden metallic parts used to determine 
the settling of the road surface 

In order to measure road settling, it is necessary to 
locate the centre of small rectangular metallic plates, 
which are placed under it prior to road surfacing. 
After the surface has been laid, a small rod, an essen
tial part of the measuring 'device, must be screwed 
into each plate. 

The location of the centre of the plate can be deter
mined by applying a small radioactive source to it 
beforehand. A scintillation counter appropriately col
limated is then used to find the centre. 

Control of the rate of asphalt 
spraying for road surfacing 

Several laboratory tests have been carried out to 
study the distribution of bituminous binders in the 
top surface layer. Unifonnity in binder spraying is of 
great importance, since the ratio binder/gravel bas a 
decisive influence upon the layer's performance. 

A method has been developed that enables the 
determination of the above-mentioned uniformity to 
be made while the road is being sprayed. Binder 
labelled with. (82Br) bromiilated olive oil is used to 
determine the amount of binder per unit surf ace on 
the road by measuring its radioactivity with a scintilla
tion detector which is appropriately collimated. 

A/497 Espagne 

Que(ques applications des radioisotopes 
comme indicateurs dans les travaux publics 

p~r M. del Val et oJ. 

Dans le cadre d'un programJne entrepris en co11abo
ration par la Commission de J'energie atomique et le 
Centre d'etudes et d'experimentation des travawt 
publics du Ministere des travaux publics, des expe-
riences ont ete faites avec des radioindicateurs pour 
resoudre certains problemes ayant trait a l 'etude et au 
controle des revetements de routes. Ces experiences 
ont ete les suivantes: 

Determination de la position des appareils de mesure 
des tensions 

A, )'aide de deux sources radioactives a l'iode 131 
fixees a des emplacements determines de la chambre 
elastique des appareils de mesure, on peut determiner 
l'inclinaison de ces appareils par rapport A un plan 
perpendiculaire a l'axe principal des ~~nsio_ns (axe de 
Ja route), lorsqu'ils se trouvent a l mteneur_ de la 
couche de beton recouvrant la route. La conna1ssance 
exacte de cette inclinaison est tres importante parce 
qu 'elle a une influence sur la mes?re de la tensi?n du 
beton. En effet, la position primitive des appare1ls de 
mesure est parfaitement connue, mais elle peut etre 
modifiee au cours du coulage et de la mise en place 
du beton. 

Localisation des pieces cachees servant 
a controler l'affaissement du revetement des routes 

.n faut localiser le centre des plaques metalliques 
rectangulaires placees a la base du revetement d 'une 
route en vue de mesurer l'affaissement eventuel de ce 
revetement si l'on veut pouvoir fixer a ces plaques 
une piece qui fait partie du dispositif de mesure de 
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l'assiette. On a pule faire exactement en placant Ace 
centre une petite source radioactive et en determinant 
sa position, depuis la surface de la route, a l'aide d'un 
compteur a scintiUation et d 'un collimateur appropries. 

Controle de l'epandage d'asphalte sur les routes 

On a procede a divers essais en laboratoire pour 
etudier la distribution du Hant bitumeux dans la 
couche de roulement en asphalte depose a la surface 
des routes. L'unifonnite de l'epandage du liant a une 
grande importance, etant donne que les proportions 
relatives du liant et des gravillons ont une influence 
decisive sur le comportement de Ia couche de roule
ment. Les experiences de laboratoire ont pennis de 
mcttre au point une methode pour verifier cette unifor
mite sur la route: on ajoute et on melange au liant, 
pour le marqueur, une quantite determinee d'huile 
d'olive au brome 82. 

On calcule la quantite de Hant deposec sur la route 
par unite de surface en mesurant sa radioactivite avec 
un compteur a scintillation pourvu d'un collimateur 
special. 

A/497 HcnaHHR 

HeKOTOpble npHM8H8HHR M846HblX aTO
MOB B rpa>KAaHCKOM CTpOHT811bCTBe 

M. Aenb Banb et al. 

B 1<necTne 11acru oo~eii nporpaMMw paooT Ro
>rnccHH uo aToMHoii aaepma Mcnamm a IJ;eHrpa 
:lKC118pHMeHTaJILHLIX HCCJl8JJ.OBaRRH AJIH o6~ecT

B8HHL1X paOOT C U,8Jll,IO pelll8HHSI Bel<OTOpLtX BO

npOOOB, RaCalO~HX~JI H3Y'l8HHJI H K0HTp0JUI aa co
CTOHHHeM noBepXHOCTll l);Opor, 6bl,11H npone)l,elll>l 

~KtnepHMPHTY C DCDOJlh3OBaHH8M M8"lCHhIX 3TO

MOB. 

3KcnepHMeHT c sapblTb/MH 
TeH30AaT4HKaMH 

llcnonL3YR .nna ue6on1:>UIHX ucro11HHl(a JI31 , Ha

;,.e>KHo npnKpemteHHhIX K 3JI8CTH'IHOH KaMepe 

TeH30ll,aT'IHKa, 1,{Qa{HO onpeJJ;eJUI.Tb ee OTKJIOHeHIIC 

HOCJle Toro, KaK oHa ycTaHoBJieHa B 6eTOHHUX: 

mmrax 1\0pon,, C yqeTOM OCHOBBOH OCH nanpff-
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:meHHR ( ocu ]lo porn). Onpe,u;eneaue OTfil.IOHeH.1u1 

Heo6xOJl,HMO ;J;JUI H3MepeHH.II HaIJp.fUKeHHR 6ero

Ha, D Cl3113ll C '18M HCIIOJih30B3HHMII Mero.a; HMeer 

oon1,moe aHa'leHHe. XoTJI nepn0Ha11am,uoe orK.10-
HeHHe H3B8CTHO, OHO J,f0)1{8T H3J.t:eH.flThCJI B upo
u.ecce CTpOUTeJihCTBa, KOr~a 6eTOH paaHOCHTl'H n 
1rncnpell,eJIHeTCH no nosepxH<iCTK ~opont. 

St<cnepHMeHT no onpep,eneHHIO 
nono>KeHHR CKpblTblX MerannH'l8CKHX LfaCTeH, 

Hcnonb3yeMblX AnR H3MepeHHH ocaAKK 
AOPO>+<Horo noKpblTHH 

,1lJUJ Toro 'ITOOLI HaMepHTb oca,nKy ~opor, }{('
o6xo.nnMo oupe,u.ennTb noJiomeHHe rr;eHTpa 11e60.1b

JUHX np.aMoyroJILHJ,IX M0T8JIJIH'I0CIOIX mraCTHJI, 

1wropLie noMe~a10rcR non noaepxHoCTb aoporu 
;l.O ee HRCTHJla. Ilocne HaCTHJia nouepxitOCTH B 
UHX Heo6XO)l.HMO BBHHTH'tb Heoom,mRe CTep1RHII, 

HBJIBIOU\HeCH B3)f(HOH 'laCTblO H3MepnTeJlbHOfO 

npnuopa. 
MeCTOH8XO.)f()l;0HHe 1\0HTpa llJ18CTHHbl MO')Ke'T 

onpe,neJI.RTLCJI C IlOMO~bIO npHI<penJieHHOfO K ueii 
ue60J11,moro pa.nuoal\THBHoro HCTO'IHHKa. Iloc.1e 
aroro ll,JIR orrpe.neJieHH.11 11,eHTpa mracTBII J1cnom,
ayerc11 C~HHTDJIJl.flll,lfOHhlH C'l0T'IHI,, KOJl~BMHP0-

B3HHLIH COOTB8TCTBYIOll1,_IIM o6paaoM. 

SKcnepHMeHT no KOHTpomo CKOPOCTH 
pacnpocTpaHeHHR ac¢anbTa no 

nosepxHOCTH p.oporH 

BMJIH upoBeil,em,1 Jia6opa-ropm,re HCnMraHJUI 

MeTo)l,a ROHTpOJUI pacnpocTpallelllfR 6BTYMHblX 
CBR3LlBaIO~UX KOMllJieJ,COB B BepxHeK 11aCTlf JlO

BepXHOCTH0ro CJIOH. PaBHOMepH0CTh pacnpocrpa
Ht!:HlUI CB83bIBa10m;ero KQ?,mneKCa ffBJIReTCII BeGb
Ma BaiRHbIM q>aRTOpoM, TIOC}(OJlb~Y coo•rnomeHKe 

Mell()l,Y CB.R3LlB310lll,JIM ROMTIJie}(COM lI rpa1rnet.< 
01<aa1,rnaeT pema10m.ee BJIHRHHe aa conepmeHct-
no CJIO.R. 

BhlJI paapa6oraH Mero~, JioaBomuo~ni'l onpe;i.e-
;un1> yKaaa1rny10 pasu0Mepnocr1> B rrpo11,ec~.e JJa
aeceamJ accf>aJJLTa Ha ,n:opory. Cn.11aLina10ll(HH RoM
mieKc, MeqeHHEdH 6poMHCThlM onHBJ(OBblM MaCJIOM 

(Br82), JICDOJl1,3OBaJJCR ll_JUI onpe,ll.eJJeHHH KOJJH'le

CTB3 CBII3bl83IOlll,ero ROMilJJe}(Ca ea ell_HHHI:(Y JlO

BepXH0CTH 11,oporK nyreM H3Mepemrn ero pa;:tuo
aKTKBHOCTK C IlOMOlll,hlO CIJ;HHTHJIJl.flll,UOHHOfO :(e

TeKTopa, I'i0JJ11RMHpoBaHH0I'O COOTBeTCTBYJOll(DY 

o6paao:M. 
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HOBble M30TOnbJ M CMCTeMCTMKa HyKnMAOB 

M. n. CeAMHOB 

nEPCnEKTHBA OTKPblTJ.-1fl 
HOBblX H30TOnos 

H CHCTEMATHKA HYKJH1,AOB 

Ilpu paCCMOTpeHnn sonpoca O HOilhIX npHMeHO
BHJIX lf30TODOB npe~cTaH.TI,<JeTCJI )'MeCTHhlM o6cy
l!;llTI, lI B03MOiKHOCTJ, IIO:Cy<!0HHH HOBhlX H30TOll0B, 
·rat. KaK He:KoTOpLie na nnx MoryT ORaaa ncH uo
Jle3HHM« rrpn pememnr paaJHNHblX aayrrn&1x rr 
npaKTll'IecKnx aa~a11. ~Jrn ycnemaocTn nouc1mB 
HOBI,IX Hy-RJil!J);OB BeCbl\ta cym;eCTBeIIHO Bepuoe 

npeJJ;cKaaanne BpeMeHII ;1>11aun n nma pacnaAa, 
noaBoJis10m.H.e Bb16paTI, HanJiy-qmy10 Mero,1vrny 
ncc.Jie;wnaHns. O~na1w n CBHaH c e~e ae,n;ocra

TO'IHlilln CBeil,eum1:r.i:n o JJ;eraJIJIX crpy1<rypr,1 arm,1-
III,lx HAOP reopnJI n 1~pa Be 11rnilrer Ha,11;earno npe)J,
cKaaan, BpeMH a-naHn 11rnornx 1rerr3aecnn.rx 
ByKJJll)\oB, oco6eHHO B ooJJacrn ,i\a.w1mx Tpancypa
llOBLIX :meMeHTOB, r]\e TPYil:HO npe.n.cKaaan, HO 
l'OJILKO nepn:o,i;u nonypacna11,a, Ho H naMernn, 
06JiacTI, ~-yCTOll'IIIBOCTII 1[30TOIIOB. 

IIo:noMy H lWRJia'Ae paccMarp:irnaerca TaIOKO 

aonpoc o np-aHn,nnax nocrpoemrn n aa1rnn0Mepno
ersx pan,RoliaJILHOii CHCTeMaTl'U{ll nyI<JIH)l;OB, Ha 

ocuone Horopoii Momno 11pe,!l'c1taaaTI. ~-ycrofr11n
lllile H30TOIILl rpancaKTHHIIJJ;OB U Bpe?.rn iRil3HII 

neKOTOpLix em.e He 0TKpHTblX lf30TOUOB ynw H3-
13eCTHiiO( 3JieM:CHT06. 

B nacron:~ee BpeMn: Ha Rapre naoronoB Mnoro 
OOJILIX IlRTeH, n B 6JIH3IWM 6yAyIIJeM, HeCOMH0HHO, 

!,fO)f{HO O)J{l!,r(aTL OTRphlTlU{ 60JJ1,moro 'IHCJia HO

BLlX lf30TOil0B y ll3BeCTHl,IX 11 HeII3BCCTHLIX :me
M8HTOB. Moarno OTMCl'IlTJ,, 11TO yme OTRpbln.r 

noqm Bee ~-paAHOaKTHBHhle H30TOIIhI, oRaii:r.wmo
m;ue 06Jiacn. CTa6Jf.llI,HLIX JIYI{JIHAOB, H noaroMy 
D 6y.l{~eM IIelIT:,3H omnµaTb ofhrnpymemrn noBLIX 
CTa6I1JlI,Hl:,JX H30T0UOB. Bee CTa6HJibHhie U30TOilhl 

yme OTKpLITLI. Y H3BCCTHhlX pa;i;noanTUBilhIX 
a.:xeuearon ra«me orI<phlTLI noqrn ace ~-ycroii-
11nn1,1e a-pap;11oauT»BHhle a:y:mm;rv,r. ~-Pa.u,uoaKTHB
aux llyKJIHJ),OB yme Il0Jly<I0HO OOJl1UI0 TLICJ!lnt, 
RO B 6y;i;ym;eM, H0COMHenao, 6y.n,eT OTKphITO eIIJe 
};(Horo 3TIIX lI30TOilOB. Offa:acTL ~-pa.n,uoaKTUBHbJX 
BYKJIII,l:(OB orpaBH'IHBaeTCH co CTOpOHhl ~--pa,a;no
aKTlfBllbIX: ll80TO!IOB MrHOBOHHO pacnap;aIOII)IUfHCJI 
neiiTponoycroii:qnBLIMII JI):(paMn:, a co cropom.r 
~+- IJ e-pal(HoaKTHBH.blX 1130TOUOB - H,I{p3MH, 06-
Jia.n;arom;ru,m upoTOHHOH II .U,ByxnpoTOHHOll pap;uo
aRTHBllOCTLIO, Tpy.u,no npoBeCTR TO'II1y10 rpaaurty 
offaacTJi: ~-a-paP,11oaKTHBHIU ay«mr;:i:oB, uo no 
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npu6J1nanre.:11,H0My no;wrnry y naBeCTHLlX :me
MeHTOB er~e MO.mer 6blTI, OTRI)hlTO HeC}WJI:l,lW nr
CJiq lJOBLIX ~-pa.u,Hoa1{THBffl,IX H30TOIIOB. 

TeopeTH'Iec1me paC'l.en,1 ne1wropL1.x anTOpoB no

Ka::u,rnaior, 11ro xapaKrepaoii oco6earrocr1,ro MHO
rnx IIOBMX. ~-pa,rvroaKTllBH!,IX ny.KJIHJJ;OB 6y,n:er 

ncnyc1<aalle na OCHOBnoro mnr B036ym.n;eanoro 
cocronnnn: nyK.'IH.U,OB n a-qacrn:a;. C npn6JIIrme
nnel\l K rpamm;e ouJiacru. ~-pa.u,noa«THBHLIX nao
wuon y ~--pa,!l'uoar,nrnmu ny«JIH){OB 6y){yT, 
BepoHTHO, uau:,a.eHH noBhle CJiytian HCIIYCKaHHJI 
Heii:TpoHa nocJie ~-pacnaµ;a, a y neiiTpoHo.n;eqm-
1~nm1,1x ny1rn:rr,a.oe Hap11,n;y c a-pacna~m,1 6y11.eT 
OTKphlT pnµ; RACP C aanaa.U,LJBarom;eii npOTOHHO.ii 
pa,'),noaKTIIBIIOCTbIO, yme Hafr;r,,ennoii y Al 25 u 
y pRµ;a H0Jlil,CHTUqmn;nponaHHb1X Il30TOIIOB pa3Jilf'{
llbIX aJieMCHTOB (a TaJOne, B03MOiRHO, H C ,!J;B}'X

npoTOUH0ll pa,It1rnaKTKBHOCTI,JO ). 
J(Jur OTRpbITHH uymrn:p;oB, ;r,,aJieKo pacnoJiomeu:

Hhlx OT 06.11acra ~-ycroii'IHBOCTH, na,n:o H3HCK8Tb 

Hosyro MeTOl(llRY 1u no.i:yqemrn n perncrpa~nu. 
KaK Bn,o;uo na ra6mn~bl uaorono», rpamma 06-
.nacTu H3BeCTHhlX ~-pa11,11oaRTHBilbl:t H30TOilOB /l,0-
BOJILIIO p;a;reKo OTXO/l,HT OT CTa6HJII,HLIX H30T0Il08 

y ;me~eHroe Dr, Kr, Rb n Sn, Sb, Te, J, Xe, Cs, 
T81{ KaK 3TH HYI<JIII,ll;hl IJOJiyqaIOTCJ[ npn HCCHM
:MeTpH'IHOl\l p;eJiemrn ypaaa u Topua. ~J111 noJiy-
11Nnrn ue1wroph1X HOBhlX ~--pa,u;uoaKTIIBHblX lI30-
TOilOD, Beponrno, MO,RUO 6y,o;er HCIIOJIJ:.30BaTJ. 
6oJiee cnM111erplftI1IOe ,u;e:remrn Hl);ep no.u, )l;eiicrnneM 
11acrnl( 60JI1,meii ;meprnn. YmrnepcaJIMU,tM me 
M0TO.U,Ollf lIOJ'Iy<l€HHH BCCX ~--p8AllOilRTH.BHLIX H30-
TOilOB O.bIJI 61,1 neiirpOHHl,10'. CllHT03 amx HYKJIH,D;OB 
rrpu 06,'lyqCHIIH 3JieMCHTOB MOIIJBLlM neiirpoHHI,W 
llOTOROM ll CO'letaHilH C :mcnpeccm,lM MCTO,l{OM 

n,i;earmtm1,an;n11 ROpOTROIBllByID;IIX HYRJI~OB. ,I(o 
nacroxm.ero BpeMeHH 3TOT M9TO)l; 6LlJI 11pnMeHeH 

TOJihKO .U,Jlfl OTRphlTIHI H30TOIIOB TpancypaH0BLlX 
aJieMeRTOB. AsropoM ope.u,nomem.i: aKcnep1menm 
;i,.TIH o6Hapymemrn aeanorwnn,11,1 cnocoooM noa1,1x 
OTROCllTeJII,HO .n;oJirom1rnym;n:x: ~-~pa,u.uoa'KTJIBHWX 
H30TOll0B H y CTa6IIJILHLIX a.11eMeHTOB (HanpnMep, 
Ti°' rr ~p.). 0.l(Ba1w 11,JIH noJiy,IeHH». 6oJiee 1wpoT
Ko»maym;nx Hfl<JIII,ll;OB uymao npeo,u.011eTL 6om,
nme rpy,i;HOCTll, CB113afflll,l8 C BX BLI.U,8JIOHlleM · R 
nar.ie penneM. 

;lI,JIJI Heii:rpono.n;ecp.nn;nrmu HfRJIIJ,ll;OB aroT Me
ro" HCJlha.fl HCIIOJII,30BaTI,, JJ;JIJi IlOJiyqemrn B.X 
npiwenHercsr )l;Ba µpyrnx Mero.a.a: 06.ny-qenae 
wmem,lMU MHoroaapn:,n;HJ.IMll noHaMu H pacm,emie
nne H,11.ep 1Jac~aMH 60JI1,moii aneprim. HcnoJIL-
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aosaune arnx Metonos c npnMeHeHReM aJleKTpo
Marunrnoro pa3A8JieHIUI paAUOll30TOllOB R H.3Me

peaueM HX xapaRrepHCTIIK uerrocpe1t;CTB0RHO llOCJ18 
06.11yqeuus II03BOJUIT OTKpbITI, OOJll>III08 'IHCJIO 

HOBLlX ByKJIH)l;OB. HaMeqem.r OOHTl,I B 3TOM aa

npaB.lleHHR C llCDOJlb3OBaHH0M cne~naJibHOro ce

naparopa pap:11011aoronoa, ycTauoaneuuoro Heno
Cpe,!{eraeuao ua nyqRe nporonou 6om,moii auep
r1111, 11 C np11:r.1eHeaneM M0TO)XUKU HCCJI0)l;OBaHHH 

MHJIJIBteKYJl.l\HlU aKTHBHOCTeU, yme HCIIHTaHH•)H 
· npn nayqeanH KopotHo»mBym,Dx uaoMepoB Ge73, 

Tetu n AP· 
BonLmoii nR-repec npe.n,craBJIHer aaaaqa orKpH

THJI HOBWX HyKn:nii;ce l 0!!J,0 R0H3B0CTHYX rpaHCaR
THHHJtHYX aJie:r.rnHTOIJ C aTOMBLlMH ROMepaMH 
z > 103. DoaMO:iKHO, 'ITO H0.KOTOpHe H0DTpOHO
Ae(J,HllHffll>l8 naoTOm,1 y.zi;acrca IIOJIY'{HT& oocpe;q;
CTBOM o6Jif110HIIH Mmueneir r,uKeJIHMII HOHat,Ul:. 
Ho neiirpoaoua6L1Toqaoe 6on1>mnucwo p-ycToii
'IHBLlX H30TOIIOB 3THX aJieMeHTOB MO>RHO noJiyqHTL 

TOJlLKO C DCllOJIL3oBaHH0M IIOTOKOB neiiTpOHOB 

OOJ1Lmei1 m1omocrn, KOTOpl,le B npmu:~nrre Moryr 
6HTL ocy~eCTBJieuu pa3Jill'IRl:ilMH cnoco6aM:11. Ilpn 
11poee~et1111t 3THX JlCCJ10Jl.OBaHnii MOfYT OKaaaTLCJl 

UOJie3HLOnt ·neKOTOpLle aaKOHOMepnocTR CHCT0Ma

TBKR HfKJIUAOP, paCCMOTpeHRlile B CJI0AYKl~HX 

paa'Aenax AOKJiaAa. 

Hecowee&no TaKme, 11To aapRAY c noucHu.u1 
BOBMX 1130TOIIOB AJIH reopml H;a;pa H AJIJI npaKTH-
110CKIIX npnweneanii t5onLmoe aua11eaue mreeT 
npone;a;eune nccJie;a;oeaHnii no oKolflla teJibHOii 
imean11J1HKa~1111 pn;a;a H3B8CfflLIX HyKJJH)J;OB H 60-
nee AeTa.111.noe nayqeaue Hx xapaKTepncruK n: ce
~enaii a,nepm.ix pea1Ul,Hii, no xoTopuM onu 06pa
ay10reH. 0TH lICCJl8AOBamrn O'leHb 06.nefltaIOTCH 

npn ncnom,aosamm o6oram,enuux 1ta0Tonoe. lfa 
onwra pa6on.i aBTopa n COTPYJJ.RHKOB no nAeHTn

tn.Kaz:~nn H30TOllOB2-• MOa<HO 3aI(JIIO'lHT&, 'I.TO 
ycoemuoe npoeep:eune HCCJJeJI,oeaauii na o6ora
lll8HHLIX naoronax JIHMDTHpyeTc11 a psAe cJiyqaee 

ue,ttOCTaTO'IHOU XHMlf'ICCKOH H H30TOIIHOH 'IHCTO
TOii ucnoJILayeMux MarepuaJioB. 3To o6cToarem.
crso CJie~yeT yqeCTL DpH paapa60TK0 TeXHOJIOrBII 
DpOD3BO,I{CtBa o6oram;eam.ix H30TOIIOB. 

,!\JIH D)J,0HTBWRRa~nn naoTorroe e: noncRoB uo

BJ.IX B30T0lIOB MoryT 6blTb ncnoJILaOBaHlil RaK 
TeOpeTB1leCl{ll0 paeqera, TaK R HCKOTOpble aaKOHO
MepHOCTll CltCteM.aTllKll RYKJlll/1,0B. TaR, uanpu:
Mep, nep:e:0/1,1,1 uoJiypacna)l.a T y 60JI1:,nnrncTBa 

8HaJIOrlf'IHl:olX (no Cn:CreMe HYKJIH,l:(0B) Jl30TOIIOB 
1Dl0IOT 6.nn3Kll0 aaa11eHHJI JIJIH H3M0U.IUOTCfl C p;e
Kap;uou nepnonJit111ocr1:,10 7• RpoMO Toro, aua11e
nae T y naoronoe op;n:rralWBoii qernoCTH (no 
M H N) y op;noro n TOro me aJ1eMenTa aaiwno

Mepno JM0m,macrca c yp;a;rnnneM or o6nacTH 
~-yCTOll'lllBOCTII 8 • 3ra aaROBOM0pHOCTl, 61,ma, na

npllMep, ycnernno B.CIIOJil,30BaHa aBTOpOM C co

TPJ/1.RlIKaMH npa oncp1,1Tm1 noBux naoto11on Sb, 
Te 11 ,u;pyrnx :)JICMCHTOB 2- 11• OI<aa1,rnaeTcfl, 'ITO 
ana11eaae T y uaoarnpoB Tome no;rnm11erc11 oupe
p;eneuaw1 nepnO}J;lf'leCKHM 38HOHOM0pllOCTJIM, 'ITO 
ll03BOJIHJIO, B -qacrnocrn, o6uapy,KHTL 5 H30Mep 
Sn113• llcnoJIL3YH 3TH aa«onoMepnocrn B aaa11e-

BH.8X T, a TaRme ~aHBLI0 no MaCCaM H J{pyrIDI 
CBOUCTBaM, MOiKHO B 6oJibDIHHCTBe cJiyqaeB Dpel\

CKaaaTb BpeMK iKH3Hll HOBblX UJOTOIIOB, paCIIO

JIO:iK0HHbIX B6JHl311 yme KaBeCTBLIX H}'KJIH)\OB. 

Ilo Mepe ·pacmnpeHHR o6JiaCTH HaBecmw:x nao
TOIIoe 6y;q;yr paaJI,nrrrar:r,c,i: n rpaenn;w neuauecT
HhIX HYKJIH,!\OB, AJI.II KOTOphlx MOilCHO IIpe.zi;cxaaaTh 
aaa11e11ne T H Apyrne cnoiicrna. 

PaccMarpuBaeMaJI nnme cncTeMa ayx»n,n:oB noa
BOJI.Ret JI0fl\O npocJJe,lJ;HTb aaKOHOMepaoCTH B H3-

M0H0HHH CBOUCTB HYKJIH,ll;OB, H JIOTOMY ee YA06BO 

npHM0HRTb npn IIOIICKax HOBblX nyKJIJIJ);OB. HpoMe 
Toro, ona ]\aeT ROMUaKTHYIO H uarJIJI,n;Hyro CBOJ\KY 

H3R6oaee }J,OCTOB0pHhIX ,11;anm.ix 0 CBOiicTBaX ll30-
TOllOB H MOiK0T 6b1Tb nrn:poKO liCIIOJlb3OBaBa KaR 
cnpano'I:HHK npn nayqemm n: np1rneuemm nao
TOnos. Ee MOIB.HO peKO?.leH)l;OBaTb TaKme B Ka'lC
CTBe yqe6aoro noco6HH, )l;aIOm.ero npep;cTaBJieirne 
0 BCCM MHOroo6paauH H3B0CTHhIX M8P J{aK O e,n;B
llOH cnereMe uyKJIH,lJ;Oll. B :noii cucreMe xapaKTe

pnctHKH OT,1];8JILHLIX Ryl\JUIAOB (MaCC0B08 'IHCJIO, 
THU 11peupam;eHJIH, BpeM.fl il(H3Blf H ,n;p.) JICl"'IC 
IlOHJITL n aanOMHHTL, taR KaK 6oJiee oT'JeTJIHBO 
B~Ha CB83l, HX C o6mmrn aaKOHOMepHOCTIDitH 

B CBOllCTBax a,n;ep. 

nEPHOAH'-IECKAA CHCTEMA 
HYKJlHJJ.OB 

OTMeqaJI, 11TO OCHOBHblM 11yTeM ]1.JI1I opoHHKH0-

B8HHH B rny6b R)lpa ,CBJl.fl0TCH nonyqeeHe no 
B03MO)KHOCTH 6oJiee TO'IHLJX :n.cnepmreHTaJII,Hl,IX 

,n;aHHHX 06 or,n;eJU,HblX H)lpax, aBTOP MO,Il;0JIH HJ].ep
HLlX 060JI011ex rerrnepr-Ma11ep 3aMeTBJ1: tt1'fomao 
Ha;n,e1ITbCfl, 'lTO Ha TaKOM uyTH BIJJl'BHTCH M.ROr0-

06paan1,1e KOppeJ1m~m1 n aaKOHOMepROCTll B :ma 
,n;amnu:, KoTopLie yKan<yT · Kai.rn:e-To ::meMeHTap
u1,1e aaKOHbI, KOTOpbIM rro,n;'IHHHeTCJI CTPO~HIJe 
JJ)lpa,) p. ,[{e11CTl!HT0Jil,HO I CllCTeMa THKa CBOllCTB 

H]J.ep, Han6oJiee nenocpe,ll,CTB0HHO c.BH38HBHX co 
CtpyRrypoii: 11,n;pa: M8CC 2j3-yCTOU'IJIBI,,lX H30TODOB 

n ornomeune 1111cna neiiTpoHOB (N) n rrpoTo
HOB (Z) B HIIX - IIO3BOJlHeT ycTaHOBDTb upocrYe 
H OT'I0TJIHBbl0 aaKOHOM0pHOCT1I. TaK KaK ;)Tll aa

ROHOMepHOCTH l'IM0IOT nep110}J,B'l0Clmii xapaKTeP, 
TO H oCHOBaHitaa ua BHX CHCTeMaTm{a R30TOIIO~ 
MOlK0T 6b1Tb RaaBaHa «nepH0]1.ll11.8CKOH CHCTeMOH 
uy«JIHJJ.OB)), B uacT011m,ee npeMJl paapa6or«a cJJ
creMaTmrn: Hy1'JIB,Il;OB npep;CT8BJIR0TC11 ocooo aJC
ryanMIOH Tai{ KaK «conpeMeHIIOe COCTOJI9H0 Mep-

, H 
HOH q>H3HKH o'lelIL DOXO}l{0 na COCTOJIHHC XIIMH 

p:o coa,n;aHHJl KBanronoii Mexa1urnm> 
9

, u .O:JJH pm,
B1nn11 ;~eTaJJLHOii: Teopnn mi;pa nyamo BblllBHTJ. 

cner~ucpnqec1m0 oco6mmocn1 B Maccax, pacupo

cTpaHeUHOCTnx, mnax upc:spam,enKH, :mep~ull 

pac11a}\a, BpeMCIIU )KH3HII, CTpyJ.:Type ypo1mell : 
,11;pyrux CBOIICTBaX OT1f.OJll,HhlX HYKJIJf,!l;OB H H 

BaaHMHYKI CBJI3b B CHCTOMe a TOMHI>IX n,uep. 
,[{o onncaHHH :)TOH CHCTeMhl uirn,n:o yiroM,!!HYTb, 

'ITO 8 CB113Il C co6Jia3IIHTCJ'ILHOH auaJiorneu C ne
pHO)lH'I8Cl{OH CllCTeMOU 3JICMCHTOB B te'ICJIHe IIO'ITll 
Bee.ii BCTOpHH 1J,IJ;epnoii 4Jll3BKII npe,n;naramICb 
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JlHOrO•JHCJiemuce rrepHO)lll'IeC1rne CllCTeMl,I a TOM

JDil H;a;ep. O;a;Ha1rn oHu He noJiy'lnJIH npH3Hamu1 
H He uamJIH npnMeHemu1, TaK KaK B OOJlblllllHCTBe 

c.,yqae» 6blJIH CTOJib IIPOH3B0JlbHb:MH ll npereH

~ff03HLIMH, 'lTO ue cnoco6cTB0Bam1 paapa60T1-e 
CDCTeMaTJJKH HYXJIIl,');OB JI npnBO,ll;UJIJf K /1HCKpe;1n

raQHH CaMOH . IlpOUJiel'tU,[ IlOCTpoeHHH ClICTeMhl 

H;(ep:. lloaroMy B03r.roamo, 11ro rrpe;a;no,keane em;e 
O~HOll nepHOl];ll'10CKOii CHCTe:Ml,J lt:30TOI10B MOlK0T 

OJ,ITb BCTpe•IeHO C H0lWTOphu.t 11peAy6em;a;eH11eM II 
ne;i.oaepner.r. 

O;a;uaKo CIICT0MaTHRa IIOJIY'{0HHblX aa IIOCJI0)l;Hee 
»pe»R 3Haqennii Mace H ,a;pyrnx CBODCTB HyK.'IH-
1(0B IIOK33bIBaeT CTOJib U'{eBHll,HLie nepno,a;111Jec1me 
3aKOHOft18pHOCTH, 'ITO BpH,a; Jill MOlRHO COMHe

BaThCH B RX RCTHHHOCTH. Ilpn OTCyTCTBHH ;a;aHHhlX 
0 Jl.8l'aJihHOii CTpyKType H)WP CTeueu1, J];OCTOBep
HOCTlI pacc:P.rnTpHBaeMoii CJICTe:t,fhl HyKJIH){OB onpe
)J;eJHieTCH Kai{ OT'l0TJIUBOCTI,l() H Ha;a;emHOCTbIO ne

pDO,!\H'leCRHX aaKoHOMepaocroii B CBOllCTBax ll30-
TOIIOB, Tai{ H IIO)l;TBepa.,n:eBHeM DP8ACKa3aHHii, 
IWTOpLle Ha Hee BbITeKaIOT. TaK RaK nepBbiii 

BapnanT :noii CllCT0MLI yme co)l;epma~nii aM11u
pJI11ecKyIO 3a:«oHO!.tepHOCTL B COOTHOIIIeHHH N H z, 
onpe.n;ena10m;y10 'IIIICJIO ~-ycrofiqHBbl:X H30TOll0B, 
6LIJI 011y6JIH1WBaH e~e B 1934 r., TO npe)l;Cl'aB
JlJleTcH B03MOiRHOCTb npoBepun,, anpaB;a;aJIHCF, JIH 

c~eJiaHm,1e Torp;a npe,ncRaaaHHH HOBLIX cra6nn1,

llhfx ll30'l'OIIOB. 0KaaJ,(BaeTC.R, 'ITO Bee npe,ncKa-
3aHHble cra6nJILllble 1130TOilhl 1J8THhlX M, .KpoMe 
Ji;oJiromuaym;ero Hf182 u Ge 68 (He BKmo11eaaoro 

a Apyryro Ta6JIHll.y 16), B ,nam,HeiimeM 6LIJIH OT
RpWTLl: 

Pd
Ar3s, Can, Ti4s, Fess, Niu, Zr96, Rugs, Pd102, 
104-106, Pd1os, Cd10s, Teuo, Ba1s2, Ba1a4, 

Sm141-1so, sm1s2, Gdu2, Gd1s·4·-15s, GdHo, Dyuo-u4, 

Er164, Er1•s-1Gs, Er110, YbI70-n4, Ybl7G, HfI7e-1so, 
w1so, Ptl&2, Ptl94-198' Pt198 (cM. pauory 17). 

Ta6Jinqa ll30TOTIOB COCTaBJIHJiaCb erqe AO 01'
Rpwnu:1 IlCKyccTBeHHOH pa)l;HOaKTHBHOCTH, no-
3TOMy B neii He Mor;ro DUTb yqreuo npaBHJIO Ma
ray:xa, n B caaan c aTHM » pRJi;e cJiyqae» B Hen 

DpllBO,IJ;HTCH BM8CTO O)J;Horo )l;Ba nao6apa MHe.,_ 
Ilc.rre.a;cTBHe 3Toro npe.rt;Cl<aaamrn Haoronou M11et1 

B Ta6.rrm:~e MeHee 0,1\HOaHa'IHO, '10M H30TODOB M".eT. 
Bo Bcex cJiyqaax rro;:i;n1ep,ri;rrJiac1, TaKme OTMe-
11eHna.R B Ta6mrn;e Meu1,maa pacnpocTpaueuuocTb 
BYJ(JllI,ll;OB: 

Niu, Pd102, Cd1oa, Teno, x81u, Bau2-1s4, 
Gdl52, Dy168 Erl64 Ybl70 Hf178 w1so 0s188 
PtIU. ' ' ' ' • . ' 

8 3TOU: paooTe, )J;OJIOIB0RHOH Ha C8MHHape 
B Jl<I>TH B Mae 1933 r., ()I,[JIO oTMe1IeHo (HeaaB11-
C1™0 OT 0Jlb3accepa), 'ITO Ha DpOTOHHo-HeiirpoH
HOii Jl;narpau11,rn Ha6J11-0p;a10-rca oco6I,[e qocna Heii

TPoHOB (20, 50 n 82), H OhlJIO upaBHJibHO npe,ri;
CKaaauo, qTo «B OTHomeHnn: nepno;:i;a y (:me
MeaTa) M 59 aKcnepHMeRTaJIJ,HhlX .rt;aHHLIX ueT H · 
CJie,11;yeT omn,ll,aTb a;:i;eci. lQJJIHKa KpnBoti~ (anepruu 
CBH3H). 

B 6oJiee noa,Il;HHx Ta6,rnu.ax 7, 10, 12 B cncreMy 

Y11Ce 6u.11a: BKJUO<teHu naoTorrH pal{aoai<rnBHLlX, 

:)Jl0MeHTOB H npaBHJibHO npe}:{CKaaaHLI ~-ycroii

lJIIBh(e D30TOllLI ypaaa ll TpaHcypauoBLIX 3Jle
M0HTOB: 

Es253, uue, Pu2t2, 2u, Am2U, Cm248-248, 
Cm250, Bk247, crus, Cf2S0·-252, Cf25', Fm25!, 

Fm 254• 

Ilo}:{TBepm/I,emre Bcex aTHX npeAcKaaaHHii BP~ 
Jill MOiKHO Cq11TaTb c.nyqaiiHLIM, H OHH CB~e
TeJibCTBYIOT O npaBHJibROCTR aaKOHOM0pHOCTeii 

CHCTeMLI HYKJIHAOB. 3rn aaKOHOMepHOCTll onpe
,n:eJIHlOT CJie,t1y10m;ne OCHOBHhie • oco6eHHOCTB CH
CTeMLI (TaOJI. 1, 2). 

1. Jfa BCero MHOrooopaaJIH HfKJIHJ(OB Bl>l,l(e

JUUOTCH 1rno6aph1 uami:eiu,meii MaCCbl, ycTOH'IHB!il:e 

KaK K O)l;IIHO'IHqMy, TaK II K .D;BOHHOMY ~-pacna;a;y, 
COOTB8TCl'BYIOID;H0 HOpMaJibHLIM :mepreTH'l0CKH 
llaH6oJiee BLlrOAHLIM CO'leTaHHSJM N n Z a aTOM
HLIX H,!lpax. 

2. C BoapacTaHH0M M y 2~-YCTOH'IHBl,IX Hy
RJI~OB na6mo.t1aercH (noCJie 011) µ;Ba THIIa 1Jepe
ll,0Bauna UpOTOHOB n Hee:rpoHOB: 2n2p H 4n2p. 
Ta.K 1-aK aTH rpynm.r HYKJIH,ll;OB B csoooAHOM co
CTOHHHH o6paayror .R)l;pa aTOMOB reJiua He' n He•, 
TO TaKyro 33KOHOM8pHOCTb Momao B33BaTb «re
JIHOHHblM)) THUOM IIOCTp08HHJI a,a;ep. PeaKoe paa
.lIH'IHe B 'IHCJle B30TOUOB y 3JieMeHTOB C '18THLIMH 
H H0'l0TII.blMH aTOMHUMll HOMepaMu o6yCJIOBJ[H
BaeTCH 3TOH aaKOHOMepHOCTblO. 

3. B cucw1ie HYRJI~OB 2~-ycroii'Iu»1,1e By
RJIIl)l;LI paa)l;eJieHhl Ha nepHO)l;lil: H DOJiynepHOAH, 
aaKall'IHBarom;neca Ha HJJ;pax c tMarH'{ecJ<HMH• 
'IHCJIUIH HeiiTpOROB, COOTB0TCTByIOm;HX aanoJIHe
HHlO HyKJIOHHblX 060JI011eK D no;n;o6oJIO'l8K (B OOJib
IDllHCTB8 CJiyqaeB 3TO upOHBJIH0TCH B ll3JlOMax ea 

. M'e-r KpHBOii aHeprHH CBH3H nap HYRJIOHOB , 
pacapocTpaHeHHOCTHX JI 11,pyrnx CBORCTBaX ny
RJiffAOB). 

4. OmomeHne t1Nlt1.Z Me;Rfty HYKJIHJ(aMH e Nm 
(20, 50, 82, 116, 152), paCUOJIOat8HHIDIH qepea 
AZ = 20, yaeJIH'luBaerc11 no BeCLMa npocTOMY 
aa«ony, noaBoJIHIO~eMy npep;cKaaaTb Nm 11 cTpoe
nne UJI0Hp; 2~-yCTOJI1JHBLIX D30TOUOB TpaHcaKTB
HH,!IOB. 

5. IlepnOAU noJiypacna;n;a, aHeprun pacn~oB 
H He1<0TOpLZe 11,pyrne CBOHCTBa p-pa,t1uoa:KTHBBLIX 
By:KJIH)l;OB aaBHCHT OT HX IIOJlO»teBHH B CHCT0Me, 
ll y aaarrorHtJHl>lX HyI(JlffAOB (HMeIOll(HX 0/.(JIBaKo
BOe 'IHCJIO H36LIT01JHLIX HJIH He,Il;OCTaIOm;HX H8H
TpOH0B no OTHomeamo K KpaimHM 2~-yCTOH'IHBblM: 
H30TOllaM) 3TH CBOHCTBa B OOJJ:bIDRHCTB8 CJiyqaeB 
nepHOl{lflieCKll H3M0HHIOTCH 7, 

B npnm:~1me TOJibKO O)lHa CHCTeMa ByRJIB,!J;OB 

MomeT orn6palf(aT1, CTPYKTYPY aroMHLIX JlAep, 
no nop,oono nepno.rt;1f1lecxoii cucreM:e Me~eJiee»a, 
KOTopaa MO)R0T 6LITb nao6pameHa B q,opMe KO
poT:KOH, AJIIIHHoii H Jl;pynrx im,n:on TaoJIHIX, cn
CTeMa HYKJilf,Il;OB Tome MO>k8T 6lilTb npeJ:\CTaBJiella 
B paaml'IHLIX uapHaBTax. C~eCTB8HHO TOJILKO, 
qTo6lil B p;uarpaMMe 6hlJIH 6Ll BLIJ\8JleHLt 2~-ycroii-
11ua1,1e (u auan:ormBLie) B}'KJl~lil, a TaKme onte
'leBa nep11:o.rt;JIIJBOCTL, CBJl3aHBaa C H}\paMH C Nm. 

CpaBHeaee nepHO)l;H'leCKHX CHCTeM ByRJl:ffAOB H 
XHMJl'l8CRlU: aJieM8HTOB lJOH83lil.BaeT, 11:TO y BHX 
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394 3ACE,llAHHE 4.2 Pte83 H. n. CEnHHOB 

Ha6mo~alOTCH o6m;ue '1epn1 B CB83H C TeM, 1IT0 

RaK 060JI01IKa aToMa, TaK H ero H'APO JUfeIOT 060-

HO~eqHoe crpoeane. O,l{HaKo atoMnaR 060J1oqKa 
H MPO C<!,CTOJlT H3 paaHJJ.X <JaCTHQ, Me»(J\y ROTO
pW:MB ,J\eltCTBYJOT pa3Jl}{tlHLle CHJil,1, U notoMy 
CUCTeMN aTOMOB H aTOJl.fHJ,IX HJ{ep T0>Ke no cym.e
CTBy cooepmeauo paaJIRtJHbt H He CBOARTCR ;n.pyr 
K n,pyry. Ha ocuoBamt:u nepuo,-..1111ec1<0ii cucreMw 
HYKJIJfJlOB uomuo npe,l{CJ<a3aTI, p»Jl cooii:cro 11ao

ro11oe 01[\0 HCH3BeCTIJhl'X aJJeMeHT0B C z > 103, 
H noaT01ty otKp1,1me H nayqeane cnoiicre ~-ycroii
quehlx HYKJlft'AOB aTH:X aJleIIJeHTOB 6yJ{eT 0R0Ht:ra
TeJll>HOii npoeepKoi1 ,l{OCTOBCpHOCTH CllCTeMLl. 

GET A-YCTOA4HBblE H3OTO0bl 
TPAHCAHTHHH.lJ.O8 H 8O3MOH<HOCTb 

O5PA3OBAHH.A HX B HOCMOCE 

Ilpn auannae H0BH.X nyreii npID,1eneun.11 pa;n.no
HaoronoB HeJlLaJ'l OCT8BllTb 6ea paCCMOtpeum1 BO
npoc O J303M0a<H0CTH uo.11yqean.R He TOJibKO JI0BLlX 
H30TOJI0B H3BeCTHLlX XHMJfll0C.KllX :meMeHT0B, HO 

u HfRJlffJlOB TpaacaKTu.nn;n;oB. Ecmt: AJiff CBBTeaa 
'tpaneaKTJ!Bll,!lOB oy]\eT OTKpblT HOBLIH peera-
6em,u1i1ii M8TOA IIOJI)"leHHff RX J3 .KOJIJf1lCCTB0, npn
TOJJ.BOM 11.,JIR npaKTff118CKoro npmrneemur, TO OHR . 
Moryr 6Htb lJCllOJlb30BaBu: B Ka'leCTBe HOBlilX Bll

)l0B H30TODHWX DCT0'IIIHK0B TellJJB. Heo6xo;n.nMoi 
upe,n;DOCLIJUCOH ,JlJlff OTKpLITHR Jf npaKTH'leCKoro 
ncoom.aooamu1 Tpaeca1<mBn]l.oB RBJ1Retc11 cym,e
CTBOBauue y HllX OTBOCUTeJlbHO ~oJiromnsy~ux 
ByKJIH,.10B. flepno,n;u nonypacna,n;a p-panuoaKTBB
BLIX H30TOIJOB BoapactBIOT C npu6JmmeuneM K 06-
.nact11 P-yctoii11unoen1 8. , 

Aua.11ont'laa» Kaptnna na6.1110J1,aerca » 6o»L
mnncTBe CJiyqaes H npu Cd0HtaHH0M J],8.JICHHH 
ByJCn~os. IloaroMy AJUI npe~cKaaaaua nanoonee 
AO.llromunym.nx nytmu;n;on HY)KllO Bl,utCHllTL, 

KaJtne ll30T0llbl 1'paHC3KTHHD)\OB 6yJJ,yT ~-ycToiI'IR
BWnt. Ymmep n ~p. oTMeqaJIH BoaMomnocTi. npH
ocTaaoBJ(H y 11.aneimx rpancypaHoo crpeMHTeJIL
Horo yi.teHLmennn nepHOAOB no.nypacna;n.a cnoH
TaBnoro Aenemrn, ua6mona10m,erocs noKa y Bcex 
H3BeCTHLIX HyKJIHJJ;OB. B IIOCJie,nnee BpCMH 10.xaH
COROM OLIJIO I10ll,C'lHTaJIO, qro nepH0,l{Ll uonypac
llliAa cnotttamtoro AeJieRHH y pHAa H3otonoo 
TpaucaKTnnu,nos 6ynyT, Beponmo, nopng1rn OT 1 
~o 10 .nueii. Ilpn ra1wM speMeHH muauH yme ecTI, 
B03MO)HHOCTb o6napymeRRfl B0BLlX aJJe:MeHTOB, 
nanpm,rnp, np11. ueiiTponRoM CKRTeae nx. 

B 11,0UOJlHeBne R antM coo6pamellHBM UBTe
pecuo npHBJIC'IL ,l{aBBLl8 CHCTeMaTBKH lf:JOTOilOB, 
1<oropL1e, noaMomuo, 0Kamyrc11 )(ame 6oJiee na
nea-nLlt.tR npu npe;n.eKaaaHllK ~-yeroii11,rnLtx uy
KJIB~oB, Tait R3K OCBOllhlBaJOTCH na 80CLMa npo
CTOH H 06(1\eii 3_aI<oH0MepuocTu B coomomemm 
'1.NIAZ. Cornacao ::noii aaKoHoMepnocrn, B i<am
p;o:M: o;n;KHaKoBOM nurepBaJie c t\Z = 20 MemJl:Y 
HyKJIHA3MH C Nm: uAr!:, 38s~:. $8Ce~!" t uPt!:!, 
18Ct;:: - npupam,eane 1JHCJ1.a neihpouos ~N yi,e-

JJJf11HBaercn aa 2 (50 - 20 = 30, 82 - 50 = 32, 
116 - 82 = 34, 152 - 116 = 36) BCJIC]{CTBHe aa

Me1u,1 B «reJUIOHHOl,n> noetpoemrn. 2~-yCTOll'JDBUX 

HYRJIH;:\OB o~uofr reJIHorpynm.z 2n2p ua reJIHo
rpyuny 4n2p, ruteIOll\YIO ua ,a;sa ueiitpoua 6oJILme. 
TTpu: atoM 6.N!tiZ B arux nepao]\ax R3oronoB rome 
yBe.nwurnaeTCH B DpOCTOii noCJI0)],0Barem,BOGTll 

llN!llZ = 30; 20 = 1,5; 32: 20 = l,6; 34: 20= 
= 1, 7 H T. /1., Ilo 3TOii aaK0H0?tiepH0CTB JI0)K
HO Ol«K)l.a Th, 'ITO Me:m;n,y 88Cf::: ll Hyi(JIU]\OY: 
1uE - Em•~~ c HOBLIM Nm = 190 !J.NJllZ 6~er 
paBHHTI>CH 1,9. GrreJloBaTeJJ1>uo, B atoM narepsaJJe 
~-YCTOl['UIBLI.X: HfKJUIJ\OB 6y1l,CT TOJII,l{O O_ll,Ba (no

C.IICAHH.11) remmrpynna 2n2p (n);-qncJio a- rpynna 
l3 tcfCJlllOHHOM~ lfCpe)],OBaBHJJ n H p - MOmBO 
no,a;cqnrarb no ~opMyJie 

N - M'l-AM _ 3(118-98)~(308-250) _ 
- 2 - 2 -

=60258=1. 

Han6oJJee »eponruo, "ITO aanepmeune noc-rpoo
nna aroii e;xnucweauoii a-rpynm,1 npouaoii,r.(et 11e~ 
pea L.\Z = 10 nocJie 98 Cf250 y nyl(JIHJI.a 106E-Os278

, 

aaaJJoru:•Uio TOMY, Ka« aro na6mo)l.ae-rcn: y uyKJra
,noB B npeJJ,~Yll\llX nonynepno)],aX, OTCTOJIII\HX 
,npyr oT ,n;pyra Tome ua dZ = 10: 78Pt194, 86Ra221

, 

99Cf26U (Ta6JJ. 3). CorJiaCHO aTOii saKOllOMep-
HOCTH, y Bcex TpaHCaKTIUIHJJ,Hl,IX aJieMeHTOB 11eT

Jth1X aTOMBlU HOMepoB c Z = 104 + 118 6~eT 
no TPH 2~-ycro:iitmBhlX llyRJIH]-\a Myt (B cooTBeT
CTBlfK c reJin:ORBJ:.IM nocrpoeaueM nma 4n2p) H 
TOJlLl{O y 3JlCM0BTa 106 HJIH aJILTepBaTIJBBO y 108 
oy,!l.eT }{Ba 2p-ycrouq1fBl,lX HYKJJHJI,a M'ieT;E-W211

, 

E-W274 nJiu E-0s218 , E-0s280 (corm1.c110 no

cTpOOBHlO 2n2p). Ha,n;o aaMeTltTb, 'ITO llOJiy<IeB
IJl,l0 aa OCHOJlaHIIH ;)TOH 33KOHOMepaoCTJI ana11e

mrn: M p-yeroiiqBBLlX H OTHOCBTeJILBO }{OJirO»<H-
u J:t 

BY~RX Hy!!;Jll1JWB HeCROJILJ\O Me1t1i.me aaaJJellHH , 
Bhl'lHCJieRBhlX 113 aRCTpaIIOJIHpo»aHBOii 4>opMyJU,l 
Mace u J:.lp:yrnx coo6paffieann: (:Fm262,E-Yb165•168, 
Lw2ee-2a1

1 
E-Hf271, 274, 2111, E-Re"'• 281, 

E-O8 2s1, 2ss, 2s6, E-Ir2s5, E-Ir2s1,2u, E-Ptzs•). 
Cornacuo paccMaTpBBaer.ioii: cnc-reMe, E.ce ant 

HYKJJH,Z:V.t ue 11BJUJJOTCR ~-ycroiiJJHllLIMH n noroMY, 
BepoRTHO, He 6yJI.YT HMCTh MaI<CHMaJibHLIJ: nepao
)\OB IlOJiypacnaJJ;a. B qaCTBOCTH, y J[aypeDCIUI 
nan60JI1,mee aua11eune T 6y.n,eT 7 y Lw'74, a 
~-ycTOH'IHBLIM Jl30TOllOM 6y].leT Lwilli' y aJleMeH

Ta 109 ~-ycroh:HBLIM 11aoTorroM 6y,l{eT 108E-Ir2111. 
a 109E-lr286, 281, 292 A0Jil«IlLl 6ur& cpaaunreJI1>JIO 
}{OpOTROa<HBYID;IlMH ~--pa'A110aKTllBBHMR ll30TO
ll3MH. Momuo om~aTb, qTO aua11eu1rn M. Y 
2p~yCTOH'1'.IIBblX HYJ(JIHJWB, noJJyqellIIhle Ha OCBOB9 

nepH01);H'IOCKOH ClICTeMJ,l H30TOll08, IJO;J;TJ10pJ:tBTCH, 
Ral\ no;:i;T»ep,IJ,HJlllCb ll BCe npe,n;cKaaaliJILle aBTO
pOM B 1948-1950 rr. u ~-ycTOB'IDBLie }i30TOlll,I 

y aneMellTOB c Z = 92 + 100 (I<poMe Bk249). Bee 
(KpoMe Cf256) ~-ycroiitJHB.Lie naoTollLl aJJeMeBTOB 
C z = 101 + 106, np1me,l\eRBJ,Ie B 8TOH paoore, 
IlOMem,eBJ,l l1 B Ta6JI~e r. C:a6opra 1• 



SESSION -f.2 P/583 I. P. SELINOV 395 
~./I.II OI(CHKR BpeMeH« 1KH3HH Tpanc<fiepMHeBLrX: 

Hfll./llf.l{OB BecMra c~ecTBemw rni<me npep_cRa
aaime BOBNX MarIBJec1mx -.znceJI ueiiTpoHoB. Becb
»a »epoHnro, 11ro nocJie e~e ne»aBeCTHoro .H)Tl{
.1ur,/fa c Nm, 3aBepma10mero V nepuo}.{ :n c.ncwMe 
naoTonoB, Mo»mo om.H)l;an, TaKoro )Ke peaKoro 

yYeu1,rnee1rn: :meprim cs113n n BpeMeen mRaRH 
BYKJllf,l\OB, KaK ff IIOCJie aHaJIOfH1JHOro HYKJ[lfrta 

).(OB Jrr Ha6JIIOJ(aeTCJI sara]l01lHO MaJiaR pacupo
CTpaHeHHOCTb IIO cpaBHeBHIO C COCC7"HHM.H «lleaa
m.niqeHHLIMJU> H30TOIIaMJJ J/Beq: 

Pb2os N 126 "' IV c m = , ua HoTopoM aa1rneq11:saeTCH 
nepno.n;. EcJ111 npennonomHTb 'ITO s V ne

puo.n;e CHCTeMl,I B30TOilOR TaKoe ~e 1JHCJ10 :me
lle11Tou, RaK II B npe~MAym.e1.1 IV nepu:1,I1;e ro 

ecn, AZ = 24, To aTor nepno,l( 6y.u;eT aaKa~tJH

N'fl>~~• BepoJtTHo, Ha Ry1rnnJ1,e to&E--wzu c 
m - 168. B aToM CJiy>lae uanp«Mep 11aOTOON E-Q8tn 2111 2s1 ' • 108"' ' ' , KaK JI anaJJOfll1l81ile HM p0 2u, 21:i ·:13 6 ' · • YAYT lUl0TI, OlJ0llh MaJJeHI,KOe 3Ha-

'lemie T., a TaKme, B0pOflTHO II 3HatJJfTeJCLHO 
MeHL ' myJO BCJCWJ.mry Tnen ('IeM Tne:rr noJiyqeHHoe 
ooa Y'JCTa 31'01{ B031\fOJKHOCTH). • 

~JIJI nay•IeHif.ll CTPOCRKR R,l(pa 4JY1lJl.aMeHT8.lJ1,
HOe :ma11eHne HJlteeT Bl,lJICHCllHO B0JIJNHHU V 
~eaaKOl11JCHHoro) IrnpnoAa B CHCTeMe H30TODOB. 

H.:io 6.Lt 011em, .Qenm.u.1, ecJJH 6H aroT Bonpoc 
Moamo 6LtJio peurnn, B peaym,TaTe ocyiqecT
BJtemrn nporpaMMN IlOllCKOB BOBLill: Tpaucypa-
BOBLCX !lJICMCBTOB. . 

11 
B HOBOM VI nepuo,n.e cncTeMY uaoronon :Boa

O)Kno YB0JIH:qennc T y fi-ycroii111tBblX. naoronon 
MeMeHTOB e Z = 114 + J 18 anaJIOtlf'lHO TOMY 
ltaK ' ' :no llMeeT M0CTO B npeJ\hlJ\YID.0M uepltO]l,e 
Y :meMeHToB c Z = 90 + 94. Beponrno, nn 
lIYJ(JIIIAU 6y1tyr 11M0Th H HaHOOJlhlllll.0 nep110,rv,[ 
cnonrauuoro AeJiemrn:. Ta1nu,1 o6paaoM, 1110,Kno 
npe;:i;nOJJOifOITb, 'ITO n o6JiaCTll ~~ycmii'lHBLlX 
nymm.l{OB c Z = 106 n z = 114 + 118 cym;e
CTByIOT OCTpOBKJI fiOBLnnemwii ycTOiitfHBOCTH C OT-
1lOCHTeJII,Ho 6oJI.bUJHMH T. 

Iloc1ro;11,«y aRcnepmteHTaJIJ,HO nponep1tTb 9TH 
npeJJ,nonomeu1rn: e~e HCJI1,;rn, MH'l'epecno BhlRC
llBTI., BeT JUI )la}JHl,JX O BO3MO)«BOCTH 06paaoaanm1 
arnx ay«JIJtJJ.oB npn HYKJJeoreneaHce TpaHcypaeo
BWl: aJieMearoe no Bcei1enno1i. Ecnu ncxoJi;BTb 

»3 r>111oreaw 06pa3onaH11.n . HYKJIHAOB Tpaecypa
noiuu aJJe),teBTOB nplf JJ.Jrtf>c})epem:vm Heiirpommx 
ap;ep auea.n, (nnu npn 6L1cTpoM ueiiTpoHHOM cnu
reae aJieMeJITOB npu BCllhlIDRax CBepxHOBhlX 3B03,ll;), 
To MO)KHo O>lrn,I\aTh, qTo upu aTOM 6y].(yT npeHMy

Jl\0CTBenno 06pa3on1:.rnaTLca 11 coxpaI£HTbC11 9TH 
• 0 ~Tp0BHLI0)) AOJifO)f{HBym;ne llYKJIH~l,{ C 1JJICJJOM 
ae11Tponoa n JI,l(pax, 6JIK3kHM 1< Nm. Tax KaK 

f 3TltX HYKJIHJ(OB cnonTaHHOe ~e.11em1e )\OJl)l{HO 

npen~_-'Inpoear1, Hal( .l{pyrHMU TnnaMH npeapa
m;e1mu, To npn nx pacua,I(e 6y1~YT 11oau1rnan, 
B OCllOBBOM CTa6.HJil,B.bJC npo,I(yKm ~--pacnaµ.on 
OCKOJIKOB A0J10HHJI. ,l(o6aBJiem1e HX R (<Heaaw;u

m;easi.utl» HaoTonaM p11,u;a :meMeHTOB npuBe)WT 
K yuemtqenmo KOJIH'ieCTBa 3THX HyRJifl'AOB II 
COOTBeTCTB0HBO K aROM3JibBO MaJJOH pacnpocrpa
ue1rnoc1'll APYrHx Hy«JJHAoB, aam.ml\eHBI>IX OT n:po
AYJ{TOB ~-pacna,l),a BX H306apaMll C MeHI,IDIOUl 
3TOMilUllt:H HOMepaM11l0• 0Ra3b1Baerca, qTo 1-(eii
CTBD~JJ~HO y HeKoTopux 2~-yCTOH~HBl,lX BJ'l(3H-

Te124 (4,61%) u Te115 (7%);·Xe128 (1,9%), 
Xe130 (4%) « Xe129 (26,5%}; Xe131 (21,2%), 
Sm148 (11,~%}, Sm150 {7,5%) u Sm147 (15%); 
Sm149 (13,8%}, Cd154 (2,15%) n Cd15i (14,7%); 
Dy160 (2,3%) H Dy181 (18,9%); Yh170 (3%) H 
Ybm (14,3%). 

Me)K)ly TeM, corJiaCHO 'lemo BLtpameam,w 
aaKOHOMCpHoCTJIM B pacnpocTp3HCHHOCTRX H30'fO
IlOB, narJJ.8,l\HO Blf)l;HhlX B AUarpaMMe, COCTaBJJeu

noii aeropot.t10, n B ec 11ouoM, yJiyqrrreunoM ua-
pnaJJ~ 11 , y 2~-ycroiflIHBhIX naorouon M'lllT AOmK
Ha 6HTb TaKaJI • }Ke (DJUI ueCKOJlhKO OOJll>IIJag) 

pacnpocrpanene~CTb, K3K H y COC0J).HHX C IUIMII 

naoronou M11e". Haupm.rnp, Sn116 (14,2%), Sn118 

(24%) u snm (7,6%), Sn119 (8,6%). 
Hax 6uno no«aaauo B J(otrna,I(e auTopa na 

Bropoii iRenencKoii Romiiepea~un 10, iny If APY
rne aaoMaJiuu n pacnpocrpaeenaocl'H naoTonou, 
Te, Xe 11 Sm Momuo oo'MJCmtTt, TOJlLKO ].(ooasJie
m1eM npo,n;yKl'OB ~-pacna,n;a OCKOJIROB ,l(eJieBHR 

TpancypanoBJ.tx aJJeMesrou. B :JTOii pa6ore oNJio 
npeAUOJIOJl(0HO TaK)Ke, 'ITO a110MaJrnH ll pacnpo
C'tpaaeuuocTH H30TOIIOB :JTIIX 3Jl0M8H1'0B o6ycno»
JJeua AeJieuHeM Cf!5", y l<OTOpOI'O, COI'JJ3CJIO IIMCB

IDDMC.fl Tor,l(a ,11;aHHLlM, :nrcnoneHra pacna,n;a cnon
Ta1moro ll,0JleHnH couna~ana · c :mcnoueuroft 
p.tenr,memrn CBeTHMOCTB cnepxHOBLIX 3B03]\ THna f 
( T = 55 ]lBeii). 0.n;uaKo npoue,n;eHHhle aeµ;auuo 
00.1Iee TO'IULI0 H3MepemUI IlOKaaaJin, 'ITO y CfZU 

T = 60,5 ]\BJI 14, B noaToMy 3KCnone~uaJibHOe 
yM0HbID0BB8 CB0TllMOCTH anea,n;u: JJ;OJUKHO t>LITb 

o6yCJIOBJleHo CY),IMapnou: KpHBOii pacnaAa Cf!U 

n 6onee l<OpOTl{O)J{BBym,ero BYKJIH]l;_a llJIH JKe 
A8JienneM 6onee p;ane1rnx Tpaucypanouux uyKJIH
,n,011. Ecnu H3Mepemrn 14 BblXO,l{OB OCI<OJIKOD Jt,e
JJ0BBJI CP64 UoRamyT, q-ro BUXOJ( MeHee pacnpo
CTpaaeHJlLIX Xeu, u Xe 131 6oJJbme, 11e:tr1 6onee 
pacnpocTpaneouoro Xe132, To :>TO 6y.qeT oaua-
11aTh, 'ITO anm.raJIHJl s ·pacnpocTpaaeuRocru nao
TOfIOB Te, Xo u Sm o6yCJioBJieua ue AenenueM 
Cf254, a J{CJHmHeM 6oJiee Tll)l(CJlliIX BYKJlffAOB 
c Z = 106. ,L(n11 061,acsenu11 me anoMaJ11:.Ho MaJioii 
pacnpocTpaneHBOCTO 2,ll-ycTOD'lllBYX BYKJIB,l{OB 

M"eT y JlllHTaH~OB H/lAO 11pe~OOJIOiRHTl>, 'ITO OHH 
o6paayJOTCJl npll ~eJieBHSI ll30TOUOB Cll\8 6oJiee 
TSJ»(eJil,IX 3JlCMCHTOB C Z ~ 114 + 118. 

Ha KpHBOH pacnpocTpaBCBJJOCTH aneMCHTOB, 
nocTpoeuuoii A. Il. B1morpaAoBLIM: u ua ocaoBa
BHD Ban60J1ee liOBYX A3HBHX no XBMJr<lCCKOMf 
cocraBy XOBAPHTon (Beposrao, na116onee onna
KoMy K nepBll'IBOH pacnpocrpaHeHHOCTll aroMBWX 
R'Aep), 11 na Kpnuoii lf)Tl{JIHJllUU pacnpocTpaBeu
nocreii 10 BH]l,Ho, qro y nanTaBff'AOD ua6JIIO)taerc11 
OT1J0TJIIIBO BLlpameuauii MaKCm.t}'M ua 1130T003X 
.. Dy114, 1nH016', 59Er181• ECJIH npe;\nOJlO}l{BTb, 

"ITO 8TH RfRJiffAll COOTB0TCTBY10T MaKCHMaJil>BOMY 

BLZJ:OJ{Y OCHOJIJCOB Tnm:eJioii ROHlloUeBTLI ~eJteBBH, 
a MaKCHM}'M Bl:UO.l(OB OCKOJJKOB JICfKOU KOMUO
B8BTlil pacnoJiomen B o6nacra Ba138, La189 1t 
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398 PteBS H.n.cEnHHOB 

eeuo e Nm = 82, TO 0Kaa1.rnaeTCH, 'ITO 9TH. KOM
DOH0BTLl OCKOnl(OB MoryT llOJly«lllT'LCH, Banpm.rnp, 
DpD p;eJieBHH, BepoRTHO, ,l{OJir01KHBym,ero aHaJtora 
Th231 

BYKJJHp;a 111E-Po::: - OCe140 + 68Ce18'+ + 2n (Ce1H B peayJii.rare n;enoqKn ~--pacnaAoB 
npeBpall\aercn B era6m1LHNii HYKJIIIJ); Dy1U). Ho
ue,rno, npH p,eneunn 111E-Po306 .n;om«BLI o6pa-
30B8.TLCJI H ,xpyrne OCROJlKH TRmenoii H nernoii 
KOIIQ OH8HTLI. 

lb Kpneoii HfJ(JIR.If.Hl>IX pacnpocTpaueuuo
ereii 10 BIIJl;HO, 11To :&rnHCIIMfM Ha Ba138, La139 u 
Ce140 3Ha'IHTeJII,HO OOJil>me M8}(ClJMfMa Ha Dy16', 

Ho1
" n Er1

H. BonLmaJI pacnpocTpauenuocrL ny
KJIIT):{OB e Nm = 82 MomeT OUTL o6'LHCHeHa .n;o
DOJIBUTeJii.BH)I BKJia,n;oM B pacnpocTpaHeHHOCTb 
3fflX HyKJlH,1],0» OCROJlROB AeJieHHH Jier.KBX rpauc-
3KTHBH,!J,O B c Z ~ 106, 1u,:e10m,nx Mem,mne M 
B noroMy ne AaIOJIJ.HX T.Ra<enoil KOMnouenm 
OCKOJIKOB e M = 152 + 172. IloJiyqeam,1e He
p;aeuo A8BBUe U DOKa31,1Ba10r, 'ITO ,l{OJIHRa M0iKAY 
.UB)'MSI M8KCUM}'lf8MH ua J(pHBOll BNXOJJ;OB OC.KOJI
ROB e yBenuqeeneM M n Z .n;eJinm,erocH HfRJIHAa 
nocreneeuo noe1i1maercn n 6oJiee JierKaR KoMJio
ueura npn6m1maeTC}l K KOMDOH0HT8 C .Ma.KCH.My
MOM BLIXOJJ,OB OCKOJlKOB Ba BYKJIHJJ,ax c Nm= 82. 
IlpoCTa.R aKCTpanoirnu,uR aToro npnoJJRa{emrn 
nerKOU KOMIIOH8HTU OC.KOJIKOB K OOJiee TRmenou 
DOM83YB8eT, qro y BfKJIHAOB C M ::=:.::,, 270 + 280 
B z ~ 106 + 108 JierRan: ROMIIOH0HTa COJILeTCH 
e T11il\8JIOU: H 6y,[(et oqeHL nerepeCHLlii CJIY1f8H 
cm1MeTplf11eoro crrouraauoro Aeneenn ».ztep. Bro 
JtB..'leune 06i.acnaerc11 teM, "Ito cneo;mjmqecRne 
oco6eanocn1, CBRaanBw:e e KOH~OM nepno,n;a 11 cn
CTeHe H30T0ll0B n aasepweeneM ByKnOBHOll 060-
JJO'IKJf. HallOOJl08 01'110TJIHBO DpOHBJIRIOTCJI y Ry
KJIUAOB e Nm = 82. IloaroMy npn JJ,eJieunu paa
JIJ111HLIX RA0P Tome coxpaHR0TCH cep;i;u,eBHHa HJJ,pa, 
COOTB0TCTBYK>m,a.R 3TOii HaH6oJiee JJpKo BLlpa.mee
BOil HfKJIOHHOii o60JIO'I.Ke, ll ROMDOHeHTa OCROJI
ROB, COOTB8TCTBy10m,a11 Nm = 82, ocraeTCH ea 
Meete, nec:MoTpH na ysenutteHHe M n Z Jl.8J1Hm,e
roe11 HJJ;pa. ,11.pyraH KOMIIOHeRTa OCKOJIKOB CBa
qana np116JIH)KaetCR I( KOMDOH0Hte, COOTBeT
CTBy10m,eii ayxn1maM e Nm = 82, noToM CJJn
B&eTCJI c ueii (npu Z ~- 106), a aaTeM nepexop;HT 
B o6JiaCTL TSOK0Jil,lX naBTaBD]l;OB (npH z ~ 116). 

TaxuM o6pa3oM, paccMoTpeeue ae0Manni1 u pac
npoeTpaHenuocTHX naoTonoB nanTaenp;oB, no-BH
]J.HMoMy, 110Kaa1,rnaeT, 1lTO npn nyirneoreneance 
XIDfJl'leCKilX aJieMeHTOB B KOCll-lOCe, BepOJITHO, 

06paay10TCJ1 n .-ocrpoBuuet omocnTe.1lbBO ;a_o.11ro
.mnsyw;ne lt30TODLl TpancaRTJJHH]I_OB. 3TH ,ll,3HHLle 
,tBJIJBOTC11 ]l;OilOJIHHTCJibHLIM J);OBOl'J;OM B IIOJJ.b3Y 
rnnoreaw o c~ecTBouaunu omocnTeJJbHo p;oJJro
.m11u~x naoTODOB TpancaKTHHHJ(OB ll II03BO
JH1IOT Ha]J,eHTl,CJ1 lla ycnex B llCCJie]).oBaHlUIX no 
Cllllte3y HOBblX TpancaKTllHUAHbIX aneMeRTOB. lfa
yqenue arnx aJre:&teHTOB 6y11.eT IIMCTb 6oJJLmoe 
reopeTlI'lCCKoe ana11eene, TaR KaK nocnymnr npo_:
nepKoii paCCMOTpCHHhlX Burne npeIBJO)IOW:CHHH 
O f}-ycroftqltBI,IX H30TOil3X TpaucaKTHHll)l;OB, HOBUX 
aua11e1JHHX Nm H CJDfMeTplflIHOM CIIOHT3HBOM µ.e
nemm. Jl106onurno, 'ITO 11,JUl ne1wTOpux ne:ii-rpo• 

no,n;eqmu,nnn,1x Hy1mn;i;ou Mo.muo ;n;onycmn n 
B03MOIBHOCTb 6e:meihpOHHoro CHMMeTJ)ll'IllOro 
cnonTaaaoro ~enemm c o6paaoBaBKeM cpaay 
oCKOJIKOB CTa6ruu,u1,1x uaoTonou c Nm (uanpn
Mep, npH µ;eJieHHH 106E-0s272 - 25,Xe!!'). 8ro 
6LlJIO 61,1 cnpaBeAJUIBO, 0CJIH aeeprHJI ,n:e~KTa 
M8CClil ~eJIJJDt,erocn: R,n:pa DOJIHOCTLIO peanuayeTCJI 
B KHHeTH11ecKy10 :meprmo aTnx oc1<0J1KOB. C~e
CTBOBamte TaI<HX oeaueihpORHLIX, CDOHT3HHO A8-
JIH~HXCJI HYKJIH,P;OB cxopee Bcero OCTaHeTC1l B 06-
n:acTK 4laHraaHH, Ho aTOT npnMep no«aa1,rnaeT, 
qTo C OTKpUTHeM Tpaucal{TllHH/J.Hh1X: 3Jl8M8HTOB, 
B03M01KHO. 6y;n;yr Haii~eHM H HOlH,le, 6I>ITL yomer, 
ueoam;i;aem,1e cBoiicTBa H cnoco61,1 nx npIIMe
ueau.R. 
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nPHJ10H<.EHHE 

B npm10memu1 noMem;eHa ra6;rn:a;Lr, 1IJJJJJO
cTpnpy10m.ne 33KOHOMepooCTH, paCCMOTpeum,i:e B 

;i;oKJia)l;e. 
B Ta6JI. 1 npnBe;n;eua CHCTeMa ll30TOIIOB, co-

- zHe"I zrer 
CTOJim;an 113 ,n;uyx -qacren: H30TOIIH _ H • • 

fl pn: TaROM paCDOJlO}l{0HIIII B O,Il;HOH CTp011K! 

6y;i;yT H::IXO,Il;HTLC11 TOJJLKO uyKJHl,Il;hl C O)\BHa1>o»on 

11ernocThIO no N n Z, 11 no-roMy y,r\o6nee cpasna-
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BaTL aaa11eam1 T II APYrHe CBOHCTBa auan:orwrn1,1x 
HfKJIJl,ll;OB. !:ho By1mn;q1,1 MOlRHO oxapaKT0pHaOBaTL 
6onee OAHoana1mo, "IeAr B npe;a;1,1~ym;ux Ta6-
Jillll;ax, 'IHCJIOM H36LITOtJHlU ( +~) HJIJI Heµ;ocraro
~ex (-P) HeiiTpoHo» no OTHomeauro K 61mmaii
meMy 2~-yCTOIB!HBOMy (mm c HamreHLrueii Mac
co.ii H~pa} HSOTOny. 

Ua Tao.11. i BI{,ll;Ho, "ITO IlOCJie 8016 Bee :me-
z~q ' 

MeBTl,l R.'1:eIOT O.JJ;lIH (mm ,l{Ba) ~-ycToil:-rurn:r,rx 
ll30TOIIa MHe'l, a 3JI0MeHTfd z'leT OOJH,me JlBYX 

HJOTOilOB (KaK Mneq, TaK II M'HlT). 3ra aaKoHo

MepnocTL o6~8CBH0TC8 «renHOHHOU~ aaKoHoMep
HOCTJ:.IO B nocrpoeBHH H)lep 2~-ycroii1JHBblX Hy
KJllI~OB. HanpHMep: 
801

& + n _ 8Q17 + n _ 01s + p _ Fl9 + 
+ N 20 • S 9 

P - 10 e + n (rnu rrocrpoeam1 2n2p) mm 
s,Xe12s + n - uXeU9 + n - uXezso + n -
--;- uXe131 t n - o,xeiss + p - uCsua + 
T P - oeBa 34 + n ... (nm nocrpoem:1g 4n2p). 

~0CTBOBauue y pa)l,a 3JI0M0HTOB He o;a;Horo, 

a AByx 2~-yCTOll'lllBLIX naorona zBe'l OD'bJICHJI8TCJI 

TeM, "ITO. B arnx M0CT:1X CJfCTCMJJ ::meprerntJeCIUl 
noqtu O)tHHaKOBO B0pOHTHO nocrpoeHHe ap;ep KaK 
no mny 2n2p, Ta.K H no THUY 4n2p. C :JToti KOff
xypem~ueii AByx THIIOB nocrpoeHHR n cBnaano 
orcyrcTBu:e ~-ycroii'IHBhlX naorouos y Tc u Pm, 
IlO.IIB.'10HHe 'l"peTI,ero cra6HJibHOro ll30TODa (Sn116) 

Y OJIOBa n p;pyrne cne~H~lf'leCKHe oco6eHHOCTH 
Y pa.u,a aJieM:eHTOB. 

f'eJlnoneaa aa1m110MepnocTL B '!epe.u,onamui: 
n Hp O'l"ICTJillBO npOHBJIHeTCH na KpHBOH :meprnu 

CB.11311 nap HYKJI0H0B 2~-ycroii<JHBlilX :uyxmr.u,on, 
11OMe~eHHoi'1 Ha ra6JI. 2. Ha non: xpu»oii BR)tHo 

TaKa<e, 'ITO B Ra~OM nepnop;e CHCTeMiil, aaKaH'lH
BaronteMCSI Ha HYKJIHt(e c Nm, paBHiilM 20, 50, 
82, 126, B cpep;eeM o.i,;11.e:aKoBa :meprm1 cBaau. 
Ha KpHBOl'i Bllp;HI,I Tam«e H3JIOMfi, CBaaaHHLl0 
c p;pyr:inrn Nm. B raoJI. 2 noMe:m;eaa TaKme npo
TOHRo-Heii:rpoanaa p;narpa1,rna, aa Koropoii: or

'I0TJIHBo BHJ];Ha aaKOHOM0pHOCTI, B qepep;oBaHHH 

rnnoB nocrpoenu.11 2n2p n 4n2p, o6ycJioBJlHBaro
m;aa n aa1w110Mepuoe yBeJinqeuue AN/l!.Z. 

B 'nepHO}l;H'IeCRoii C.U:CTeMe l\IeH~8JI8eBa (Ta6JI. 3) 
np1rneAem.z rHIIOTeTII'lec1me aHatJeHHR M ~-ycroii
trI:fB&x II3OTOilOB 3Jie!lreHTOB C z = 101 + 118. 

To'lROii oKoJio 3Ha-qeuuii: M oooaHaqem£~-ycro:ii
lJ.HBI,l0 naoronhl, npe-spa~arom;neca c HcnycRa
Hne1-1 U-'lacm~ mm cnouraaHo]l;eJia~uecJI. IloA-
1:1epKuyro aHa'lemrn M na1160Jiee ,o;oJirO)l(HBym;ero 
mm lJaHOoJiee pacupoc1paneuaoro naorona. 3Bea-. 
.IJ.O'lKOU OTMe'IeHa BLNHCJI0BHaa no HOBLlM ,!);aHBfiM . 

Macca Ha11:60Jiee .n;onromHBym;ero uaoTona. 3ua
'leIDIH M 2~-ycTO.ii'IRBYl: naoTonoB no.Mentem,i 
a cpe,!l;Heii: cTpoqxe H BU~e»eHLI 6onee xpynB.LIM 
wpmprou. 

.l{am,Heiimee n:ayqemre CTpyKrypH aroMHb::r 
H,!J;ep lI pa3lllITlI0 reopml Ha OCHOBe CHH"reaa npeJ(
CTaBJleHHii O HYRJIOHHJ,IX accon.na~«ax H OOOJIO'I
Kax noaBOJllll' BhIHClllITL npupoµ,y nepnop;lI'leClutX 
3aKOl:lOM8pHOCTeii CHCTeMbl lI pe@HTL Bonpoc, cy
m;ecTByJOT rem1orpynnw toJILKO y nerxux JI,D;ep 
HJIH y BCeX aTOMHhl:X: H,!J;ep (B03MO)RH0, B nepn4>e
pl1110CKOM CJIOe). 

ABSTRACT-R~SUME-AHHOTALV1JI-RESUMEN 

A/583 USSR 

New isotopes and the systematics of nuclides 

by I. P. Selinov 

The paper deals with two main topics: · 
{a) The periodic system of atomic nuclei; and 
(h) The possibility of discovering new isotopes and 

making use of them in science and technology. 
With regard to the first topic, the rational system~ 

atisatfon of nuclides reflects the regularities of the 
structure of atomic nuclei, systematises the properties 
of isotopes and facilitates the search for new ones. 

Determination of a number of periodical regularities 
in the mass, mass numbers, abundance and other 
properties of isotopes has made it possible to construct 
a periodic system of atomic nuclei on the basis of the 
shell model of the nucleus. 

The paper describes the helionfo type of construction 
of 2 P-stable nuclides and the concept of analogic 
isotopes. 

An account is given of the proposed periodic system, 
and the basic sameness of different forms of the 

nuclide system reflecting the same regularities in the 
construction. of atomic nuclei is demonstrated. 

Turning to the second topic, stable isotope mass 
numbers are predicted in the old variant of the 
author's periodic system of isotopes. 

Radioactive nucUdes are systematised and mass 
numbers of /J-stable isotopes of the transuranic 
elements are predicted. The regularities in their half
lives provide the starting point in the search for new 
isotopes. 

The possibiHty of discovering new long-lived iso
topes that could be used as radiotracers (52'Ti and 
others) and in geological age determinations is 
demonstrated, and that of using some new fissile 
isotopes as compact neutron sources, particularly for 
activation analysis, is discussed. 

The probability of the symmetric fission of P-stable 
isotopes of ekapolonium (Z = 106) and the possibility 
of the existence of neutronless nuclide sources of 
nuclear energy, which would be very useful for 
practical purposes, are reported. 

The anomalies in the abundance and distribution 
of lanthanide isotopes are explained by the cosmic 
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occurrence of these isotopes as a result of the fission 
of superheavy nuclides with atomic numbers z = 106 
and 116 and magic numbers of neutrons. Proposals 
are made for increasing the half-1ives of a number of 
isotopes of these translawrentian elements and for 
the possibilities of producing them artificially. 
· Lastly, the advantages to be gained from the 

organization of regular and prompt publication of 
international reference tables of isotopes and nuclear 
constants js emphasised. 

A/583 URSS 

Nouveaux isotopes 
et classlficatlon systematique des nucleides 

par I. P. Sellnov 

Le memoire traite de deux sujets principaux ~ 
a) La classification periodique des noyaux atomi

ques; 
b) La possibilite de decouvrir de nouveaux isotopes 

ct de leur donner une application dans la science et la 
technique. 

En ce qui conceme le premier sujet, la classification 
systematique et rationnelle des nucleides reflete les 
lois de la structure des noyaux atomiques, systematise 
les proprietes des isotopes et facilite la recherche de 
nouveaux isotopes. 

La decouverte d•une serie de lois periodiques dans 
les masses, les nombres de masse, 1 'abondance et autres 
proprietes des isotopes permet d'etablir une classifica
tion periodique des noyaux atomiques (sur la base du 
modele en couches du noyau). 

Le memoire decrit la structure de type helionique de 
deux nucleides beta-stables et la notion d'isotopes 
analogues. 

On decrit la classification des noyaux atomiques 
proposee et on montre l'identite de principe des diffe
rentes formes de classification des nucleides, refietant 
les memes lois de la structure des noyaux atomiques. 

En cc qui conceme le deuxieme sujet, l'auteur predit 
Jes nombres de masse des isotopes stables dans son 
ancienne version de la classification des isotopes. 

On donne une classification des nucleides radio
actif s et on predit les nombres de masse des isotopes 
beta-stables des elements transuraniens. Les lois de la 
periode de decroissance servent de point de depart pour 
la recherche de nouveaux radioisotopes. 

On montre la possibilite de decouvrir de nouveaux 
isotopes a lon_gue vie utilisables en tant que traceurs 
isotopiques (62Ti et autres) et pour la datation geolo
gique, et celle d'CJDployer certains nouveaux isotopes 
fissiles en tant que sources compactes de neutrons, en 
particulier pour l'analyse par activation. 

On indique la probabilit~ d'une fission symetrique 
des isotopes beta-stables de l'ekapolonium (Z = 106) 

M. n. CESlMHOB 

et la possibilite de I'existence de sources d'energie 
nucleaire isotopiques sans neutrons, d'une grande 
utilite pratique. 

L'auteur explique Jes anomalies dans la distribution 
des isotopes des lantanides par la formation cosmique 
d 'isotopes de ces elements lors de la fission de nucleides 
tres 1ourds, A numeros atomiques Z = 106 et 116, et a 
nombres magiques de neutrons. II propose d'accroitre 
des periodes de decroissance d'une serie d'isotopes 
de ces elements translawrenciens et indique la possi~ 
bilite de les obtenir artificieUement. 

Enfi.n, le memoire souligne l'opportunite d'orga
niser la publication reguliere et rapide de tableaux. de 
reference internationaux des isotopes et des constaotes 
nucleaires. 

A/583 URSS 

Los nuevos is6topos y la sistematizaci6n 
de los nuclidos 

por I. P. Selinov 

Los dos temas principales de que se ocupa Ia memo
ria son: 

a) E1 sistema peri6dico de los nucleos at6micos, Y 
h) La posibilidad de descubrir nuevos is6topos Y 

aplicarlos en la ciencia y la tecnica. 
En cuanto al primer tema, la sistematizaci6n 

racional de los mklidos reflcja las regularidades de la 
estructura de los nucleos at6micos, sistematiza las 
propiedades de los isotopos y faci1ita la busqueda de 
is6topos nuevos. 

La determinaci6n de una serie de regularidades 
peri6dicas en las masas, los numeros de masa, en la 
abundancia y otras propiedades de los is6topos per
mite construir un sistema periodfoo de micleos at6-
micos a base del modelo del nucleo en capas. 

La memoria describe el tipo de construccion heli6-
nico de los nuclidos 2 /J-estables y el concepto de 
is6topos analogos. 

Se expone cl sistema propuesto de los nucleos 
at6micos y se demuestra la identidad fundamental de 
las dif erentes fonnas del sistema de nuclidos que 
reflejan las mismas regularidades en Ia construcci6n 
de Jos nucleos at6micos. 

El cuanto al segundo tema. se hace la predicci6n de 
los numeros de masa de los is6topos estables en la 
variante antigua del sistema peri6dico de is6topos, 
propuesto por el autor. 

Se sistematizan Ios nuclidos radiactivos y los mime
ros de masa de los is6topos ,8---estables de los elementos 
transurfoicos. Las regularidades en los periodos de 
semidesintegracion sirven de base para la busqueda 
de nuevos is6topos. 

Se demuestra que es posible descubrir nuevos 
is6topos de larga vida, que puedan u~rse. como 
trazadores (52Ti y otros) y para la deterounac16n de 
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las edades geo!ogicas. Se examina la posibilidad de 
emplear algunos nuevos is6topos fisibles como fuentes 
compactas de netitrones, en particular, para el analisis 
por activaci6n. · 

Se cita la probabilidad de la fisi6n simetrica de los 
isotopos P-estables de ecapolonio (Z = 106) y se con
sidera la posibilidad de la existencia de nuclidos que 
sean fuentes de energfa nuclear sin emitir neutrones, 
muy utiles para los fines practicos. 

Se explica la anoma!ia en [a abundancia y distri
bucion de los is6topos de los plantanidos mediante 

la aparici6n en el universo de is6topos de estos 
elementos a consecuencia de la fisi6n de nuclidos 
superpesados con numeros atomicos Z=I06 y 116, 

·'.y numeros magicos de neutrones. Se hacen pro
puestas para aumentar los perfodos de' semidesinte
graci6n en varios is6topos de estos elementos trans
laurensicos y para su posible obtencion artificial. 

Por ultimo se subraya la conveniencia de organizar 
una publicacion regular y rapida de tablas inter
nacionales de ref erencia de is6topos y de constantes 
nucleares. 
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Contribution to the understanding of the natural evolution 
of petroleum : radiation effects on crude oils · 

By U. Colombo,• E. Denti. •• G. Sironi * and E. ·Zimmer** 

Ever since the results of the work carried out under 
the sponsorship of the American Petroleum Institute 
Project No. 43c, were published [l3, 15], geochemist; 
and geologists have agreed on the conclusion that 
natural radioactivity from the radioactive components 
of sedimentary rocks plays only a negligible role in 
the genesis of petroleum hydrocarbons [16). 

Earlier interest on this research had been promoted 
as a consequence of the hypothesis advanced in 1926 
by Lind and Bardwell [IO] that petroleum might 
originate, by radiation-induced reactions, from the 
organic matter buried in sediments. From a strictly 
qualitative point of view, this hypothesis was corro
borated by several known facts, such as the associ
ation of trace uranium with the organic material of 
carbonaceous shales which allegedly were sources of 
petroleum [6, 9, 11), and the presence of helium in 
certain natural gases in basins where radioactive 
organic shales are also found [12]. However, quan
titative data related primarily to the yield of hydro
carbon-producing radiolytic reactions, and other fac~ 
tors, such as the lack, in natural gases and crude oils, 
of two of the most important known products of the 
radiolysis of organic substances, namely hydrogen and 
olefins, led to the rejection of this interesting hypo
thesis. Although relatively inefficient in connection 
with the origin of oil, radiations may be of primary 
importance in the geochemical transformations which 
petroleum undergoes over geological periods. This 
justifies the need for more experimental work on the 
effects of ionizing radiations on hydrocarbons and on 
organic matter in sediments, under conditions resem
bling those which are known to take place in geo· 
logical environments. 

In a previous work [41, the authors have shown that 
the effects of radiations on hydrocarbons, and more 
generally on crude oils, should not be overlooked by 
organic geochemists aiming at a thorough understand
ing of the origin and evolution of petroleum. 

• Geochemistry Department, G. Donegani Research Institute, 
Montecatini Co., Novara. 

•• Chemistry Department, SORIN Nuclear Research Centre, 
Saluggia (Vercelli). 

Two distinct products resulted from the irradiation 
of hydrocarbons and crude oils, namely, a heavier and 
structurally complex liquid, rich in resins and aspha1-
tenes, and a light gaseous material. Interesting and 
specific effects were detected, which were attributed to 
the presence of different sedimentary rocks and of water. 

While in the first work attention was focused pri
marily on the gaseous products of the radiolysis, in the 
present paper a more detailed presentation of the 
effects of radiations on the structure and the composi
tion of the liquid product will be given. 

The aims of the present geochemical study are: 
(a) to reach a better understanding of the problem of 
the origin of asphaltenes and of asphaltic matter; 
and {b) to contribute to the characterization of organic 
matter in sediments. 

The authors believe that,, at least in some cases, 
asphalt may be the product of radiation damage on 
hydrocarbons and similar organic materials, prolonged 
over geological periods. On the other hand, if it is 
true that radiations may considerably alter relatively 
simple hydrocarbon systems with the formation of 
more complex compounds of a bituminous nature, the 
"source rock" character of many radioactive organic 
shales should be carefully evaluated and, at least in 
some cases, seriously questioned, since a substantial 
part of the organic matter found in such shales might 
be of an exogenous nature, and could represent an 
advanced stage of petroleum alteration. 

EXPERIMENTAL 

402 

Materials: Four crude oils, three of which (Alanno, 
Ragusa and Gela) were from Italian fields a?d o_ne 
from the Middle East (Mosul), were used for mad1~
tion experiments. One of the Italian oils (Gela)_ 1s 

strongly asphaltic in nature and has an un~sually ~igh 
sulphur content. Sedimentary rocks used m the irra
diation experiments were the following: 

{a) Siliceous sand from Torre del Lago (Pisa); 

(b) Limestone from Alanno (Abruzzi), and 
(c) Montmorillonitic clay (bentonite) from Ponza, 

Italy. . 
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Table 1• Gaseous radiolytic products formed from 100 g of Gela crude oil, exposed to ml~ed reactor radiation 

Oil+ Oil+ Oil+ Oil Oil+ Oil+ 
sample sand water-wet 

limestone waler-wet Oil+ water-wet sand clay sample sample limestone clay sample sample sample 
sample 

Total dose (rad) . . 1.04 X 10' 1.04 X J()t 1.04 X IO• 1.04 X 10" J.04 X 10" Dose rate (rad/h). . J.04 X l()t 1.04 X 10-
Total volwnc of gas 

0,80 X 10' 0.80 X 10' 0.80 x 10' 0.80 X 10- 0.80 X J()I 0.80 X Jo■ 0.80 X 108 
(cm• at O °C and 
760mmHg). 832 871 670 
Perc:entages: · 

Ha . ... 90.65 83.78 79.30 c~ ... 5.52 11.42 14.18 c;H, ... 
CiH,. 

1.39 2.16 3.48 

C.H, .· 
0.65 · 0.59 0.43 

C,H,. 
0.29 0.15 0.11 

C,H,. 
0.52 0.73. 1.00 

C,H1,. 
0.21 0.10 om 

C4H1 • 
0.41 0.51 0.64 

C,H11 • 
0.02 traces 0.01 

c •.. 
0.07 0.14 0.16 

co. traces traces 0.04 
0.27 0.42 0.58 

The anaJyticaJ data pertaining to such rocks have 
been reported in a previous paper (4). 

R~diation _source and dosimetry: Irradiations were 
earned out m the 2 MW(th) swimming pool reactor 
of the ~entro Ricerche Nucleari SORIN, Saluggia 
(Vercelh), Italy. The irradiations were performed at a 
dose rate of about 1 x 108 rad/h. The total doses 
absorbed by the samples were of the order of 1-10 x 109 
rad ; such doses are of the same order as those cal
culated for moderately radioactive organic shales 
(1-100 ppm uranium) over a geological period of 
100-400 million years. 

Reactor. radiation dosimetry was carried out using 
gold momt?rs (thermal neutron flux), nickel foils 
(fast neutron flux.) [2) and ferrous and cerium sul
phate chemical dosimeters, giving the sum of the doses 
from gamma flux plus fast neutron flux. Measurements 
with cerium sulphate were made with the assumption 
that G values for electrons and recoil protons are 
approximately equal [ 1 ]. The results obtained were 
in good agreement with experimental data by French 
and Eggen (8]. 

1250 980 1 362 940 

85.34 80.15 77.98 14.JS 
9.80 14.51 'Jj.88 17.13 
1.96 2.51 2:92 );SJ 
0.63 0.28 0.39· 0.17 
0.19 0.05 0.10 0.04 
0.86 0.97 J.ll 1.16 
0.24 0.10 0.15 0.01 
0.59 0.90 0.68 0.65 

traces traces 0.03 traces 
0.11 0.10 0.13 0.14 

traces 0.02 0.02 0.06 
0.28 0.41 1.61 2.98 

dure described in a previous paper (3]. The pentane-
. insoluble fractions (carbenes + asphaltenes) were stu
died by thin~layer chromatography [14}, on a 300 µ 
thick smca-gel substrate (Merck G), the evolution 

· being carried out using as solvent methylethylketone 8 
n-heptane: methanol, 28: 70: 2. A Shandon TCL 2848 
chamber was used, and the elution time was about 
30 s. On the same fractions the fluorescence spectra 
(Beckman spectrophotometer DK 2, high pressure 
mercury vapor lamp) and infrared spectra (Perkin
Elmer spectrophotometer, Mod. 21) were obtained. 

Oil fractions, before and after irradiation, were 
analysed by gas-chromatography (Perkin-Elmer 800, 
with a double SE-30 silicone gum rubber column and 
flame ionization detector) and by infrared spectro
photometry. 
_ Crude oils irradiated in the presence of rocks with 

an apparatus designed for the programmed with-

Table 2. Ratio saturated: unsaturated gaseous 
hydrocarbons produced during radiolysis 
of Alanno, Ragusa and Gela crude oils 

Alanno R .. usa Gel• 
crude oil crude oil CllldGoil 

Procedures: Irradiations were carried out either in 
sealed quartz phials or in an apparatus speciaHy 
designed for the programmed withdrawal of gaseous 
radiolytic products. Procedures for the sample pre
paration and the irradiation apparatus have · been 
described elsewhere [4}. 

Total dose (rad) .. 2 X f0' I X 10- I X 10-

RadioJysis gases were analysed by gas-chromato
graphy (Perkin Elmer 154 D Vapor Fractometer, with 
thermistor detectors). For each liquid sample, the 
geochemical study was carried out by the same proce-

In bulk ., . . . 
With sahi:f . 
With water-wet sand 
With limestone • 
With water-wet limestone 
With clay 
With water-wet clay • .. 

4.68 6.05 6.76 
7.39 12.22 17.31 
8.0S 26.00 31.4S 
S.92 10.27 12.56 
6.54 23.67 44.21 
8.80 38.77 29.46 

10.38 98.86 102.60 
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Table 3. Geochemical data on Ragusa crude oil, before· and after irradiation 

Oil 
sample 

Unir-

Oil 
sample 

Oil+ 
sand 

sampfc 

Oil+ Oil+ 
watcr-wc1 llmestone 

sand sample sample 

Oil+ 
water-wet 
limestone 

sample 

Oil+ 
clay 

sample 

Oil+ 
waler-wet 

clay 
sample 

Total dose (rad) . • . . 

(a) Geochemical analysis: 

radiated 0.85 x 10' 1.04 x 10' 1.04 x JO' 0.85 x 10' 1.04 x 10• 0.85 x 10' 1.04 x 10' 

API gravity. • • • • • . 
Sulphur % . • . • . . ~ • 
Carbc:nes + asphahenes ¾ . 
Resins¾. • •. 
Oil fractions % ••...• 
C:H ratio of oil fractions • 
Average molecular weight of 

oil fractions. • • • 
(b) Sulphur in geochemical frac-

tions: 
Carbcnes + asphaltenes S ¼ 
Resins S %- . . • . . . 
Oil fractions S % . • . • . 

(c) Distribution or sulphur as % 
· of total: 
S in carbc:nes + asphaltenes 
Sin resins . • . . • 
S in oil fractions • • • • • 

19.4 
2.43 

12.24 
12.01 
1S.1S 

7.01 

396 

6.36 
4.23 
1.51 

32.02 
20.90 
47.08 

18.4 
2.42 

14.00 
12.88 
73.12 

7.05 

402 

6.39 
4.26 
1.34 

36.97 
22.67 
40.)6 

17.6 
2.42 

IS.88 
13.56 
70.56 

7.12 

408 

6.48 
4.28 
1.15 

42.52 
23.95 
33.53 

drawal of the gaseous radio]ytic products were also 
studied thennogravimetrically (Stanton thermobal
ance, mass-flow), heating the sample under nitrogen 
to 1000 °C, with a thermal gradient of 6 °Cfmin. 

RESULTS 
Irradiation in phials: In Table 1 the analytical data 

of gaseous radiolytic products from the Gela crude 

16.8 
2.41 

17.28 
15.33 
67.39 
7.28 

413 

6.53 
4.34 
0.98 

45.03 
27.59 
27,38 

17.9 
2.43 

16.36 
14.52 
69.12 
7.16 

410 

6.52 
4.33 
1.06 

43.87 
25.88 
30.25 

17.2 
2.42 

18.54 
15.96 
65.50 
7.31 

416 

6.56 
4.39 
0.77 

50.25 
28.93 
20.82 

16.5 
2.42 

18.12 
16.23 
65.65 
7.29 

416 

6.57 
4.35 
0.80 

49.17 
29.17 
21.66 

15.3 
2.41 

21.19 
17.37 
61.44 

7.38 

423 

6.58 
4.40 
0.41 

57.&4 
31.70 
10.46 

oil irradiated in bulk and in the presence of sedi
mentary rocks (dried or partially saturated with water), 
are shown. In Table 2 the ratio of saturated to unsa• 
turated hydrocarbons in the radiolytic products is 
reported. At equal doses, of the order of 109 rads, 
this ratio increases in the order: crude oil of mixed• 
paraffinic base (Alanno), mixed base (Ragusa), naph
thenic base (Gela). 

Table ◄. Geochemical data on Gela crude oil, before and after irradiation 

Total dose (rad) . • • . 

(a) Geochemical analysis: 
API gravity. • • . 
Sulphur¼ •..••• 
Carbc:ncs+asphaltenes % 
Resins%, . . . . •• 

. Oil fractions '¼ . . . . . 
C:H ratio of oil fractions. 
Average molecular weight of 

oil fractions. . . . . • . 
(b) Sulphur in geochemical frac-

tions: 
Carbenes+asphaltenes S % 
ResinsS % ......•. 
Oil fractions S % . . . . • 

(c) Distribution of sulphur as % 
of total: 

Sin carbenes+asphaltenes . 
Sin resins .• 
S in oil fractions . . 

Oil 
sample 

Oil 
sample 

Oil+ 
sand 

sample 

Oil+ 
water-wet 

sand 
sample 

Oil+ 
limestone 

sample 

Oil+ 
watcr-wel 
limestone 
sample 

OJI+ 
.:lay 

santple 

Oil+ 
water .. wct 

clay 
sample 

Unir-
radiated l.04 x 10' I.04 x 10- 1.04 x 10' l.04 x 101 1.04 x 10• 1.04 x 10- 1.04 x lO' 

7.4 
7.70 

28.SI 
20.48 
51.01 

7.46 

412 

9.67 
7.62 
6.63 

35.81 
20.26 
43.93 

7.1 
7.70 

29.38 
21.16 
49.46 

7.48 

417 

9.67 
7.64 
6.55 

36.90 
21.00 
42.10 

6.5 
7.68 

30.24 
21.85 
47.91 

7.48 

421 

9.70 
7.65 
6.42 

38.20 
21.75 
40.05 

6.0 
7.70 

31.42 
22.84 
45.74 

7.50 

426 

9.68 
7.68 
6.35 

39.50 
22.78 
37.72 

6.2 
7.67 

31.08 
21.00 
47.92 

7.48 

415 

9.69 
7.63 
6.38 

39.27 
20.89 
39.84 

5.6 
7.70 

32.38 
23.16 
44.26 

7.49 

423 

9.71 
7.66 
6.26 

40.83 
23.04 
36.13 

,.s 
7.68 

33.50 
24.93 
41.51 

7.51 

428 

9.73 
7.69 
6.02 

42-45 
24.96 
32.59 

4.7 
7.68 

36.12 
25.52 
38.36 
1.54 

437 

9.78 
7.74 
5.66 

45.99 
25.72 
28.29 
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Table S. Gas-chromatographic analysis of oil fractions 
obtained, before· and after irradiation, in phials of 

Ragusa crude oil 

Total dose (rad} • 
Total peaks . . .. 

Components 
% hy weight: 

Oil, 
unir• 

radiated 

83 

n - Nonane . - • 0.05 
n - Decane . • • 0.08 
n - Undecane . . . . 0.18 
di - Isopropylbenzene. 0.16 
Naphthalene 0.70 
n - Dodecane . 0.31 
n - Tridecane . 0.88 
Cyclododecane 0.05 
Diphenyl . . . 0.17 
n - Tetradecane . . . 0. 75 
Tetraisopropylbenzene 0.21 
n - Pentadecane , 1.56 
n - Hexadecane . 3.83 
n - Heptadecane . 4.34 
n - Octadecane . 4.80 
n - Nonadecane . 6.82 
n - Eicosane. . . 4.47 
n - Heneicosane . 3.82 
n - Docosane • 4.20 
n -Tricosane • 3.94 
n - Tetracosane 3.49 
n - Pentacosane 3.78 

Total normal paraffins 47.30 

Oil, 
irradiated 
in bulk 

0.85 X JO" 
10 

0.01 
0.02 
0.02 
0.16 
0.75 
0.12 
0.32 
0.o7 
0.38 
0.57 
2.28 
4.13 
4.83 
6.11 
4.94 
5.02 
4.65 
2.96 
3.63 
2.23 
2.16 
2.30 

44.02 

Oil+ Oil+ 
water-wet clay clay 

0.85X 10" l.04X 10' 
90 96 

traces traces 
traces traces 
0.01 traces 
0.15 0.20 
0.72 0.73 
0.08 0.06 
0.36 0.10 
0.12 o.µ 
0.50 0.64 
0.44 0,28 
2.55 3.03 
4.96 4.83 
5.59 4.71 
6.03 6.30 
5.05 6.55 
6.86 7.63 
3.61 5.16 
3.60 3.02 
2.14 1.85 
2.01 0.89 
1.36 0.35 
1.16 0.21 

43.26 41.94 

The results of the geochemical analyses on the 
crude oils from Ragusa and Gela, both unirradiated 
and irradiated alone or in the presence of sedimentary 
rocks, are shown in Tables 3 and 4 respectively, with 
the data for sulphur in each geochemical fraction. In 
the same tables the material balance of sulphur is also 
shown. · 

On the oil fractions of some samples, gas-chromato
graphy analysis with a programmed temperature up 
to 250 °C was carried out, thus permitting the detec
tion of hydrocarbons up to about <;5• In Table 5, 
the total number of peaks found and the concentra
tion of hydrocarbons- identified are reported. The 
infrared spectra of the oil fractions from different 
crude oils indicate that in all cases less unsaturated 
liquid hydrocarbons are formed when irradiation is 
performed in the presence of rock and water. 

An attempt has been made to characterize in more 
detail the highly altered fractions (carbenes + asphal
tenes). This was done by recording the infrared spectra 
of the pentane-insoluble fraction from irradiated and 

. unirradiated products. A further analysis of these 
altered products was carried out by thin-layer chroma
tography. The various chromatograms are essentially 

U. COLOMBO et al. 

similar but the spots show a different fluorescence 
intensity. The fluorescence spectra of the pentane
insoluble fraction from the Ragusa crude oil are shown 
in fig. 1. The maximum intensity of the fluorescence 
phase appears to be in the .range 500--520 mµ. The 
same happens with the carbenes + asphaltenes frac
tions from Gela crude oil. 

~ 
• C • .. 
.!: 
• ., 
C • ., .. • 0 
:> 

u. 

·---·-· 
400 500 

Cone::. 4% in CHCl3 
Slit 0.3mm 

Sens. 1.50 

600 700 

____ Unirrodiated 

___ Irradiated' in bulk 

mp. 

o-0-----0 Irradiated with water-wet sand 

•....•..... Irradiated with -ter-wet lirqstone 

-··· -··· Irradiated with woter-wet clay 

-+-+•CHCl3 

800 

Figure 1. Fluorescence excitation spectra of irradiated 
and unirradlated carbenes + asphaltenes from Ragusa crude oil 
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Irradiation with removal of gaseous products: Irra
diftion experiments with higher total doses were per
formed using an apparatus permitting the removal 
and collection of the gaseous radiolytic products. 
This avoided the danger from high pressure in the 
irradiation container and, moreover, eliminated the 
possibility of secondary reactions with the participa~ 
tion of gaseous radiolytic products, and therefore 
better approached geological conditions. 
· Irradiations with this device were carried out on 

crude oils from Alanno (both alone and in the pre
sence of water-wet clay), Gela· (in the presence of 
water-wet clay) and Mosul (alone). In Table 6, the 
data relating to gaseous radiolytic products are 
reported. It should be pointed out that although 
hydrogen is by far the main constituent, the ratio of 
saturated to unsaturated hydrocarbons increases sub
stantially with the absorbed dose. In Table 7, the 
results obtained from the geochemical study on crude 
oils from Alanno and from Mosul irradiated alone are 
compared with those from the same unirradiated oils. 

When the irradiation of oils in this special appa
ratus was performed with water•Wel clay present, the 
organic material intimately mixed with the rock was 
found after irradiation to be partially insoluble in 
chloroform. For Alanno crude oil the insoluble frac
tion was 95% of the initial product, while in the case 
of Gela the insoluble fraction was 88 %-

U. COLOMBO et al. 

In Fig. 2, the infrared spectra of the oil fractions 
·obtained from the chloroform soluble fractions res
pectively for Alanno and Gela crude oils, are reported. 

A thermogravimetric analysis was carried out under 
nitrogen on the total solid matter (rock + unex
tracted organic material) of irradiated and unirra
diated oils. In Fig. 3, the thermogravimetric diagrams 
obtained are compared with those of a typical oil 
shale (Green River shale from Utah) and of a urani-
ferous asphaltite (Colorado Plateau). · 

DISCUSSION 

The new experimental data confirm the previously 
reported effects of sedimentary rocks and water on 
the yield and distribution of a radiolytic product. 
This is evident both in the gaseous and liquid phases, 
the latter being characterized by a remarkable increase 
in the density and viscosity of the liquid irradiated 
product, associated with an increase in the concentra
tion of asphaltenes + carbenes, as well as in the 
average molecular weight of the oil fractions. The 
density and viscosity increases in the liquid product 
from irradiation show perhaps the most striking 
difference between the effects of radiation and those 
of mild heating. High-temperature (300-350 °C) ageing 
of crude oils and asphalts has been reported to result 

Table 6. Gaseous radiolytk products formed during Irradiation with discontinuous gas removal 

Alanno oil+ water-wet clay sample Gel a oil+ water-wet clay sample Mosul (Middle East) oil sample 

Gaseous product No. Gaseous product No. Gaseous product No.· 

2 3 2 1 2 

Irradiation dose (rad} 3.09 X JO' 6.02 X IO' 1.52 X 10' 4.74 X 109 7.03 X 109 3.03 X 10- ].01 X 10-

Cumulative dose ab-
sorbed by sample 

1.18 X 1010 3.0. X 10' 4.04 X 10" 
(rad) .•. 3.09 X 10' 9.11 X 10- 1.06 X 1010 4.74 X 109 
~ rate (rad/h). 1.4 X 10' 1.4 X 10' 1.4 X JO' 1.4 X 107 1.4 X JO' 8.0 X 107 8.0. X JO' 

Volume or gas pro-
duced (cm' at o "C 
and 760 mm Hg) 3 486 S 941 1363 S 064 S 360 5378 I 016 

Percen111ge1: 
79.13 77.67 "· ... ·32.s1 81.98 - 81.24 87.69 80.89 

4.06 
CH, 5.88 4.74 4.S8 2.31 3.74 3.19 . . 

2.lS 2.84 
C.H,. 3.87 2.19 3.27 0.92 1.39 

2.53 
(;H •. 0.90 o.ro 0.04 0.02 0.02 2.61 

0.04 abs. 0.01 , abs. 0.18 . 0.25 
C1H,. 0.06 5.76 

0.99 0.34 0.42 5.38 
(;H, . 3.09 0.56 0.03 
(;H•. 0.04 O.D3 0.01 traces traces 0.03 

0.38 0.68 0.24 0.31 4.66 4.88 
C.H,o. 1.81 0.20 

O.IS O.o2 0.01 traces traces 0.10 
C.H,. 

0.66 0.29 0.22 1.61 1.70 
C.H11° 0.07 0.26 0.08 

0.09 0.06 0.04 0.06 · 
C. . 0.05 0.07 

8.43 8.12 12.97 traces traces 
co. . . 1.21 9.63 

Ratio saturated: un-
saturated hydro-

171.16 138.00 304.00 S.86 6.42 
carbons ••. 13.36 43.68 
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in a kind of geothermal ••vis•breaking", yielding low 
viscosity, low density oils. In the case of irradiation, 
the viscosity and density of the liquid product are 
higher than those of the unirradiated oil. The fact is 
worthy of note that the high sulphur-containing 
aspbaltic oils, which were found to be the thermally 
most labile [5], are also those where the effects of 
radiations are more apparent. 

The inf rared spectra of the carbenes + asphaltenes 
fractions have shown a substantial similarity between 
irradiated and unirradiated oils. Nevertheless, from 
the band at S.15 µ, it is evident that oxidation takes 
place under irradiation with water.wet clay. The pres• 
ence of sedimentary rock is also responsible for the 
practically total absence of the band at 10.35 µ, 
attributed to unsaturated compounds, which on the 
other hand, appears when the oil is irradiated in bulk. 

The spectra of Fig. 1 show that the fluorescence 
intensity of carbenes + alphaltenes is higher when 
the oil has been irradiated, compared with that of 
unirradiated oil. Since the fluorescence is believed to 
be related to heavy and condensed products, the 
higher intensity is attributed to the formation of more 
condensed products during irradiation. 

From the data on the distribution of sulphur as a 
percentage of the total in the different geochemical 
fractions, it should be pointed out that, due to the 
irradiation, a considerable amount of sulphur is 
transferred from the oil fractions to the altered f rac• 
tions, namely resins and carbenes + asphaltenes. The 
results of gas-chromatography analysis on oil frac• 
lions show that, in the range up to ¼, the number 
of peaks increases when the oil is irradiated and, more• 
over, the total linear paraffins decrease. This is in 
relation to the increase of molecular weight due to 
reactions of branching and condensation which bring 
about the formation of compounds with lower vapour 
pressure. This is confirmed, at least partially, by the 
abundance of some identified hydrocarbons, which 
show a shift towards higher molecuJar weights. 

During the irradiations of crude oils in the gas• 
removal apparatus, the total doses were higher than 
-in the phial experiments and, therefore, it was possible 
to cause greater alteration. One of the most significant 
features is that unsaturated hydrocarbons decrease 
in the gaseous products when the absorbed dose 
increases. In these experiments, the liquid phase has 
been considerably altered (fable 7), and when irradia
tions were performed in the presence of _water•v.:et 
clay (Alanna and Gela crude oils), the orgamc matenal 
became largely insoluble. The infrared spectra of. the 
oil fractions from the chloroform•soluble fraction, 
show that strong effects of oxidation (band at 5.75 µ) 
and degradation of paraffins (decrease in the band at 
13.45 µ) took place during irradiation. The patterns 
of these spectra are similar to those recorded on ~he 
oil fractions of the chlorofonn•soluble fraction 
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obtained from the weli.Jcnown Green River oil 
shale. 

The effects of irradiation on the structure of the 
liquid and solid organic matter are apparent from 
the thermogravimetric curves of Fig. 3, which show 
that the temperature of the peak corresponding to the 
loss of organic matter from the rock is considerably 

Table 7. Geochemical analysis of Alanno and Mosul 
crude oils, before and after irradiation, with gas 

removal device 

Total dose (rad) . . 
API gravity . . 
Sulphur% . . 
Carbenes+asphaltenes 

% ... . 
Resins%. . 
Oil fractions % 
C:H ratio of oil frac-

tions. ' . 
Average molecular 

weight of oil fractions 

Alanno crude oil 

Unir• Irradiated 
radiated ill bulk 

- 2.36xl0' 
34.2 26.3 
2.32 2.31 

0.61 16.37 
5.43 9.98 

93.96 13.65 

6.70 6.89 

286 402 

Mosul (Middle Easl) 
crude oil 

Unir- Irradiated 
n.dia\ed inbulk 

- 4.04x10-
33.6 21.0 
1.98 1.96 

0.26 25.42 
6.18 12.64 

93.56 61.94 

6.90 7.31 

298 448 

increased as a resuJt of prior irradiation of the samples. 
It appears that the irradiated samples tend to become, 
from the thermogravimetric point of view, similar to 
natural radioactive materials, such as the uraniferous 
asphaltite from the Colorado Plateau, and also to 
typical oil shales. 

In the present work, one of the most impo~ant 
limitations of the experimental model chosen, _besi~es 
the relatively high dose•rate, is the fact that irradia
tions have been conducted at ordinary pressure and 
at a temperature of the order of 35-40 °c. Higher 
temperatures, as recognized in a recent work on t~e 
radiolytic and pyrolytic modifications on paraffin!c 
hydrocarbons [7], resuJt in a remarkable incr~ase ~n 
the G values of the radiolytic reaction, especially 1!1 
the presence of catalysts. In natural environm~nts, t!1is 
effect could enhance the alteration of crude oils which 
has been observed in the ·present work .. 
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figure 3, _Differential thermogravimetric diagram (!J.g/g • !J.T) 
o~ crude 011s supported on water-wet clay, and comparison 
w,t~ cu!"'es obtained with a typical oil shale and on a natural 
rad1oact1ve asphaltic rock (!J. T = 25 °C, heating rate= 6 °C/min) 

Samples have been heated under nitrogen: (l) Alanno crude 
oil + water-wet clay; (2) Alanno crude oil + water-wet clay 
pre-irradiated with a total dose of 1.06 x 1010 rad; (3) Gel; 
crude oil + water-wet clay; (4) Gela crude oil + water-wet clay, 
pre-irradiated with a total dose of 1.18 x 101° rad; (5) Urani• 
ferous asphalti<e from Colorado Plateau; (6) Green River 

shale from Utah 
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ABSTRACT-R~SUM ~-AHHOTAU"1 Jl-:--RESUMEN 

A/830 ltalie 

Contrlbutlon a la connaissance de revolution 
naturelle des petrol es: effets de !'irradiation 
sur les huiles brutes 

par U. Colombo et al. 

Dans plusieurs regions du monde, les huiles lourdes 
et les asphaltes sont associes a des roches sedirnen
taircs plus OU moins radioactives. De plus, quelques 
roches que les geologues considerent comme roches
meres du petrole contiennent une concentration non 
negligeable d'elements radioactifs. On suppose que 
ces accumulations de substances organiques peuvent 
ltre en rapport avec des effets de l'irradiation sur des 
molecules moins complexes, telles que les hydrocar
bures liquides presents dans Ies bassins sedimentaires. 
La presence de roches et d'eau, et la temperature et la 
pression relativement elevees, peuvent avoir joue un 
r0le esscntiel dans la modification chimique des 
hydrocarbures. 

Le memoire etudie les resultats d'experiences 
d'irradiation effectuees dans des ampoules ct avec un 
appareillage pour l'extraction periodique des produits 
gazcux de radiolyse. Des irradiations ont ete effectuees 
avec quelques huiles brutes, seules ou en presence des 
differentes roches sedimentaires et d'eau, dans des 
conditions semblables a celles qui sont connues pour 
les bassins sedimentaires. On a observe des change
ments considerables des poids moleculaires des huiles 
brutes irradiees. A cote de molecules complexes 
condensees, ii se fonne des produits gazeux:. On peut 
remarquer qu'en presence de quelques catalyseurs 
naturels, surtout mouilles d'eau, !'irradiation pro
voque la formation de relativement moins d'hydro
gene et de molecules non saturees que lorsqu'on irradie 
des huiles brutes seules. L'irradiation a un niveau de 
dose eleve des huiles brutes en contact avec des 
argiles mouillees d'eau dans l'appareil A extraction 
periodique de gaz a montre qu'une part considerable 
de l'huile devient insoluble dans CHC13• 

On peut suggerer que certains schistes radioactifs, 
qui sont supposes etre roches-rneres du petrole, 
seraient en realite les resultats d'une alteration d'huiles 
exogenes. 

A/830 HtanHR 

BKnaA e H3yLfeHHe ecrecreeHH0H 3so• 
nlOL\HH HeqJTH: AeACTBHe O6ny1.1eHHR Ha 
CblpylO HeqJTb 

JO. HonoM6o el al. 

B He.KOTOpLIX pail:onax MHpa aaJie.mu TJJmem.ix 

MaCeJI H acqiaJILTOB CBH33HLI O 6onee HJIB Menec 
pa.n,uoaRTHBHLn.rn oca~O'lHLIMH nopo.n,aMu. Rpo.11e 
Toro, HeHOTOpble yrJIHCTLte CJI8HQbl, KOTopwe 

OOLl'IHO paccMaTpHBaJOTCH ]J l(a1IeCTBe Jdarepml

CKHX nopo.u, ~JJJI He<})TH, CO}\epmaT 3Ha'IHTeJILHOC 

KOJIH'ICCTBO pa.n,HoaKTHBHLIX aJieMeHTOB. Ilpe,.:\IlO

JiaraIOT, 'ITO T8KUe CKODJICHHH aroro opraHH'Ie

CKOro Bell{eCTBa MoryT 6LITb CBJl33HLl C BJlKHHHel( 

pa,nua~UH Ha MeHee CJIO)RHJ,18 MOJI8KYJILI, TaKHe, 

«aK 21<.H]I.KHe yrneuo,nopo,nu, opHCYTCTByY0IqB8 B 

oca.u,011HLIX 6acceuuax. Hann11He nopo::iLl B »o;,.w~ 
OTHOCHTeJlhHO BhlCOKOH TCMnepaTypu H ~an.ne

HllH, B03MO>KHO, urpaJio naamyro pOJIL B XHMH'le

C.KOM: H3MeHeHHH yr.11eeo,nopo,1on. 
B ll,OKJJa;tti paccMarpuBaJ()TCJJ peaynLtaTLI onLI

TOB 110 o6ny•H'HlHO, 1ipoBeAeHHblX B tltHaJiax JI B 
ycraaonKe, pacc•rnTaunoii tta y,uaJreune raaoo6paa-
11wx npo,nyKTOB pa;.tHom13a. IlpoBO/.IHJIHCL 3KCIIl'
tmMeHTLI lJO 06ny•teHHIO tblpoii . HCqJTn, a TaK»-l' 
:JKcnep1num11>1 110 oony•wHHIO CLipoii aeffi111 o 

upHCYTCTBlUI paamt<tHldX oca;~o•IHLIX nopo.n H BO-. 

,1Ll e oKpymaffi~ltX ycnomrnx, cpaBHHMl>lX c ycm1-
JJHHM H, x a pa KTepHJ>lMJf ;(JIii oca,n0lJHLIX 6acceiillOB. 

Ha6nIOAaJIHCh 3H3'1HTCJlhHLle KOJT003HHH B MOJIC

KYJUlpHOM nece o6ny'leHuoii cwpoii ae<Jitn. IloMH· 

MO o6paaonaHHff CJIO}HHhlX KOHJlC'HCHpoeaffHl,IX J.IO
J1CKYJ1 o6paayIOTCR raaoofipaaHLI0 npo.:tYKTLI. CJie
;tyeT OTM('THTI,, 'ITO npn o6ny'leUHH B np11cyTCTBlllt 
ueKoropLix ecTecrueHHMx KaTannaaTopoe, oco6eu
no L'CJIH Oliff CMO"lelHJ BOJJ.Oif, o6paayeTCff MCHLIDe 

no~opo;i;a J( HCHaCLl~eHHLlX MO.'leKyJI, lf('M npH 
oony'lemrn o;i;noii cLipoii neqmf. O6ny1Je1111e r1,1-
poii: ueifnu BhlCOKHMlf ]I.033)nt B npncyTCTBHlf nto-
11eHJl(Jr0 »onoft rmmoaeMa, npoeo.u;_numeecs B yc
TammKe, ll3 KOTopoii OTBO,!{HJJHCb raaoo6pa3HLle 

npo;i.yKTLJ. noKaaano, lfTO aua1nne».hH0e Ko11n'le
CTBO He<f>ru CT8HOBHT('H nepacTBOpHlfldM B ·XJIO

po<f>oplte. 
.lJ:enaeTcH npe,nnoJ10.me1rne, 1JTO _He1.otophle pa

;:i:uoaHTHenue CJiaH~ld, K0T0pLie CtfHTaIOT )faTe

p»HCKHMll 11opo11.aMH ~JUI ne<f>TH, MO)l{HO CKOpee 
paccMaTpHBaTL KaK npo;l\YKTbl paaJiomemrn: aKao

reHno11 11etJ,rn. 
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A/830 Italia 

Contribucion al estudio de la evoluci6n 
natural de los petr6(eos: Efectos de la radiaci6n 
sobre los petr61eos crudes 

por U. ~olombo et ol. 

En varias regiones del mundo, los petr6leos crudos 
Y los asfaltos aparecen asociados con rocas sedimen
tarias mas o menos radiactivas. Ademas, algunos 
esquistos carbonosos, genei-almente considerados como ·· 
rocas. madres para el petroleo, contienen cantidades 
aprec1ables de elementos radiactivos. Se estima que 
esas acumulaciones de material organico pueden 
estar relacionadas con los efectos de las radiaciones 
sabre moleculas menos complejas, como los hidro
carburos liquidos presentes en las cuencas sedimen
tarias. La presencia de rocas y agua, y la temperatura 
Y la presi6n relativamente altas, tal vez hayan desempe
iiado un importante papel al determinar la modifica
ci6n quimica de los hidrocarburos. 

Esta memoria se ocupa de los resultados obtenidos 
en experimentos de irradiaci6n tanto en redomas como 
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en una instalacion concebida para la eliminacion de 
los productos gaseosos radioliticos. Las irradiaciones 
se ef ectuaron con algunos petroleos crudos, tan to 

· . solos como en presencia de diferentes rocas sedimen
tarias y de agua, en condiciones arnbientales similares 
a las que se conocen para las cuencas sedimentarias. 
Se encontraron variaciones considerables de los pesos 
moleculares de los crudos irradiados. Ademas de las 
moleculas complejas condensadas se formaron pro
ductos gaseosos. Cabe seiialar que la irradiaci6n en 
presencia de ciertos catalizadores naturales, sobre 
todo mojados con agua, da lugar a la formacion de 
mucho menos hidr6geiio y moleculas no saturadas que 
cuando se irradian petroleos crudos sin catalizador. 
Irradiando con grandes dosis los crudos en presencia 
de arcilla mojada con agua en la instalacion conce• 
bida para la eliminaci6n de gases se observa que una 
cantidad apreciable del petr6leo se hace insoluble 
en, cloroformo. 

Se sugiere que algunos esquistos radiactivos, que 
se suponen rocas madres del petr61eo, pueden consi
derarse como productos de alteraci6n profunda del 
petroleo exogeno. 
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Deter,mination of trace elements in the Greek lakes 
by neutron-activation analysis 

By A. P. Grimanis, G. Pantazis, C. Papadopoulos and N. Tsanos• 

In the past mainly spectrographic methods have 
been applied for the determination of trace elements 
in lakes [l]. These and other conventional methods 
are. however. restricted for some elements because of 
insufficient sensitivity and large reagent blanks. One 
promising method of analysis for elements present in 
microgram or submicrogram quantities in lake waters 
is neutron-activation analysis [2-7]. The big advantages 
of this method are great sensitivity [8, 9] for many 
elements for which other methods present difficulties, 
and the elimination of reagent contamination and 
reagent blanks. Therefore, activation-analysis should 
play an important role in providing complementary 
or unknown information on minor elements in lake 
waters. 

This paper reports the application of neutron
activation analysis for determining 14 trace elements 
in the 11 most important lakes in Greece. 

EXPERIMENTAL 

Samples analyzed were collected with a Ruttner 
water sampler from the surface and at 5 or 15 metres 
depth, depending on the maximum depth of each lake. 
The collection of samples was made at the deepest 
point, in most cases the center of the lake, throughout 
Greece. Samples were collected from 16 July to 
14 August in 1963. Some information concerning the 
lakes from which the lake waters were taken are 
shown in Table t. The 14 elements investigated were: 
silver, gold, arsenic, barium, bromine, chloride, cop• 
per, iodine, manganese, potassium, sodium, rhenium 
vanadium and zinc. The radionuclides of interest pro
duced by the above elements with the simple neutron 
capture process, i.e., the (n, r) reaction are shown in 
Table 2 with their respective half-lives and gamma
energies for gamma-spectroscopy [10-12]. 

Sample and standard-preparation for irradiation 

Lake water samples were stored in polyethylene 
bottles. Before irradiation samples were filtered and 

• Nuclear Research Center Democritus, Chemistry and Bio
logy Divisions. 

pipetted into small polyethylene tubes of either lJ 
or 7.4 or 30 ml capacity. Tubes containing the samples 
were heat-sealed. The standards or the comparators 
of the elements under investigation were prepared as 
dilute aqueous solutions and placed in polyethylene 
tubes of the same size as those used for samples. The 
volume of standards in the plastic tubes was the same 
as that of the samples. The concentration of a parti• 
cular element in a standard solution ranged from 5.0 
to 0.05 micrograms per ml depending on the element 
under investigation and the time of irradiation. This 
concentration was selected so that the standard could 
be processed and counted after irradiation without 
additional dilution. For the preparation of the standard 
solutions thrice distilled water was used [13]. 

A'I') 

In order to increase sensitivity for some elements, 
100 ml of lake water samples analyzed for rhenium. 
vanadium and zinc were pipetted into platinum cap
sules and evaporated on a hot plate down to 5 ml and 
on a water bath up to dryness. The residue of the cap
sule was dissolved and transferred with 5 ml of thrice 
distilled water into the polyethylene tubes for irradia• 
tion. 

Irradiation of samples 

All neutron irradiations were carried out with the 
"Democritus" reactor of the Nuclear Research Center 

Table 1. Greek lakes from which samples have been 
collected 

Arca 
Maximum Depth 

Lake depth or sampliq 
km• m DI 

Aghios Vassitios . 4S 8.4 s 
Doirani .. 45 JO s 
Ioannina . 22 10 s 
Kastoria • 30 10.3 5 

Marathon. 2.5 50 IS 

Ostrovon. 6S 6S.l IS 

Paralimni. JS 20 1S 

Prespa Mikri 43 10 s 
Stymphalis 18 <4 
Trichonis. 97 S6.6 1S 

Volvi. n 22.3 IS 
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Table 2. Radionuclides determined in lake waters 

Gamma-energies 

Radionuclide 
for 

Half-life gamma-
spectroscopy 

(MeV) 

mAg. 24.2 s 0.66 
"As. 26.4 h 0.56 
•Au. 64.8 h 0.41 
IJIBa. 84.0 min 0.16 
•Br . 36.0 h 0.5S 0.78 
"Cl . 37.3 min 1.64 2.15 
lfQ,. 12.8 h 0.51" -cu. 5.1 min 1.04 na1 25.0 min 0.45 
UK . 12.5 h 1.52 
.. Mn. 2.58 h 0.85 
"Na. 15.0 h 1.37 2.76 
*Re. 3.7 d 0.137 
"V . 3.77rnin 1.43 
•mz.. 14.0 h 0.44b(rr) 

a Annihilation gamma following positron emission. 
b Gamma accompanying isomeric transition. . 

• of <;,reece. For irradiations up to 30 min, the pneu. 
matte transfer ("rabbit") system in the laboratory was · 
used. This system permits irradiation at thermal 
neutron flux 2 x 1011 n/ cm2 s and re.delivery of the 
sample to the vicinity of the laboratory hood within 
7 seconds after the end of the irradiation. · 

Irradiations with the rabbit system were made for 
chlorine, iodine, sodium, silver and vanadium. ln•pool 

· irradiations were made for the other elements under 
investigation. Two hours for barium, copper and 
manganese and 8 hours for arsenic, bromine, gold, 
potassium, rhenium and zinc, were the irradiation 
periods chosen. 

Samples and standards of the elements to be deter
mined were placed in polyethylene tubes, sealed in 
plastic envelopes and fixed on plastic stringers. The 
end of each stringer had a suitable weight for vertical 
suspension and all were suspended in the reactor by 
nylon strings. The thermal neutron flux at the place 
where samples were irradiated was about 2 X lOU 
n/cm2 s. 

Instrumental neutron-activation analysis 

Excellent studies concerning instrumental or non
destructive activation analysis have appeared recently 
in the literature [14·17). These techniques were 
applied· for chlorine, sodium and silver. 

Chlorine and sodium 

Samples and standards of the above elements con
tained in polyethylene tubes, were packed in plastic 
sheets and placed in the rabbit for a 20 min irradiation. 
After irradiation, aliquots of samples and standards 
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were pipetted in culture tubes for counting. The 
photopeak areas of ch!orine•38 and sodium-24 (see 
Table 2) were measured by a·J in x 3 in NaI(TI) scin• 
tillation crystal coupled with a 400 channel pulse• 
height analyzer. Memory data were printed on a fast 
electric printer: Comparison of the areas of the 
samples and standards, with correction of the counting 
rate to the same decay time, made possible the deter
mination of chlorine and sodium present in the 
samples [18J. 

Silver 

Aliquots of 0.5 ml of lake water samples were 
pipetted into special polyethylene tubing [19]. The 
tubing was heat~sealed and irradiated together with 
a weighed gold monitoring foil for 48 s. Within 25 s 
after irradiation the induced activity of silver-110 of 
each sample was counted. The counting time was 
24 s. Memory data were transferred to a magnetic 
tape. Decay studies were made by· counting the 
sample at 48 s time intervals. Standards were counted 
in the same way separately. Gold foils weighing 
0.5 mg were counted in a gamma scintillation counter. 
These foils were used in order to estimate flux varia• 
tions. · All neutron irradiations were normalized to 
2 x J011 n/ cm2 s. Data on the magnetic tape were 
transferred to the printer and the photopeak areas at 
0.66 MeV for silver•! IO in the samples and standards 
were compared. 

Chemical separations 

Fast radiochemfoal -separations [20, 21) based on 
solvent extraction techniques [221 were performed for 
arsenic, gold; iodine, rhenium, vanadium and zinc. 
For the short-lived produced radionuclides vana• 
dium-52 and iodine·l28 the rabbit system was again 
used. 

Vanadium 

The cupferron--chlorofonn extraction procedure 
described by Fukai and Meinke [23) was used. 
Samples and vanadium standards contained in poly• 
ethylene tubes have a volume of 5 ml. Each sample 
was irradiated with a weighed gold monitoring foil. 
Irradiation time with the pneumatic system was 
IO min. An added vanadium carrier and the vana
dium•52 of the irradiated sample were extracted as 
cupferrates into chloroform from 2.4M hydrochloric 
acid. After phase•separation, the organic layer was 
transferred to an erlenmeyer bottle and measured as 
follows: 2 ml were pipetted into a culture tube and 
counted with a well-type scintillation counter; 5 mJ 
were pipetted into a 25 ml erlenmeyer bottle and 
counted on a 3 in x 3 in Nal (fl) crystal coupled to the 
400 channel pulse height analyzer. Also 1 ml of the 
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organic phase was pipetted into· a 10 ml volumetric 
flask and diluted to IO rnl with chloroform and used 
for the spectrographic determination of vanadium 
extracted in the chloroform. for chemical yield correc
tions. The time of separation was about 3·S min. 
All samples were counted for 1 min at 4·5 min after 
irradiation. Vanadium standards irradiated with gold 
foils were processed and counted in the same manner. 
Memory data of the analyzer were printed on the 
electric printer. Decay studies were made by counting 
samples and standards at 4 min intervals for 25 min. 
The photopeak areas of 1·43 MeV for vanadium-S2 
in the samples and standards were compared. With 
the aid of gold foils all neutron irradiations were 
normalized to 2x 10Un/cm2 s. The gold foils (weighing 
S mg) were dissolved in 4 ml of aqua regia and diluted 
to 10 ml A 100-.t aliquot of this solution was taken 
for counting in a well-type scintillation counter. 

Iodine 

Iodine standards and lake water samples contained 
in polyethylene tubes have a volume of S ml. The 
irradiation period with the rabbit system was 30 min. 
For the estimation. of the neutron fluctuation during 
irradiations gold solutions {20 µg of Au per ml] were 
prepared. A 500-.t aliquot of this solution was placed 
in special plastic tubing [19J. Each sample was irra
diated together with a tube containing the gold solu
tion. An added iodine carrier together with the radio
iodine of the irradiated sample were subjected to 
alternate redox steps and extractions into carbon 
tetrachloride according to the procedure described by 
Glendenin and Metcalf [24]. 

The separation time for the iodine was about 15 min. 
Silver iodide precipitates were filtered, washed, dried 
and counted in a well-type scintillation counter. Gross 
gamma decay was followed by counting the samples 
at 2S min intervals for 2 hours. Radiochemical purity 
was checked with the 400 channel analyzer (3 in x 3 in 
crystal) in the energy range of 0-2 MeV. 

Iodine standards were irradiated processed and 
counted in the same manner. Gold solutions were 
measured S days after irradiation in order to aHow 
the sodium-24 present in the plastic tube to decay. 
Correction factors for neutron fluctuation during irra
diations were estimated with the aid of the gold solu
tions. Correction for the loss of the carrier element 
through the chemical procedure was made by weighing 
the silver iodide precipitates. 

Barium and manganese 

Samples and barium and manganese standards were 
irradiated in the pool of the reactor for 2 hours. 
Following the irradiation, 10 ~ of lake water sa~ple 
were pipetted into a 50 ml centnfuge tube, and banum 
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and manganese earners were added. Addition of 
hold•back carriers of arsenic, copper, sodium and 
strontium was al$O made. The solution was then 
cooled in an ice bath, and 20 ml of fuming nitric acid 
were added. Barium and strontium were precipitated 
as nitrates. The mix.ture was then centrifuged. Barium 
was processed according to Leddicotte's procedure [25]. 
The supernatant liquor from the barium and strontium 
precipitates was transferred to a 50 ml centrifuge tube 
and processed for manganese according to another 
procedure described by Leddicotte (26]. The additions 
of 5 ml of 70 per cent perchloric acid plus solid potas
sium chlorate and 10 ml of concentrated nitric acid 
accelerate the precipitation of manganese as man
ganese dioxide 127]. • 

Arsenic 

For arsenic separation an extraction procedure 
developed by one of us and Leddicotte (28} was 
applied. According to this procedure more than 
99.5 per cent of arsenic as Asa+ is extracted into ben
zene from l.4M HBr-6.SM H 2S04 in less than 2 min. 

From the irradiated lake water 4 ml were pipetted 
into a 50 ml centrifuge tube followed by the addition 
of 1 ml of arsenic carrier solution containing 10 mg 
of Asr..+ and 1 ml of sodium hold-back carrier solu• 
tion. Then 1.7 ml of distilled water were pipetted into 
the tube. The tube was then placed in an ice bath 
and 4.5 ml of 96 % H2SO, were added. After cooling, 
4.3 ml of 63 per cent hydrobromic acid were pipetted 
into the solution. It was then transferred to a sepa
rating funnel. The reduced arsenic carrier and the 
arsenic-76 of the irradiated sample were extracted 
quantitatively from the solution into 12.S ml of 
benzene by shaking for 2 min. After the phases 
separated the aqueous phase was discarded. The 
organic phase was washed with equal volume of 1.4M 
HBr-6.SM H2SO,. The washings were discarded. 
The total arsenic was stripped quantitatively from the 
benzene into 12 ml of distilled water. Ex.traction and 
stripping steps require less than 6 min. The aqueous 
phase was drained into a 50 ml centrifuge tube. An equal 
volume of concentrated hydrochloric acid was added. 
Toe Asi,, was reduced to the metal by addition of 
1.0 g of ammonium hypophosphite. The mixture was 
digested for 20 min in a water bath and w~s th~n 
centrifuged. The filtered metal was washed with dis
tilled water and absolute ethanol and transferred to 
a weighed culture-tube, then dried at 110 °C _for 15 min 
and subsequently weighed and counted m a w~ll
scintillation counter. Decay was followed by countmg 
the culture tube at the half-life intervals of arsenic-76. 
Radiochemical purity was also checked with the 
analyzer,• but contaminants were not found. _The 
arsenic standards were processed in the same manner. 
The chemical yield is over 90 %, · 
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Table 3. Elements determined in Greek lakes by activation analysis,;. 

~ke Bromine 
surface 

Aghios Vassilios b • · 0.63 
Doiranib. 0.13 
Ioanninab . 0.07 
Kastoriab 0.06 
Marathonc. 0.09 
Ostrovon c • 0.09 
Patalimni C , 0.08 
Prespa Mikri b 0.02 
Stymphalis d 0.03 
Trichonis c • • 0.06 
Volvic. 0.78 .. . 

,. Concentration given in ppm. 
~ Depth of sampling 5 m. 

Rhenium and zinc 

depth 

1.00 
0.J2 
0.05 
0.06 
0.013 
0.09 
0.08 
0.02 

0.06 

Chlorine 
surface depth 

90.5 88.5 
16.9 22.0 
23.0 22.9 
4.9 5.7 
1.5 l.5 

13.l 13.2 
12.7 11.8 
16.5 Il.5 
6.4 
9.1 9.1 

125 108 

Rhenium was separated according to an extractfon 
procedure developed by Leddicotte and one ofus [29J. 
This procedure was also applied for the separation of 
zinc. Portions of irradiated lake water were pipetted 
into a 50 ml centrifuge tube, and rhenium and zinc 
carrier solutions added. Aliquots of a saturated solu~ 
lion of hydrox.ylamine hydrochloride and a sodium 
hold-back carrier solution were also added. The 
molarity of the solution was adjusted to 4M in hydro
chloric acid and the rhenium and zinc carriers together 
with the radio~rhenium and radio-zinc were extracted 
into 70 vol. % n-tributyl-phosphate (TBP) in benzene. 
(The extraction efficiencies for rhenium and zinc from 
4M hydrochloric acid into 70 % TBP-benzene mixture 
are 99% and 90% respectively.) After the layers 
separated the aqueous phase was discarded and the 
organic phase shaken with an equal volume of 4M 
hydrochloric acid. The washings were discarded. Then 
an equal volume of benzene was added to the organic 
phase and all the rhenium and zinc was stripped from. 
the organic mixture into 15 ml of distmed water. 
After the separation of the layers the aqueous phase 

Potassium Sodium Silver 
surface depth surface depth aurfa.:c deplh 

4.7 4.7 86.S 102.2 <0.01 <0.01 
4.4 4.6 21.6 19.7 <0.01 <0.0J 
1.3 1.3 15.4 18.3 <:0.0l <0.01 
2.5 2.3 6.6 5.9 <0.01 <0.01 
l.1 1.l 2.4 2.l <0.01 <0.01 
2.9 3.0 13.7 11.3 <0.0J . <0.01 
u 1.3 11.3 7.0 <0.01 <0.01 
1.1 1.1 2.~ 2.7 <0.01 <0.01 
0.6 2.l <0.01 
2.0 2.1 5.5 8.7 <0.0J <0,0l 
3.4 3.8 133.J · Jl0.7 <0.01 <0.01 

c: Depth of sampling 15 m. 
d Maximum depth less than 4 m. 

was transferred to a 50 ml centrifuge tube. Zinc was 
precipitated as zinc ammonium phosphate [30). The 
precipitate was then centrifuged and the ~upematant 
liquor transferred to a new 50 ml centnfug_e . tube. 
Rhenium in the supernatant liquor was prec1p1tated 
as tetraphenylarsonium per-rhenate [31]. The ~c a~d 
rhenium precipitates were :filtered, washed with dis
tilled water and ethanol, dried at 110 °C and counted 
with a well-type scintillation counter. ~e radiochem
ical purities of the zinc-69m and rhemwn-186. were 
checked on the 3 in x 3 in NaI(Tl) crystal eqwpped 
with the multichannel analyzer. The chemical yield 
for the loss of carrier during the chemical separation 
was found by weighing the precipitates. The sepa~a
tion time of rhenium and zinc was about 15_ mm. 
Standards of the above elements were processed m the 
same manner. 

Gold 

Gold was separated by extraction from 6M hydro
chloric acid into ethylacetate according to the proce
dure described by Goldberg and Brown [32). The 
only modification made · was that gold was stripped 

Table 4. Elements determined In Greek lakes by activation analysis" 

Go(d Lake 
surface depth 

Aghios Vassilios 6 • 

Doiranib .. 
Ioannina b • 

Kastoriab . 
Marathonc. 
Ostrovon c • 

Paralimni c • 
Prespa Mihi b 

Stymphalis d 

Trichonis c • • 

Volvi c • ••• 

2.1 
7.7 
0.2 
0.2 
1.1 
0.2 
0.2 
0.8 

5.1 
0.1 

o Concentration given in ppb (IO•). 
b Depth of 5ampling S m. 

3.2 
1.3 
0.2 
0.4 
0.4 
0.3 
0.2 
0.2 

6.5 
0.2 

M11111anese 
surface depth 

2.5 1.4 
0.9 1.6 
1.8 1.9 
1.3 1.4 
1.2 I.I 
3.1 1.8 
2.9 2.7 
2.4 '4.1 
2.1 
0.9 I.I 
4.4 8.0 

Vanadium • 
sllJf ace depth 

Zioc 
sou-face depth 

3.4 3.8 78 153 
2.3 1.S 56 24 
1.8 1.0 37.2 29 
2.3. 1.6 29.5 36.1 
1.6 u 26.8 56.3 
1.4 l.2 14.8 16.4 
4.1 2.8 81 143 
0.2 0.2 26.4 20.9 
0.2 22.8 
3.0 1.7 77.7 17.8 
l.4 1.2 5.1 6.1 

c Depth of sampling 15 tn. 
d Maximum depth less tban 4 m. 

Rhmill1D 
swfaoc depth 

<0.1 
<0.l 
<0.1 
<0.1 
<0.1 
<0.1 
<0.1 
<0.1 
<0.1 
<0.1 
<0.1 

<:0.1 
<0.1 
<0.1 
<0.l 
<0.l 
<0.1 
<0.l 
<0.l 

<0.1 
<:0.1 
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Table 5. Elements determined in Greek lakes by activation analysis 0 

Lake Arsenic Barium Copper Iodine 
surfa,,c depth surface depth surface depth surface depth 

Aghios Vassilios b 54.S 53.0 25.l 
Doiranib. 38.0 48.6 44.0 
Ioannina b . I.3 2.6 24.1 
Kastorial> •• 10.8 11.5 19.7 
Marathon". 2.3 3.2 22.l 
Ostrovon" . . 2.5 1.8 12.9 
Pa.ralimni C • 3.9 2.2 36.6 
Prespa Mikri b 1.9 2.1 30.6 
Stymphalis d 2.2 24.8 
Trichonis" .. 3.1 1.1 24.3 
Volvi" •... 22.3 38.l 36.l 

"Concentration given in ppb (10'). 
I> Depth of sampling S m. 

from the ethylacetate into 8 % ammonium hydroxide 
solution as developed by Plantin [33]. 

Bromine. copper and potassium 

The above elements were separated by classical 
precipitation procedures: bromine as silver bromide. 
The bromine-82 was counted after a few hours to 
allow the chiorine-38 and iodine:.128 present in the 
irradiated lake water to decay. Copper was preci
pitated as copper thiocyanate and potassium as per
chlorate by procedures described by Leddicotte [34, 
35). An attempt to measure the copper-66 by irra
diating the sample for 10 min with the pneumatic 
system and extracting the copper as cupf errate into 
chloroform from 1.2M hydrochloric acid was not 
successful, due to the low concentration of copper in 
the lake waters. In the case of potassium, the addition 
of absolute alcohol accelerates its precipitation as 
perchlorate (31 ]. 

RESULTS ANO DISCUSSION 

Results of the determination of 14 trace elements 
in 11 Greek lakes by neutron activation analysis are 
listed in Tables 3, 4 and 5. Data given are average 
results of at least duplicate analyses, extreme values 
of which did not differ in all cases by more than 10 %
Due to the low flux of our reactor, the sensitivity of 
the methods for rhenium and silver was lower than 
the concentration of the elements present in the lake 
waters. 

Instrumental activation was applied in the case of 
silver, chlorine and sodium. 

Fast radiochemical separation procedures based on 
solvent extraction were suc.cessf ully employed as sepa
ration techniques for the determination of arsenic, 
gold, iodine, rhenium, vanadium and zinc. The 
separation time ranged from 5 to 15 minutes. 

68.2 5.1 2.4 58.5 60.9 
35.0 10.8 8.3 lt.S 14.6 
51.3 4.2 6.3 6.2 5.7 
20.8 3.0 10.3 7.8 7.5 
22.3 4.4 6.8 8.0 7.4 
16.2 6.0 ,4.0 8.S 16.7 
28.2 44.3 34.4 4.5 4.1 
43.0 16.4 12.4 2.3 2.3 

9.7 6.8 
38.6 18.8 19.0 11.3 9.9 
28.l 5.2 4.5 33.6 31.5 

c Depth of sampling IS m. 
d Maximum depth less tha\\ 4 m. 

From the data given it is apparent that activation 
analysis with its great sensitivity should play an 
important role in providing complementary or un
known information on elements present in microgram 
or submicrogram quantities in lakes. The infonnation 
given by our results in this paper may have, at least 
for some elements, not only a geological importance, 
but also biological interest. The presence or absence 
of some trace elements may result in a eutrophic, 
oligotrophic, or atrophic behaviour of the lake. For 
this reason a determination of the trace elements in 
a given lake should be performed several times a 
year. This will cover another part of our investigations 
which will deal also with the determination of the main 
nutritive elements present in each lake. 
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ABSTRACT-R~SUM~-AHHOTAL.lv1JI-RESUMEN 

Determination des elements traces 
dans Jes lacs grecs 
par activation neutronique 

par A. P. Grimanis et al., 

A/854 Gr~ce 

Les piles atomiques sont des sources abondanfes de 
neutrons qui produisent des reactions (n, y). En utili
sant la pile du Centre « Democritus » et en appliquant 
I 'analyse par activation par neutrons, on est parvenu 
a determiner J4 elements traces dans Jes eaux des 
onze lacs les plus importants de la Grece . 
. Le travail avait comme but de mesurer et de compa

rer les elements stables presents en quantites de l'ordre 

du microgramme ou mains encore dans Jes principaux 
lacs du pays, afin de: a) elargir nos connaissances sur 
le contenu en elements traces des lacs grecs; b) etablir 
!'importance geoJogique des elements detennines; 
c) obterur des donnees sur l'effet biologique de ces 
elements en etendant J 'etude aux organismes des lacs. 

Les echantillons d'eau analyses provenaient de la 
surface et de profondeurs de 5 ou 15 metres de chaque 
lac. Les echantillons ont ete preleves du 16 juillet au 
14 aout 1963. Les 14 elements identifies sont Jes sui
vants: argent, or, arsenic, baryum, brome, chlore, 
cuivre, iode, potassium, manganese, sodium, rhenium, 
vanadium, et zinc. 

L'analyse quantitative effectuee des elements pre
sents dans chaque echantillon a ete accomp(ie en 
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irradiant un etalon en meme temps que l'echantillon. 
La comparaison de la radioactivite induite a ete 
mesuree avec un scintillateur gamma. Pour Ies irradia
tions d'une duree jusqu'a trente minutes on a utilise 
le canal pneumatique du laboratoire. De telles irradia
tions ont ete effectuees pour l'argent, le vanadium, le 
cuivre, le chlore, l'iode, le sodium et le manganese. 
Pour Je reste des elements une periode d 'irradiation 
de 8 heures a ete choisie. Le flux de neutrons de la 
pile Democritus etait de 2 x 1011 n/cm2 s. 

Pour le chlore, le sodium et l'argent, on a applique 
la rnethode de l'analyse par activation non destruc
tive. L'activite induite pour I'argent 110, le chlore 38 
et le sodium 24 a ete mesuree directement par un 
cristal de 3 X 3 inch d'iodure de sodium active au 
thallium d 'un analyseur a 400 canaux. 

Des separations radiochimiques rapides basees sur 
la technique d'extraction par un solvant ont ete 
effectuees pour !'arsenic, le cuivre, l'or, le rhenium, 
le vanadium et le zinc. Apres I 'irradiation les radio
elements produits, avcc leurs entraineurs respectifs 
ajoutes, ont etc ex.traits de la manicre suivante: t'arse
nic. comme bromure d'arsenic dans le benzene a 
partir d'acide sulfurique 6,SM; le vanadium et le 
cuivrc, combines avec du cupferron dans le chloro
forme a partir d'acide chlorhydrique 1,2M; le zinc et 
le rhenium, comme chlorures dans 70 % en volume de 
tributylphosphate dans du benzene a partir d'acide 
chtorhydrique 4M; J'or comme chlorure dans }'acetate 
d'ethyle a partir d'acide chlorhydrique 6M. Les radio
elements induits avec teurs entraineurs ont ete extraits 
de nouveau en phase aqueuse, precipites avec le 
reactif approprie et mesures par spectrometrie gamma. 
La dure.e de l'ana1yse variait de 5 a 20 minutes scion 
l'element. 

Pour Je reste des elements, des operations de decon
tamination fondees sur les techniques de precipitation 
ont ete utilisees. 

L'abondance des elements determines dans les 
differents lacs varie selon l'element et le lac. Les 
valeurs obtenues sont presentees dans des tableaux. 

A/SM rpeU.MR 

OnpeAeneHHe cneAOB 311eMeHros s , 
oaepax rpeLtHH M8TO,O.OM HettTpOHHOro 
aKTHBa~HOHHOfO aHanH3a 

A. H. fpeMaHHC et al. 

H.r.tcpm,rn peaRTOphl n»mnoTCH o6ttJ11>HhlMH uc
'TO'fHnKaMH HeiiTpouoo, llL13blB3lOIJ..\IIX ( n, ·; )-pe-

8l<U,HH. JfcnoJlf,3Y1l peal<TOp «Jl,eMOKpHT,. II aHa

JIH3 C llOMOU\hlO HeihpOHHOii aRTHBaU,Hlf, aarn
pur y.l{aJIOCh onpe;\t'J1H1'h C.TTC.lhl 14 3JieMCHTOB K 

oo.,nax 1 t nau6oJiee BJ.IBHhlX oaep fpeu.nn. 
UeJtt.10 HaCTOSJI.Qeii paooThl SIBJIJlOCb 113:MepCHHt' 

n cpasnc1rne c1a61tJ1h1t1Jx aJte:\fCHToB, npucyTcrny-

A. P. GRIMANIS et al. 

IOQ\UX B OC'llOBHblX oaepax cTpam,1 B )!lrnporpa~
llOBhl.X JI MCHl,ILIIIX J;0.111 11CCTl:lllX ~.1H 11) Ha!Wll.1t'

IIIIR II pacurnpem111 3Ha1111ii o co,111pmamm cJ1e;ioB 
a.1C!>il'll1'0B "B 03l'pax rpew111: b) ycrnHon,1e1111,1 

reo.1or11•iec1.oro 311at.Je!l11H onpe;i.e.i1He~n,1x 3.WMt•H· 

ToB; c) II0.1Y'H'Hll11 ,laJIHLIX O li110.1orn•1eci-0M ;wii• 
CTBIIJI :)TIIX ;)Jlel\lE'HTOB na OJ-lfl:lllll31\lhl 03ep. 

TI poG1,1 BO.lhl ;\.:rn auaml3a Ujl..l:tllCh C UOBl'pX· 

IIOCTll ll C r.;1yuJ11lbl 5 11:Ul 15 .¾ l>aHi;lOrO 03l'pa. 

0T6op npofi npo11300,:i11.1CH B 11rp110,1 c 16 1110:rn 
110 14 aarycrn 1913:1 ro;i.a. l lc<" JJC.".\OBaHLI c.1e..1yJO
ll\llC 14 :)JlC!.H'HTOB: ccpt>fipo, ao:IOT(), ~ILIUlbHI-., 

oapltii, GpoM, XJlOP, Me~L, llO;l, i.;a.'lllii, !,rnpraRel\, 
IIHTJ)l1ii, peHllii, 13a1:1a.:u1ii Jt UlfHJ\. 

ltoJJl1'JeCTB£'HHbiii allaJJJl:J Ha :}JINf('}ITL,I, npu-

('YTCTBOIU\Bllllle R 1-a,1<,3.oii Ul)OOP, npoBO,'llf.JJCH C 
IIOMOll,blO O,lHOBJ)eMe\1\toro o(i,1y 1H!IUIR CTaluapT

noro olipa31{a n npo6hl. Haue;i.ett1HH1 pa;inoa1nm1--
11oc1'1, J13MCpJIJJaCh C IJOJIOJl~l,JO CUJIHTll.'IJJHTOpa 

raMMa-lt3JlY4eIBIH. ,II..111 ofi.'ly•1e1111ii ;I.:JJITCJJhHO

CTLIO 30 MUli HCllOZll,30BaJlaC'I:, 1rneBMOUO'lTa B .;:1a

fiopaTOp1rn. ]lo~ooHLIC o6JJy'lemrn 6wm npoBe;J.e-
111,1 ,1.1R cepe6pa, eaua,11.1111, AH'.'lH, xnopa, no;\a. 
naTpnn II r.iapranna. J{.'UJ ocTa.1Jh111>1x :ueMeJ-Jro11 
fibU nuGpaH nepno~ olby•1emrn B Te1Jem1e 8 1/. 

noTOH neihpouon B peanrnpe t1J],eMoi-:p11n coctae
.111.1 2 • 1011 HeUTp/cx2 • ce,;. 

,Un11 XJJopa, Harpu.H u cepeopa np11McH11.1c.11 Me
Ton ai-T11sau.110ttnoro attaJH1Ja 6e3 paapymenm1. 

HaBe,iJ.CHHMl 31.TIIDHOCTb lJUl C{'i)e6pa-110, X.'IO

pa-38 JI H3Tp1111-24 H3Mep,macb uenocpeJJ.CTBCHRO 
ua KPllCTaJIJJe i10;i.n;ta mnp11R pa3Atepo~ 7,62 X 
X 7,62 CM, aRTHn11poua1111oro nurnueM, Ha 400-Jia· 

1-laJlbHOM aBaJIM3aTope. 

liblCTpoe pa..1,IIIJXJlllll'leeiwe paa;teJJClllle, ocuo
I::-lJIHOl' Ha MCTO;\f' :)!.CTp,uo.0111 paCTBOPHTe:Jl'll, 

11pono;UtJIOCb RJIJI ~11,1m1>RXa, Mc;ut, aoJIOTa, pcmrn, 
»auan.na H ~mrna. Tionyqe11awe oocJ1e 06J1y1Je1111 fl 
pa]UI03KTUBHLle :lJleMeHTl,l BMeCTe C COOTBCTCTBy· 

IOI.QIIP.HI ;:r:06asJ1eHH1,IMU HOCIITeJHIMlf 1!3BJieliaJUICh 
CJlCJlY10lll.HM Me'rop,oM: Mbll1Jl,Rf{ B BH~e pacraopa 
iipoMl!CTOro Mb!WhHKa D 6eH30.1e 113 6,5 M paCTRO

pa cepHoii HllUIOTbl; BaHa~nii n Me;J,b B su,le 11c:i.-
11oii coJJH me.1Jeanoii m1cJJOThl B :rnopoq,op~e 11:i 
1,2 Al pacroopa comnroii NIIC.JI0T1,1; QIIIIK II pe»11ii 

11 Bnll.e :rnopu,1.oe s pacTBope 70 oo. % Tpu6yn1.1-
tl>oct~arn B 6ettao:1e nJ 4 Al pacrsopa co.rnnoii !illC
.,oTLI; 30JI0T0 o_ Bu,1e xJJopn;ia B pacrsoc :rrn:iaue
TaTa 113 Ii M pacTBopa cOJJRttoii 1wc.10TJ,1. Pa;mmn,
TIJBIILIC 3JieMCHTl,I BMecre co CBOJUll1 JIOCfIT('.l}l}lll 

(HOBa ll3B.!1C1',.l.111Cb B B0,1.HOii qiaJt', OCMKl!l,111Cb 

fOOTlWTCTBYlOU\11!'>1 peanTHBOM H u;n,U.'llRMICL ra~•

~ri1-c11e1npoMeTp11qcci.11M ~1ero;-10~1. Am1.1113 R u_c
.10M npoBO,llH:TCJI R TC'ICH!le 5-20 MUil D 33BJJCll· 

MOCTII OT :meMeHT3. 
)J..iHl ocram,llb!S c:ie;:1os 3;ie,-1eHTOB ucno:n,aoBil-

.,acb ,le3Ul,TJIBaU,llJ1, OCHOBi:lHlliUI "" MCTO;I,e oca».

.:tCIIJIR. 
Ho,1U'feCTBO onpe;ic.111eMblX ;):teltelJTOB B pa3-

;rn'ttu,JX o3epax Jl3MeURJIOCh 8 3i1BIICIIMOCTII OT 

:l:ieMeHTa 11 o3epa, no;1y,ie1m1,Ie Be;i 11•11mbJ ymiJa-
Hbl B Ta6.111u.ax. 
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A/854 Grecia. 

Determinaci6n de trazas de elementos 
en las aguas de los lagos griegos por analisis 
por activaci6n con neutrones · · 

por A. P. Grimanis et al. 

Los reactores nudeares son fuentes abundantes de 
neutrones para 1a producci6n de reacciones (n, y). 
Empleando el reactor « Democritus » ha sido posible 
aplicar el analisis por activadon con neutrones para 
la determinaci6n de 14 elementos en las aguas de los 
11 lagos mas importantes de Grecia. 

El prop6sito de este estudio foe determinar y com
parar los elementos estables presentes en las aguas 
de cada Iago en cantidades del orden de microgramos 
Y submicrogramos con el fin de: a) ampliar y extender 
nuestro conocimiento sobre la abundancia de Ios 
elementos trazas presentes en los lagos, b) aclarar 
la irnportancia geologica de los elementos investigados, 
r) extender este estudio a los organismos de los lagos 
Y obtener informacion relativa a su efecto biologico. 

Las muestras analizadas fueron tomadas de la 
superficie y de profundidades de 5 6 15 metros en el 
punto mas profundo, de cada Iago, de distintos puntos 
de Grecia. La toma de muestras se realizo del 16 de 
julio al 14 de agosto en 1963. Los 14 elementos inves
tigados fueron: plata, oro, arsenico, bario, bromo, 
cloro, cobre, yodo, potasio, manganeso, sodio, renio, 
vanadio y cine. 

El analisis cuantitativo de los elementos citados 
anterionnente presentes en las muestras se reaiiz6 por 
irradiaci6n de un patron junto con las rnuestras 
desconocidas. La comparacion de la radiactividad 
inducida se realiz6 por espectrometria gamma. Para 
irradiaciones de hasta 30 rninutos se empleo la insta~ 
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lacion neumatica de nuestro laboratorio. Estas irra~ 
diaciones se realizaron para p1ata, vanadio, cobre, 
cloro, yodo, sodio y manganeso. Para el resto de los 
elementos se escogi6 un pedodo de irradiacion de 
8 horas. El .flujo neutronico del reactor « Demo
critus » era de 2 x I 011 n/crn2s. 

Se utiliz6 la tecnica de analisis por activacion no 
destructivo para plata, cloro y sodio. La actividad 
inducida de plata-110, cloro-38 y sodio--24 se midio 
directamente con un cristal de yoduro sodico activado 
con talio de 3 x 3 pulgadas y un analizador de 
440 canales. 

Se realizaron separaciones radioquimicas rapidas 
basadas en tecnicas de extraccion por disolventes para 
arsenico, cobre, oro, renio, vanadio y cine. Despues 
de la irradiacion los radionuclidos producidos junto 
con sus respectivos portadores, atiadidos previarnente, 
fueron extrafdos de la forrna siguiente: el arsenico 
en benceno como bromuro a partir de soluciones de 
acido sulftirico 6,SM. El vanadio y el cobre en doro
formo como cupferratos a partir de soluciones de 
acido clorhldrico 1,2M. El cine y el renio como 
cloruros, en soluciones del 70 % de fosfato de tributilo 
normal en benceno, a partir de soluciones de acido 
clorhidrico 4M, y el oro como cloruro, en acetato de 
etilo a partir de soluciones de acido clorhidrico 6M. 
Los radioelementos junto con sus portadores fueron 
reextraidos a la fase acuosa, precipitados con reactivos 
apropiados y medidos por espectrometr1a gamma. 
El tiempo empleado en cada analisis total es de 5 a 
20 minutos, dependiendo del elemento. 

Para los restantes elementos se realizaron etapas 
de descontaminacion basadas en tecnicas de precipi
tacion. 

La abundaitcia de los elementos trazas determinados 
en los lagos varfa segun el elemento y el Iago, y se 
han tabulado los valores encontrados. 



P/862. Austria 

Two radioactive sources used in an unconventional way 

By T. Cless-Bernert, K. Duftschn:tid and N. Getoff * 

A. RADIOGRAPHY WITH SPECIOUS SOURCES OF RADIOACTIVE LIQUIDS OR GASES 

(T. Cless-Bernert and K. Duftschmld) 

In order to obtain good radiographic resolution, 
the desire of every radiographer is a high specific 
activity in sources of minimum size. 

Therefore, it seems rather surprising that radio
graphs of satisfactory quality can be obtained with 
sources which are extended over the whole volume of 
the object examined. 

By using nuclides . emitting very soft r-rays we 
have been able to get good reproductions of weldings 
and corrosion marks in tubes of different material 
and over a wide range of wall thickness, when tubes 
were filled with a radioactive gas or liquid. Because 
of the softness of the radiation, slight variations in 
thickness of the absorbing material produce large 
differences in radiation transmission and, therefore, 
clear contrasts on the radiographic film. Compared 
with this effect, the loss of resolution due to the 
large ex.tent of the source seems to be of little im
portance. 

Results obtained with 1641Ho and 133Xe are shown 
respectively in Fig. 1 and Fig. 2. 

To compare the quality of radiographs taken with 
liquids and gases with those achieved by conventional 
methods, tubes were taken with well defined varia~ 
tions in wall thickness. An aluminium tube of 6 mm 
wall thickness was prepared with 8 rings on the out
side of the tube, each ring 2 mm wide and a gradually 
increasing thickness from O. J to 0.8 mm. 

figure 1. Radiography of a wetding of an 0.3 aluminium tube 
filled with a 1"Ho solution 

Figures 3 and 4 show the radiographs taken wi_th 
166Ho and 133Xe respectively. All the rings can easily 
be detected, even the 0.1 mm one, and the contours 
of the rings are clearly visible. To simulate condi
tions which may be found when looking for corro
sion marks, rings of similar sizes as above wer~ carved 
from inside into a steel tube of 3 mm wan thlckness. 
The radiograph taken with 166Ho is shown in Fig. S. 
Also in this case all the carvings are clearly detect
able, in spite of the fact that the radi~graphic resolu
tion is poorer, because of the larger distance between 
the source and the photographic film. Since for !he 
inspection of possibly corroded tubes,. the de~ecuon 
of even small holes in the tube wall is of more impor-

• 6sterreichische Studiengesellschaft flir Atomenergie 
G.m.b.H., Vienna VIII. 

figure 2. I\ 4.0 mm steel tube filled with 133Xe 

420 



SESSION 4.2 T. CLESS-BERNERT et ol. 421 

Figure 3. Test tube filled with •••Ho 
of wall thickness 6.0 mm aluminium 
with 8 rings <>n the outside of the tub~ 
~II. Width of each ring: 2.0 mm; 
thickness of rings: from 0.1 t<> 0.8 mm 

Figure 4. Same tube filled with 133Xe 

tance than a clear reproduction of the exact shape 
of these holes, the results obtained by this method 
are suitable for this purpose. 

The development of the method described originated 
from a practical need to obtain information about 
the rate of corrosion in steam vessels in a sugar plant. 

Figure 6. Inside of a steam vessel. Non-destructive inspection 
of blocks of narrow tubes cannot be <:arried out by conventional 

means 

Figure5. Testtubeof3.0mmsteel, 
Rings carved into wall Inside tube. 

Source: solution of Ho2{NOJ2 

Since, in this type of factory, production goes on 
only during part of the year, machinery might pos
sibly be attacked by corrosion during the silent period. 
In steam vessels sm~ll amounts of retained water can 
accumulate in the downward bends of the tube system 
inside the vessel, thus making this part of the system 

figure 7. Radiograph (a) and photograph (b) of one tube of 
the block shown in fig. 6. The corrosion area seen on the 
radiognph can easily be Identified with the defects found in 

the tube wall after it had been sectioned 
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especially endangered by corrosion. As the examina• 
tion of blocks of narrow tubes (Fig. 6) cannot be 
carried out by conventional non-destructive methods 
the lower part of the tubes in the whole block i; 
cut off and replaced every second or third year. 

On investigating these cut-off ends it is found that 
only 30-40% of the tubes really had to be replaced, 
whereas the remainder were found unaffected by cor• 
rosion. By inserting a quantity of 166Ho solution into 
each tube, so that the suspect parts of U-shape bends 
were filled with the radioactive liquid, the corroded tubes 
could be readily identified by means of radiography. 

T. CLESS-BERNERT et al. 

Figure 7 shows one ~f the defective tubes, (a) the 
radiograph, and (b) the photographic view of the 
same tube after sectioning. The corrosion area seen 
on the radiograph can easily be identified by the 
deformations shown in Fig. 7 (b). The wall thickness 
of the tubes examined was 3 mm and the maximum 
depth of the defect shown was 0.8 mm. 

The specific activity used was about 30 me/I, the 
exposure time was 15 h. Because of the softness of 
radiation and rather short half-life of 166Ho of 27.3 h, 
the arrangements necessary for radiation protection 
were simple. 

B. A MEGARAD BETA-IRRADIATION SOURCE 

In conventional y-irradiation facjlities only a small 
percentage of the intensity and energy of the radiation 
emitted from the source is really utilized for the irra
diation purpose whereas a greater amount of radiation 
is absorbed in the shielding material around the 
source. 

For the radiation treatment especially of liquids or 
gases, but also for the surf ace irradiation· of other 
objects of suitable size a tubeshaped {J-source has 
been developed. Due to this geometrical arrangement 
and the much higher density of ionisation of {J~ 
particles, a high dose rate can be obtained with sources 
of relatively tow activity. 

A further advantage of this type of source compared 
with y•sources yielding the same dose rate is the 
great decrease in shielding material and, therefore, 
much lower costs of this device. 

A disadvantage might be in some cases the small vo
lume in which an evenly distributed dose can be obtain• 
ed by {J-ray absorption, which is also dependent on the 
density and the atomic number of the object irradiated. 

The liquid which is to be treated is filled into the 
tube or is passed through it and is irradiated whilst 
inside the active part of the tube. 

In order to prevent contamination of the liquid 
the P-source has to be protected by a thin sheet of 
materia1 whose weight per unit area is low enough 
to absorb the ,B-radiation as little as possible. 

We have found that in high quality stainless steel 
as e.g., an austenitic chromium-nickel-molybdenum 
alloy steel • in combination with 90Sr : 90Y fulfils 
the desired requirements sufficiently. 

When constructing the first experimental source 
IIOSr : 90Y was deposited on a platinum foil of 
5 cmx3.3 cm by molecular plating [I]. Platinum 
was taken not only for chemical and technical reasons 
but also to increase the dose rate by making use of 
the high backscattering effect. . 

The foil was wrapped around the centre part of 

• Stainless steel MASO, Schoeller-Bled:mann Stahlwerke AG, 
Temitt. Austria. 

a stainless steel tube of 26 cm length and about 
11 mm diameter, which was thinned down in the 
middle on a lathe to O. l mm wall thickness. This 
thin-walled central section of the tube was 5 cm 
long (Fig. 8). The leak-tightness of the steel tube 
after thinning was tested by the helium mass spectro
graphic method. Since there is a considerable amount 
of Bremsstrahlung emitted, the active part of the 
tube was covered by a lead shield several centimetres 
thick. · The cover of the source was rendered leak
proof by means of two tightly fitting brass cones 
welded onto the steel. 

Liquid can be pumped into the source by ineans 
of PVC tubes mounted on the ends of the steel tube. 

The activity applied on our first model was only 
about 300 me, the dose rate obtained over a volume 
of 4 ml was 44 krad/h. It may be mentioned that 
the output of a conventional 600 curie 60Co source 
amounts to 66 krad/h obtained over a volume 
of 750 ml. 

The dose was measured by means of a Fricke dosi• 
meter solution which was filled into a thin bag of 
PVC of a few mg/cm2 surface density and pushed 
into the active part of the steel tube. The dose rate 
obtained was in good agreement with the calculated 
value. 

A long-term test was carried out with phos~horic 
acid circulating through the source. The unit has 
been in operation continuously since April 1964, 
the liquid being in permanent contact with the source. 
So far no trace of strontium contamination has been 

' detected. , 
In spite of those good results, experiments were 

carried out in order to increase the dose rate, the 
volume available for irradiation and also the safety 
of the device. 

A rectangular irradiation cell was tried out, _covered 
with sheets of stainless steel 0.075 mm thick, the 
source consisting of strontium titanate incorporated 
in a thin layer of enamel on a copper foil w~ich wa_s 
mounted on both sides of the cell (Fig. 9). Thin part,-
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tion walls provide an even flow of the liquid through 
the cell whose depth is about the {I-range within 
the liquid. A dose rate of I mrad/h is easily obtained 
with this devke. 

A third model containing a thin layer of granulated 
strontium titanate between two sheets of stainless 
steel is shown in Fig. 10 (a) and (b). Here a number 
of cells are mounted beside each other allowing a 
utilization of radiation of the disc-shaped source over 
a solid angle of almost 4n. The output of this type 
of source is about 1 mrad/h/curie or more, depending 
on the thickness of active material invested. 
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The cells can be mounted in line or in parallel, 
depending on the dose and the volume required. 

With this model, irradiations on a technical scale 
appear possible and because of the much lower toxi
city of the highly insoluble strontium titanate, its 
application for the sterilization of liquid food or 
pharmaceutical goods might be considered. 
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Figure 8 

figure 9. Beta-irradiation chamber 

b 1-.,d w.ldi,,g 

Figure 10 (a) and (b}, Set of irradiation cells 
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ABSTRACT-RESUME-AHHOTAL\~R-RESUMEN 

Deux sources radioactives 
utilisees d'une fa~on originale 
par T. Cless-Bernert et of. 

A/867. Autriche 

A. Radiographie avec des sources speciales 
sous forme liquide ou gazeuse 

Dans les cas ou les methodes classiques de radio
graphie ne sont pas applicables, par exemple pour 
l'examen des blocs de tuyaux dans des chaudieres 
vapeur, on decrit une nouvelle methode utilisant des 
sources radioactives liquides ou gazeuses. En utilisant 
des emetteurs gamma tres mous, on obtient des radio
graphies de qualite suffisante des soudures, des 
def ectuosites dues a la corrosion et des depots a 
l'interieur des tuyaux. La methode a ete utilisee en · 
pratique pour examiner la vitesse de corrosion des 
chaudieres a vapeur d'une raffinerie de sucre. 

B. Doses de l'ordre du megarad obtenues avec une 
source beta 

Pour la sterilisation ou le traitement par irradiation 
de liquides, de gaz ou d'autres produits, une source de 
strontium 90 en forme de tube a ete construite. 

Grice a cette forme geometrique et a la densite 
d'ionisation des rayons beta par rapport aux. rayons 
gamma on obtient d'intenses doses d•irradiation avec 
des activites relativement peu elevees. Ce type de 
source peut etre d'un grand interet economique. 
parce que les problemes de protection sont plus 
faciles a resoudre avec des sources beta, meme s'il y 
a un grand pourc_entage de rayonnement de freinage. 

A/862 AacTpMR 

.a.ea HCTO~HHKa paAHO&KTHBHOrO . H3• 
ny4eHHR, npHM8HReM~e He06~~H~M 
cnoco6oM 
T. Knecc-6epHepT et al. 

A. Pap,Morpa$HR C nOMO~blO )l,(M.0,KHX HI\M 
raaoo6pa3H~X paAKOaKTMBH~X MCTO~HKKOB 

1.{~teTCR OllUCaUue· HOSOl'O ~ll'TO;\a pa;t.HOfl)i.l

iJnm C lfCHO.IJL3UDaffJ!eM pa;i:uoai<TlfBllhIX mu;ii.o

creii HJJJt - raaoB. MeTo~ npm.teHReTcll u Tt>l'. 
t"JJf'lllllX, ~or,:ta HC.'Jl,311 HCHO.'lL30BaTb OOLl'fHI,H' 

MeTo;u,1 pa;v10rpatfnm, HanpnMep ;vrn npoeeptm 
u.101.00 ya1-mx Tpy6 enyTP." uapoe1..1x JW1'JIOB. C 
IIO)IOl..l(blO o•ll'Hb M11fKIIX ,i-113J1y'faTeJJeii MOllillO 

110.'JY'lllTh ;l.OCTiHO'IHO 'leTNne pa;i.norpaM:\1hl y•rncT
l.OB CB;t)ll.11, i.opJ)03"0IIHLIX ;le¢et.TOB II OT:10-

;KeHlsii BHYTJm Tpy6. ::hoT MeToJ. uc110J1b30B.tJtCJt 

ll3 npa1<1"1tKe ;pH l\:Jy•1••1111H c,mpotTlt pa3BlfTllll 

1,01lllo:rnn 11 11.111mH>1x i.oT:rns t·axapnoro aano;u,. 

B. HCT0'4HHK 6era-H3ny'4eHHR M0l14H0CTblO 
nopRAKa MerapaA 

](Ml cn•p11.:111:~a llllll, pa,111a1-'IIOfl 11oii · o6pa6or-
mt >KlliU.ocn-ii u raaoB H,11• ;.tpyntx ru,:1xo:v111,1u: 
OO'bl'I.TOJI . II OCTJ)Ol'll Tpy61rnT1,1 ii JICTO•I "''" 
Sr90• 3a t·•,~T T,H<oil rE>o'MeTp1rn II i:Ula'lnreJlhHO 
lio.iwt• nl,ICOt.Oii llJIOTHOl'TH ltOJU\:\,11\IIJl ~-H3.'IY

'll'lllllt 110 c1ial\lWHltlO C ·;-11:\JIY'll'"lleM lJOmHO 

110."IY,IIITI> oo:ll'l' Bhl('Ol-;llt' ;(O:Jhl ol'i.:IY,IE'HJIR npn 
OTIIOCIIT(.'.lfl,UO MaJim( ypoeue aKTIIBHOCTH. JI~ 
t•t.0.:11,J,y 11p11 llfllOJJb:mBHHIIII ~-IICT011HlfKOB 3llil-

1111TPJI 1,110 ilt'l"ll' jlt'lllll IOTCJI IIJ>OOJlt'.\11,J a.KpaHJl

poBamur 111,aw npn BblCol<oM conepmamrn ropM03-
lforo 11any•1eJ11tff, aroT THIJ HCTO'IRIIKOR 1rneeT 

00.'lhlllYIO :umno~11•1t-n,y,o 1U'llHOCTb. 

A/862 Austria 

Dos fuentes radiactivas no utilizadas 
de manera normal 

por T. Cless-Bernert et of. 

A. Radiografta con fuentes especiales de lfquidos o 
gases radiactivos 
Se describe un nuevo metodo radiografico, que 

utiliza gases o liquidos radiactivos con Ios que • se 
llena el objeto que se va a inspeccionar. para aquellos 
casos en que no se puedan utilizar los metodos radio
graficos normales; por ejemplo. para inspeccionar 
haces de tubos delgados dentro de generadores de 
vapor. Utilizando emisores r de baja energia, se 
pueden obtener radiografias de la calidad satisfactoria 
de las soldaduras, defectos de corrosion y depositos 
en el interior de Ios tubos. El metodo se ha utilizado 
en la practica para examinar la velocidad de corrosion 
en los cambiadores de calor de una azucarera. · 

B. Una fuente beta de! orden de! megarad 

Se ha construido en forma de tubo una fuente 
de 90Sr destinada a esterilizar o irradiar liquidos Y 
gases y otras materias. 

Por media de esta forma geometrica y aprove-
chando que la densidad de ionizacion de los rayos fJ 
es mayor que la .de los rayos y, se consiguen dosis 
de irradiacion elevadas con cantidadcs relativamente 
pequenas 'de actividad. Como los problemas de blin
daje de las fuentes tJ tienen soluci6n mucho mas f:icil. 
aun en el caso de que haya un porccntaje elcvado de 
bremsstrahlung, la utilizaci6n de este tip" de fuente 
puede que sea muy econ6mica. 
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0 Hay"IHO-HccneAOBOTenbCKOM AeSITenbHOCTM 
no MCn0nb30B0HHIO OTOMHOM 3HeprMM B MMpHblX 

4en~x e HapoAHOH Pecny6nMKe 6onrapMM* 
{O630pHblM AOKffOA) 

r. HaAJKaKoa ** 

1. JJaqa.:io nepa1,1x ncc::ie,1onaauii B Bo.na pnn 
B o6Jiactn aTOMHoii qin3ni-r.~ n pa1v1oa1nmrnocr11 
c.1e~yeT oTnecru " l!HO r. C rroMOIIJ.LIO npocroii, 
opnr11ua:u,noi1 n caMoobltHoii aayqHoii annapa
ryp1,1 61,l:rn nponaaelJ;eHbI o•n?HJ, TOqllhle 11aMepe
mr11 pa,rtuoaHTUBHOCTH Go.1ra JlCIHIX M11Hepa.TJbllblX 
BO,:!· B ){3.'fLHeiimeM, JJ.O u noc:rn nropoii. llflfpoaoir 
BOUHLI, ;nu naMepemrn Obl.TJll npO,l\OJlffiCHhl ll pac
mnpem.r. 

Bo11r,rn:nc nepcneKTnBLJ ;i,.'lfr ohlcrporo paan1nun 
JICC.1C)lOBaH11ii, CB»aaIJHhlX C ucno.TJl,30lJilHJieM aTOM
noii :meprun a ~mpm,1x ue.1nx n 60.11rap11u, 
OTlipb1.111cb B H)j(j r., 1..or){a ConeTc1rnii Coro:i 
Bblpa:m.1 rOTOBIIOCTb OK833Tb UaM IIOMOIIJ.b U Mltp

HO!I.{ ncno.1r,3oaamm aTOMHoii :mepnm M 6bl.'I aaR
motiea ,ll.orosop o nocTaBHe fl,ll.epuoro peaKtopa n 
OKa3auuu COAeiicTBHJI B Il.o):\fOTOB!{e na)WOB. 

IIocyenenHo oLIJilf coa,1aHbl cpaBHUTe.11,ao xo
pomo ocuall\eHe1,1e Jia6opaTopmr n ce1nvm _ npu 
<I>H3H'leCIWJ,{ lll(CTUTYTO- C .\ TOMHOU uayqf[()-
3KCnepnMe1naJibHOll 6aaoii GoJ1rapc1wii A1rnneM1111 
uayK npn cl)uau'lecHoM 4'a1<y.1JbTCTe Colj,uiicKoro 
rocy,IJ,apctBeueoro ynnBepcurr-n n npu ue1<0-
TOphlx Apyrux naylfllhlX 11 OTpacJieBLIX llHCTHty
Tax II upeµ;nprr11T1rnx. CoopymeH ncc.rreg0Bare.ru,
CIH1ii _ peaKrop llPT-1000. Coa,naua n ooopy,1:10-
Bana BLICOKoropua.R ctauu,u11 AJIJl uccJie,JJ.oBamrn 
KOCMHlfec1mx JJY'leii ea Bepnnnre Myca.n:a, ua 
DWCOTe 292.i ..u Ha){ ypoBHeM MOpR. 

llccne.iwaaunn: no .st)l,epHoil <l>JfanKe B IioJira~ 
pun DpOBO)VlTCJI npelrny~eCTBeHltO a ~a6oparo
Pll.ffX <D1131tt1ecKoro IIHCTUTyTa C .\TOMHOH naytIH0-
3KCDepHMeHTaJibllOJf 6aaoii (AH3H) BoJirapcKoii 

• 3TOT ooaopm,ul }J.OKJia,l( paCC'lHtaH ua To; 'IT06f,[ /l)lTb 
1103won1aocTh yqacrmrna11 III Me;1qi.yHapoAROii Hay1111oii 
Kon4>epeHJ:\Ull 110 MHpHoMy 11Clt0Jlb3083HIUO aror,rnoii 3Hep
ruu B iKeHeee o;ma1m.111uT1,cJ1 B 06.mux 11:epTax c Hayq1w
HcCJ1eAoeare,I&CKoii D n pHKJia;D;HOH JlellTeJlhHOCTblO. n po
BO,l{JJMOii B 3TOH o6naCTR B Hapo,o;Hoi PecnyoJJHHe Ho:z-
rapuu. · 

qaCTh arux BCMeJIOBanuii oriytfonKOBaHa JJ H3Y'lHi.lX 
coo61qe1m.Rx; ,npyrne 6y,izyT ony6.nnKoeauu B 611ua.aiinreM 
6y,lY1IJ.eM. 

** Q'.>JJ3JJ'feCKllll HHCTJITYT C AT0MJJOH JJay<l'JIO-HCCJJe
/l,OBaTe.1hCltOii 6aaoii: GoJirapCKoli AU u l\oMnTet no 1,mp
tfoMy 11cno-11.aoeaan10 aTOMHoil: a11epr1rn up« Coeere MH
llucTpoa Hapo11,11oii Pecny6Jrnxa 60J1rape11. 

.\H Jt tDn:JI1<1ec1wro 4'aKyJ1nTeTa Coif>uiicKoro ro-
cyAapcrnemrnro ymrnepcnTera. . 

2. Pea«rop IIPT-1000 B6.nrau Coqiim ncrynH:I 
B :rncrwyarnqmo 9 noHopH 1961 r. 3ror peaKTop 
nocrae:rnn Cone1cK11M Co10:ioM. Ero crponrem,crno 
n MOHTam ocym.ecrn.;IeHJ,1 npn nenocpe.ncraenHoii 
llO&lOUVI H UO/.{ py1<0DO){CTBOM CO!Jl'TCfiJIX cneuna
.'IIICTOll. OH OTJIH'laCTCR OT .CBoero npoTOTlma 
IIPT-1000 B MocKBC TeM, 'ITO ynpaBJ1em1e y uero 
no.,HOCThlO aBTOMaTl13JlpOBaHo. 

PeaKTOp IIPT-1000 B Coqmn ncno.:1r,3yeTc11 
;i;.ru.-: 

t) neiiTponHo-4>11auqec1aix naMepenttii u uay
•rnmrn Ktmenr<recrrnx xapa«repucTnK peariTopa, 

2) uccJie;.vrnanuii no np;epnof1 giuauKe, : 
a) IIC(.!Je]\OBallldi ,o;eiiCTBJHI nitepm,ix 113.'IYtJeHlfff 

na Tnep;v.i:e re.n:a, 
4) 6uoJIOflf1Iecm1x ncMe;qonauml • 
HpoMe atoro, na HCM np0113BO,l(RTCH pa,ItROat,

TUBHhle lt30TOilhl. 
Ilccne,o;onamur pelfmMa pa6011,1 UPT-1000 

r>XBaTJ»B3IOT CJ1e;1yromnc BODpOCbl: 
1) K1rnetIrna pea1nopa, 
2) TeilJlOBLl}J,CJICHlte B l!3HOO.'lee OJlOTHLlX na-

'13.'tbHUX CJlORX 6110.11orn'leCKOJI 3a~HTLJ, ~ 
3) TellJlOTCXHll'ICClnte nccJJeAOB3RHJI aKTllBHOII 

30Rhl, 
4) IlOBC)];eHHe rpa(fllfTa B neiiTpOHHOM UOJie, . 
5} 01/}fCTKa )l;llCTHJJJIJJTa nepewrnoro l\HPKYJIJl

u.nonHoro HOHTypa C nOMOW.blO HOHHTOB. 

l-13Y4EHvf E HEi1TPOHHO-mH3HYECHHX 
XAPAHTEPHCTv!H HPT4000 

If ocJie BBOAa B ACHCTBlfe pea«ropa UPT-1000 
61,WJf IIJMepem.r BCJlll'JHHY ~UOTOKOB TeDJIOBl,IX.: 
peaoHaHCHblX n 6YCTpLlX aenrpOHOB s aKTDBBOH 
aoHe H 3KCDepHMeHtaJibBblX KaHaJiax peaKTopa 
npH MOmHoCTH 1000 Kom. ,l{nn aToii ll;e.JJH HCUOJU,-
30BaJIHCb aKTIIBat(UOHHblii MeTO,ll. H MCTOJI: nopo
fOBblX .nereKTopos. A6coJ110re1,re naMepemrn Ten
JIOBblX ll peaoHaHCBJ,IX neiiTpoHOB npoHaBeµ;eHl..r 
7'0RIOIMH 30J10Tl,I.Mll H HH)llfeBLIMH 4lOJlbraMH. 
,[(mt naMepeHJUl ~-aKTIIBHOCTJl noCJte,JJ.UHX 61,1JIB 
ClWHCTpyuposaHH 4:t-C'leTHaJt yctaHOBKa u en.no~ 
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TH1t.1R~ltoHHMt ycTaHOBKa ~-)'-COBJ1a]l;e1miL B 1-rn

'feCTBe pe30H3HCHblX AE'TCKTopoB l!.CilO.'lb30BaJUtCI, 
MeAL. HaTpuj1 u Ma praueu.: c u.e.nr,10 naMepemrn 
noToKoB n cue1np0B 01,1cTphlx tteihpoHoe a Ha
CTORnlee epeM.R paapaGan,1eaeTc11 rpynnoeoii 
M0TO,;l C npnMe11e11uer.i CIICT('Mbl noporOBJ,JX 
){eTei.ropoa: cepw, ¢>ocq>0pa, :o.iarmrn, amoMu
HHJI lf ):tp. 

]\Jin 6b1nporo n TO'lJIOfO IIJMepemrn 0TH0CJI
Te.rl LHOro pacnpe;l.e:1emut noTOKa Tem10BblX Hei1-
Tpouoe B peaKTope paapaoOTaua cneu,1taJihHaH 
ycTaH0BK3 Jl..1R aBTCH.l<ltll'leCKOii pernCTpau,un aK

TIIBHOCTU OU.lJY'IeHllblX npoB0.!JOK. B XO~(' paooTbl 
HCIIO.'lb3OBaJIIICL Tat.a-e HCKOTOpble HOBble 113Me
pHTe.'ILHLle MCTO,lbl II ycra HOBKlf • np11MeH.ReMwe 
e peainopm.ix IIJMepemrnx: 

a) ycranonRa JJ,.111 aaroMarnqecKoii perucrpa
:QHU aKTJIBHOCTII npOBO.lJOK, aKTJIBnpoBaHHhIX B 
pea:KTope; 

6) }<opoum,1e cqeT'lnKn J\:Iff nei1Tpomn,1x 11aMe
peH1m; 

6) Alf<l.>cliyanoRHaR Ka1.rnpa U11,1bCOHa IlOHniKeH
BOro ~anJiemur. 

HCCnE~OBATE~bCKAH 
)J.EHTEJlbH OCTb 

Hccne.qosaHHH ,11,eneHHH 11tmenblX RAep 
nOA AeHCTBH0M H8Hlp0H0B 

Ha O.ll,HO)I na ropnaoHra:11,nux KaHa,'lon peaK-

Topa npOBOJ:VlTCR IICCJ1e,~0Ba11111:1 C IT e K T p a 
CKOpOCTeii: OCKOJIKOB /\e.'IelltfJJ 
U135 H C II e I. T p a C K O p O C T e ii .M r ff O -

B0HHl,l:Z: HeJIT,pOHOB µ0JI0JllfR H 

38BHCIIMOCTJI OT yr.1a MCiliJ'.IY naopaBJie11neM BLI

JieTa neiiTpoHOB u 11anpaB.ie1rneM pa3JieTa ocHoJI
KOB, B CBH3H c aTof1 aaJJ,a"leii pa3paG0TaH n no
cTpoen CQ.HHTIIJUlHl\llOHIILlil cneKTpoMeTp IIO epe
MeRn nponera,: paooTarom_uir B HaHoceliyHJJ,HOii 
o6nacrn c npeo6paaonamreM epeMenu B aMmrn
TYJ'.IY • 

.n;.1rn IlCCJie]'.IOBamrn a H e p r e T H q e C K H X 
H yrnoswx pacnpe)'.leJie1111i1 oc
K O JI K O IJ ~ e JI e H II 11 II nay'leHHH CBJJaaHHLIX 
C BHMJI 3BepreTU'lCC}tnX ll yrJIOBbl.X pacnpe;i:i;eJ1e1mii 
Mrnouemni11 neiiTpouoB u y-n3J1yqemrn 61,1.na coa• 
1t,ana ll,BOUHaJI UMnyJH,CHaH llOHil3aD;HOHHafl Ka
Mepa co c6op01,1 :meKTpOHOB. 0JI,HOHpeMemta1l 
perucrpaQ.HH n naMepenne nMnynbCOB c co6npaIO
~nx 3JleKTpO~OB H o,n;uoii 113 ceTOK HJUI B1,ICOKO
BOJl bTROro aneRTpo,na noaaoJI.ReT onpe,n;eJrnn, 
aneprnu, c.1wpoCTII II MacCLI J:\BYX OCKOJIKOB~ 

a TaKiRe yroJI BhIJieTa OC!WJIKOB K HanpaBJleHlUO 
a»e1upu>1ec1wro noJIH RaMephl. PacnoJiomem1e /W
TCRTopa neiiTpoaoB mrn y-mmyqemrn AaeT B03-
MOil\HOCTL onpeAeJIHTh It yrml Memp,y HanpaeJie
HHeM BLUieta OCKOJIKOB II HanpasJieHJieM aapern
CTp11poeannoro nejiTpoHa mrn y-KeattTa. 

.11JHl naytteHHJI 3 a X B a T H O r O y-ll 3 JI Y -
11 e H II JI 6LlJI Jl3fOTOBJieH II IlCIJl,lTaH ,IJ;BYXKa
H3JibHLlii Cl{UHTIJJIJIHI\llOHUhlll y-cneJ<Tp0111CTp. 

HpoMe BhlilOJIHCHiUI :)jl!X ;pex JaAatJ: Be~eTCJ1 
IlOJJ.rOTOBKa K UCCJ1.e;1,0Batt1rnM na rop1130HiaJlh

HLIX 1<aHaJiax IIPT-1000 Tpouttoro p.e.:teHirn H;i.ep, 
Heynpyroro pacceHUJHI Me,[J:.'leHHblX HeiiTpOHOB Ba 

.1wH,neHCHponamu,1x c11creMax, a Ta1rn-,e a<}lclienTa 
Mecc6ayapa. 

0JOTOH,0.8pHble peaKLtHH 

C H,n;epm,1111u q>OT03MY.TlbClUl!IIJf, 06J1yqeHH1.lMll 

Ha CHHXpoTpoue Jla6oparopun pc11rreJio»crwro 
u y-113.11y'leH1rn :Temmrpanc1rnro 1Jm;nn<0-TexHH
qecKoro irncTirryta AH CCCP nM •.• \. <D. Hocfi<Iie, 
61,1.:m npoBe,lliem,1 HeIWTOphte UCCJieAOUaHIUI peaK
~uii Caj0(y, p) K 39 u ,\F7 (V, p) Mg26

• 

IIonyqeHbI :mepreTH'-leCKlle n yrnoshle pacnpe-
)'.leJieHHR npoTOHOB B peaKI~IIII ca~" (y, p) K39 

npn Evrnax ,..."" 22 Ahe. B aHeprernqecKoM pacnpe

,n;eJieHHH naii,n;eua TOHt-:aH CTpyKTypa. IlpOBO~RTCII 

uccJieAoBamrn np11 Ev = 16, 19, 28 H '30 M3c. 
r11a1 

1Jcc.11e,n;0Ba11hl TaK;+;e Bhlxo,11;1,1 n ce11e1me toii me 
peaJ\~1111 n ooJ1acT11 rnraHTCKoro peaonaHca. 

llcCJie,n;onamie peaKrurn Ali' (\', p) Mg2« npo
ee,neno npn Ev = oO MJe. 1nax 

B :meprcnrqecRoM pacnpe,nenemrn, nocTpoen
HOM no i.reTo,ny (l>epeiiphl - BoJJomeKa c ncnO:.Ih
aonaHneM npn6.1111a1ne.'ILHO KlOO npoTOHHblX c;rn
JI.OR, TatnKe naGJilOJJ.3eTCH TOHKaH CTpyi-rypa. 

1,1ccr.eAOBamrn pa.ivmatffHBHOCTH no~B1 BOA 

H B03Ayxa 

l(aK y>Ke uuJio ynOM.RHYTO BHa'laJie, 11Cc.11e~o
aamrn pap;noaKTJIBHOCTlf MHHCpaJibllldX ncTOIJBII
KOB B lionrapnu aa11an11Cb e~e JO JieT naaa~ 
B CocJmiicKOM rocy;\apCTBCllH0M ymrnepcnTeTC. 
C 19::,4 r. 3Tli ncc.11eJJ,osamrn 6h1Jm npoJJ;om«em,1 

B cDnanqecKOM irncnnyTe c .\H:JB Bonrapci.oii 
AH. nptt'IeM om1 61,1irn pacmnpem.1 nccJieAOBa
HHHllm pap,1rnaKTIIBH0CTH ocaAK0B U aTMoc«f,ep

HLIX aapo30.1eii. 
B 195fi r. 6I.1Jia coap;ana ne6om,IIIaJI pa.ri;noxH

M11tJecKa11 mt6opaTop1111 JI CTa.'IO B03M0mHNM 
onpep;eJI1ITb ypau B B0l-(aX, a Talrn,e pa)J,OH, T0p0H 
II pa,n;ui1 B pa3JIU'llihlX BU)\aX 11..na. rpR3H }( IW'ID. 
llcCJie/),OBaHa 61,rna pall,UOaKTUBHOCTb B0/J.HblX nc
TO'lllllKOB He TOJlhKO n paiionax ,TepMOMIUJCpam,
IIUX BOP,, HO H B 60J1ee o6urnpHLIX paiioeax 
n cs113n c pernenneM npo6JieM 3/lpaaooxpaHe1rn11, 
rHrHetrnaa~neii BOAOCHafo1,eHHJJ U T. l-(. 

J.1cc~e'AOBaHH~ ynpyroro pacceRHHR yacrH~ 
BblCOKHX 3HeprH~ QJOTO3MynbCHOHHblM 

M8TO,D,OM 

B {J)u3Hqec1wM nHcTnTyTe c AH8E EonrapCKoii 
AH H aa 1rnifie,npe cJiu::rn1m XnMHKO-TeXH0Jior11-
qecMoro necr111yTa B Coqnrn npouaB0,1],HTCH npo
cMoTp 11,z:i;epm.i:x 3MYJlhCHOHHldX R8Mep, 06.11y11eB
ll'blX Ha c1-rnxpo4>aaoTpOHe O61,ep;nPeHH0fO UB
CTHTyTa n,r:r,epHhlX llCCJiep;oBa1rn» B ,Il;y61rn (CCCP) 
no MeTo,ny nepneH'AnKymipHoro o6Jiyqemur. Hay-
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11aeTc11 pacc~.1rn11e np0T0H0B ua np?Touax H npo-
7oHOB Ha P,e11Tpottax npu 6,2 I'M u tc-MeaoHoB Ha 
np01'0Hax np11 4 I'Jfl, Pe3yllh1'aTW :'lTIIX HCCJie~o
BaHl!ll nyo.11myt0TCJI, 

HccneAoBaHHff KOCMH~ecKoro Hsny~eHHR 

fiOArOTOBKa K UCCJJej\OBaHHJU.I ROCMH'IeCl<H:X 

»y11eii B Bo.'lrapan na"la.llaci, B 195,5 r., 1wr~a 61,wa 
C03Aana C0OTBeTCTBy10m;aH cexu1rn: npu <lJ!f3ll•Je

CKOM nncTnryre c AH8B Bo.rirapcKoil: AH. CHa-
11:a.'la ceKl.\tU1 He pacnoJiarana neo6xo,l1.1u.1LIM1t .i:aoo
paropHLlMU noMem;eHit.RMI( Jf ycTaHOBt.a.MU, .,TJyi1-
m11e YCJIOIIIUl ,nJUI paoOTJJ CO3.Q3.JHICb B 1959 r. 
6.11aroAapH coopya-enmo A-'IH nym.n. ceHJ.\HH Buco
KoropHoii KOCMJt'leCKOII CTaHI].1111 Ha eep,mrne 

Myca:ra. flo CBOeI1 BblCOTe HaA ypoBHeM MOpll 

(292,; .v) lf no YCJJOBJfHM paoOThI :>Ta CTaHUJUI JIB

JlJleTCH O,JJ,Hoii na ny11urnx n Enpone. 
CoaJJ;am1e HocMHllec1rnii cTam~nu cnocoocrBosa

Jlo paaBHTIIIQ B cpaBHUTeJibH0 6blCTpOM TeMne 
~roro paap;eJfa q,namm B Harueii c1paHe. oTOMY 

6.1aroupmITCTBOBaJlo Talu«e TeCHOe COTPYAHHqe

CTB0, ycTaHOBHBllleec.11 MeiK,r(y nameii Ce1m;11eii 
.KOCMuqec1toro H3JJyqeHH.11 H OT,!J.8JieHHeM HCCJI8AO-. 

Bamrn K0CMJtqecKIIX Jryllett nprt l~eHrpa.7Il>HOM 
HCCJJe~oBaTe.llbC}WM J!HCTnryre 4)Il3l!Rll BeHrep

CKOll A.Ka,!l,eMHH Hayn, 
H1,rne ceKJ\H.ll pacnoJiaraeT ueo6xo.a.nML1MH yc

.'IOBlrnMu AJJ.R npOB8,!J.0HHH UCCJI0]l;OB8HHH Ha COB

pe.MeHHOM Hay'lHOM YPOBHe no )l;BYM oomHpllblM 
npo6JieMaM q>H3HKU JWCMlt'JeCHHX J1y11eii, a HMeHHO: 

1) B33UMOp;ei'icTBlUO 3JleMeHTapmu '18CTIU~ npn 
BLICOKHX H CBepxBJ.iCOKIIX 3Hepnrnx H 

2) Bapua~ll.RM B IJHTeHCIIBHOCTJI KOCMH'leCR0T0 

1t3J1y11emrn. 
Ha OCHOBamm HCCJI0,D;OB8RHii, npoBe,D;eHHLlX AO 

cnx nop, HaY'rnblMH corpyp,mrnaM11 ce1m,n11 onyo
JIITKOBaao B oom;eM 22 aayqHr,re pa60TI,1. BOJiee 
aaa•mreJihHhle .BKJJa,n:hl .1n,1erorcR. s HccJiep;oeamrnx 
nrnpmrnx aTMoc4>epHLIX JI nBHeH n norJiom;eun.u: 
H,l\epHO-aRTHBHLIX 11aCTll.tJ; lWC!'.UtqecRoro HaJiyqe
HHJI. O:amµ;aerc.R, 'ITO npoBoµ;HMUe B HaCT011m;ee 
BpeMH a1.cnepnMeHThl flO3BO.1JSIT IlOJIY'IIITL B 3'IOM H 

B 6YAYW.eM rOJ\Y HOBhle Bat¼\HI.Je peaym,ran~ o ce
'leHHH Heynpyroro B3aUMOJJ,eiiCTBIUI HYI\JJOHOB 
npu :mepru,u AO 100 I'Ja, o nornom;eHHH 11µ;epHo
aRTIIBHLIX 'l3CTHJJ; B B0aµ;yxe. aeHHTBOM pacnpe)l;e
nemin qac11m; n1>1cOKnx :meprnii, BH.n;e cneKrpa 

µ-MeaOBHOVI l<OMTIOH0HTbl mHpOKllX aTMoccfiepHblX 
nunaeii, 0 sapnau.1rnx mecTKOII H HefiTpOHHOII lWM

ll0BeHT K0CMH'!eCK0fO na.71yqe1rnJI H T. )l;. 

HccneAOeaHMH no A8HCTBMIO HA0pHblX 
H3nyYeHMi1 Ha nonynpOBOAKHKM M AMSneKTpHKH 

llccnep,onam,1 naMenemrn B noJIH3TUJieHe, 06ny-
11eenoM Ha HJJ,epHoM pea«Tope 11n<!ipar<pacBLu.m 
a6cop6u;110HHlilMH cne1<TpaMu. llpH paapa6or1'e 
lteTO~llKU aTHX: HCCJJe)\OBatrnii noJiy11eBbl HeKO

Top1,1:e HOBble peayJihTaTbl. Han.n;eH M0TO}J, onpe
,l\e.11eHIIR J13MeHeHHH J{pHcTamrnqeCKOI{ CTpyx
Typt.1 B anmeHe c n0.M0llJ.bTO nmf>paxpacHLrX a6copu:
~11oaBllX cne.MTpo.13. 
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IlayqaroTc.R raKme tBoncraa cne1JeuHoii OKHCH 

I\lfHKa; 06.'ly'leHHOll y-ny11aMH Ha 0.i:{HOM 113 .Bep
THKaJlhHh!X Kaua;ioB peanropa IIPT-1000, n cyJih

cJm;:i;a 1<a,nmrn B na'leCTBe e'leT'lHI(a n ~ereuopa 
HOHit3HPYJOII-l.«X .rraJiyqem1fr. 

TeopeTHqecKHe KCcneAOBaHHH e o6naCTH 
~AepHOH QJM3MKH H sneMeHTapH~X qacTH~ 

TeopeTHIJeCKHe l!CCJl0)J.OB8H1UI aTOMHOro ff]tpa 

H 3JleMeHTapHblX '!aCTHI.J. npOB0,AHTCJI CeKQHeii no 
reopHH IlOJUI H 3Jl0M0HTapm,rx 'laCTJH( npn {J)JfJH

'leCROM n.11crury1e c AH3B BonrapcKoii AH 11 
Ka<jie)lpoii reopent'leCHoii <Jinamm opn ll>m311qe
CliOM qiaKy111,TeTe Coipmic1wro rocy,ll.apcTBeHnoro 
y1urnepcnrera. C reM 11Tool.r iJ.3TL He1wtopoe npe~
craa:remce o xapaKrepe :irnx uccJieµ;oBam1n, uua.e 

npHBO,l(HTC'1 JlHIDb aar:lll.BIUI HeK0T0ph!X B3 aa;:i;a'l, 
110 Koroph!M Be.JJac1, pa6ora B Bonrapc.Koii AKa}J.e
MHH aayK B re1tem1e 1963 r.: 

1) o npo6JreMe .Mace anet.umrapmu qacTHl{ Hux 

liJODa pm.IX COCTOJIIUfll; 
2) 0 B03MOffiHOCT ffX HCCJI0AOBaHH.R B3allMO)J.eii

CTBHH ueiiTpOHOB C B0ll(8CTBOM; 

3) O npHHI\HIIHaJihHO B03M01f<Bb1X CBR31lX 1rnaH
TOBOii TeOpHM C :n,cnepHMeBTOM; 

4) ~eiiCTBl!T0JlhH3ff qaCTb aMIIJIHTY,ll;hl yupyroro 

K± - p-pacceRHHH. 

HCCRE,LtOBAHHE H nPHMEHEHHE 
R,LtEPHblX H3nY4EHHti 

H PA,lU,10AKT"1BHblX H30TOnOB 
B MHPHblX U,Ens:tx 

Hay~H~e MCCneAOBaHHR H npHMeHeHHe 
paAHOaKTHBHMX H30TOnOs B XHMKH 

IT p11Menem1e pa,qnoa1<TI1BH&X JJ3oronoe B XH

MHJI Bee erqe aec1,Ma orpaeuqeeo. l\feTo~ pa.n;HoaK
TJIBHLIX HR,U,lll'8T0p0B ncn0JU,30B3JICJI J);JIH peme
HH11 B8KOTOpLIX q>H3IlKO-XHMH'IeC.KJIX npo6JieM. 

Paapa6oraH HOBhlii Bapnaar rax uaa1,rnaeMoro 
,11.uif>4>epeH~HaJ11>Horo 11aoro11Horo Mero,u,a nccne;:i;o-
Bamrn nosepXHOCTII 3ACOp6eHTOB II KaTaJI113aTO-
poB C QeJlbIO pellieHliH • Bonpoca, ffBJIHeTCII _ 3Ta 
noeepXROCTh 0,lJ.HOpo~HOU J!Jlll HeO~Hopo,qHOU. 

C not.fO~bJO pa~noaKTIIBBblX nn;vrnaTopos ne
CJie)\ona110 BRmoqem1e np11Meceii B nponeccw 

KpHCTaJIJJll3anuH C TeM, tfT06J,[ BblJICHIITL aaKO

H01ttepHOCTlf n HeKoTopLrx oco6hlx C.i1Y'l~Rx. Tai-., 
Harrpmrep, ncc»e~osanacz, 011nc1Ka ~N03 MeTO
~oM 30HHOii flJiaBKlt 01' Sr8', HOTOphlll JIBJrnerc,i 
B8If30MOp4'HOll Upn6aB1Wii. 

IlpoBO~ffTCJI UCCJ18,ll,0BllHl(II DO BHJJlOtf('HlllO 
cy;rr.<fiaruwx JIOH0B (S3s) B npo~ecce Kp11era.i:.1naa

~1m i<anhU.HTa (CaCO3). 

HayYH~e HCCneAOBaHHR H npHMeHeHM0 
paAHOaHTHSH~X H30TOOOB B M8AH~HH8 

B EoJirapmr pa):{noanTJIBHLie naoronLI u 11,nep

Hhle U3JiyqeHUH Halll.'Ill cpaBHltT0JlbHO 6oJiee mnpo
xoe npHMeHeHlle B !lle~HI.J.UHCKllX HCCJie.n;oBaHllffX 

H Me,l'.l.llll.llBCl<OU: npal{Tl!Ke. 
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Jla6opaTopmr no npuMenemno pa,nuoaKTHBeLJx 
ll30TODOB B 3KCnepnMeHTaJILl(Oit MeAHI.\HHe npn 
Kalf>e,!tpe 4>apMa1wnorm1 HHcTutyta cnertnaJiuaa
~ffH u ycouepmencTBoeamur spa11e.ii: B Co«f>Mn 
c 1959 r. pa6oTaeT aa,11; OTAeJJl,JILlMII BOUpocaMJI 
B 06.aacn{ CJIC.lJ.YIOlll.UX npo6JteM: 

1) JlCCJieAOBauue BJJJUIHIUI pa3JIH'JHLIX cf>aKTOpOB 

ua ouMeH nem.ecte B opra1rn:rne; 
2) uayqemte 11:JMeHeHIIR paAH08KTJtBHOCTJI opra

Hll3Ma no.rt BJIIUIHlleAt He.KOTOpl,U Heilpo-rponm.ix 

eell{eCTB B YCJIOBIUIX p3,!tll31.\IIOHHOrO nopamemrn; 
3) JfCDLITamre 331Il;IITHOro AeiiCTBIUJ ff('KOTOpblX 

BCII{eCTB npOTIIB paJl_lUU_\llll; • 

4) B03MQ;f(IIOCTll UCDOJJL30B8HIUI paAH03KTIIB

llLIX eem.ecTB AJIR JICCJICA0BaHIISI TeXH0.'l0J'l!'le
CK!_fX CBOUCTB HeKOTOPLIX JJeKapcTBCHHLIX lfiopM; 

a) 6110J1ornciecKllC, llCC.lteJI:OB3HIIII npn lTOMOIIl.H 

JJ3rOTOB.'JCRHLIX B 60.11rap1111 Pll.l.1108KTJlBHLIX 1130-

TOnoe. 

B ,Ae11Te.'lbH0CT11 Hay•rno-11ccJ1eJ.(oaaTe.,1,c1wro 
JIRCTllyYTa Te)taTOJIOfHH H nepe.JIU8aHltH KpOBll 

MO:IKRO yKaaaTL Hll ,ABe npo6JieMLI, m1eIom.11e HC110-

. cpe.l(CTBeHHYIO CBll3b C ltCilOJIL30B3HHeM aTOMHOii 
3nepr1111 e M11puL1x f.\t>JIRX; 

1) JJe'lenue OCTpoii .lly'leBoii 60:1eaun n 

2) np11MeHeu11e pap;H03KTH8HLIX Jlff,l\llK3TOpOH 
B reMaTo.1or11'1ecK11x uccJtejl;oeauu,rx. 

fl pn Ka4'e]lpe II8TO.'IOr1111eCKOii (jill:UIO.'IOfllll 

Bwcmero Me,nHJ.\l:IHCKoro JIHcTuTyTa e Co,pmr yrne 
B TeqeHne eocLMK JteT eeJl,eTCR paooTa no 11ay'le
n11IO BJIIUIHHII paamt'lHLlX: uotrnaupyK>I.I.\JfX 113.IJf
'leHuii Ha opraUH3M qeJtOBeKa It ffiHBOTRLIX C u;e.11LJO 
Jta)"leHHR naToreueaa, 1<.1111uu1<11, .'le'lemrn: H npo-
4>unaKT11KH 3a60Jteeanuii, Blil383HHLIX llOllH3ll

pyro~BMH lf3Jlf'leHHRMU. 
Ilpo.itonmaeTCR 11ccn:eJ1,0Baren1,cRaa paoooa no 

CJie,ltflOD.lHM 60:1ee KOHKpeTHLlM eonpocaM: 
t) DOBLIIIJeHHe CTOHKOCTH opramraMa K µ;eilcT

BHIO 11oe11a11pyt0JI\eii pa,!tJf3f.\Hlf; 
2) pacnpe;xeJJeirne meneaa e Kposn nocne cnneu

. 3KTOMHH; 
3) <J>occf>opmrnposamre fl apnTponuwx 06.11y1JeH- • 

HLIX HCHBOTHLIX; 
4) CTpeDTOKOKKOBblii · opraHOTp0illf:JM y o6ny

'leHlUIX H HeoGny'{eHHLlX lliliBOTHJ,JX, lfCCJICAO

B8HifLlii C DOMOIIl.LJO 8BTOfltCTOpaA1tOrpa1fllrn; 
5) Bseaemrn P 32 o MM0Ka pn npu 3«cnep1rnee

TaJ11>1tOM MlfOKap,!tHTe; 
6) KOJIH'leCTBeHHOe onpe,l\eJielldO I\HpKyJrnpy10-

II{eii KpOBlt DpH 3KCDepuMeHT8JJ:LHOM MHOKapJ(IITe 
c npnMeHeuneM P32 H J 1111; 

7) onpe,1.{enenne c«opocTH I<poeoo6pal.l.\eHHJJ npn 
3KcnepnMeHTaJILHOM MHOKap,n:11te C IlOMOl.l.\blO NaH. 

IT pu Kacf>e,1.\pe peHTreHOJIOrHH n pa,!\HOn:ornn 
Bwcutero Me;tnnnncKoro lfHCT11Tyra B Co(j>uu opo
BOAfltca C.'le)lylODJ..lle JICCJie,1.\0B3HHSI B o6nacTJI 
].\H8fHOCTlfKH:· 

1) ncc:1eµ;0Batme <l>YHKIJ.flOHa..'IJ,HOrO COCTOSIHHR 

lll;IITOBJl;:t;Hoii a.eJie31,[ C IIOMOIIl.LlO paJJ;HOaKTBBHOro 

no~a nytei.1· HenocpeACTBeaeoro B3Mepemrn c'leT
tJIIKOM fe.iirepa - .M10nnepa; uaMe1Jaetc11 taKw.e 
ua11aTL 3Tll nccJ1e,IJ,OB8HIUI npH llOMO~ll CU,BBTBJI

:r1111:HOHBOro CIJeT'IIUC8; 

2) nccne;:i;oeaune Hoeoo6paaosa11uiI ua 1-ome, 
11a1,rne, ry6ax, r.rra3H0M RoJJOKe c npnMeHeunev 
p3!?; 

3) Cll_lfl{TIIJIJIOrpaifm11ec1rne JICC.lle;:t;0B3HUJI IIl.lfTO

BHJtHOli me.'Ie3LI, netJemt, meJ11JHl,[X nyTeii: If HCpB

HOH. CMCTeMhl npu DOMOllJ.U 6earaJI.LCKoro poao

BOfO,' lt!C'lefflfOfO J 131, JI KOJJJIOH,!\HOro ao.11ota; 
4} <}iynKI\UOHam.uoe nccne)J,oBamte neqeeu rrpn 

noMoll{n 6eura.'JbcKoro poaonoro H rioqeK npu no

Mo~n ,n.no,upacTa, Me<iemmx !131. 

B ouJiaCTII JJe'leHll11 pa,::i;noaJ,TJIBHI,JMU Jl30TOil3-

MII ,ltCJJ3CTC11 C.'Je,!\fK>II{CC: 
1) :ieqenue TltpeoTOKClfKOJa c D0M0II{LIO pa,::i;Ho

aKTHBHoro IIOt{a; 
2) JietJCHlle TeIT.'lLIX II ropll'IUX ya.'10B ntHTOBD,ll;

HOii il.CJIC3Ll paµ;uoaKTIIBHLIM 110.l{0M; 
3) JJe'!eHlfC paKa II{llTOBIIJ(HOii meJieJLI II npe;:,.

onepal,\llOHHaH npolfi1rn:aKTHKa XOJJO,ll;Hl>IX ya.110B 

II{IITOBUJX,HOii ,t.e.TJe:JLI C JIOMOII{Lf<) pa.n;noaKTHDBOfO 

110,D;a; 
4} nepcne1nnnuaR. u uocJreonepal,\no1111as npo

ifu1na1,TnKa paKa C ll0M0llJ,LIO pa,!1.HOal(THDIIOfO 

t}ioclf>opa; 
5) JJC'leHne ueupo,::i;epMIITOB, cyx11x n xpoan•rn

c1mx aKaeM n l\am1JIJU1pm,1x reMaaruoM anrnurna-

TopaMn c pa,::i;11oa1a11anuM «f>oclj>opoM; • 
f>) ne•iem1e apm·peM1m n .u.pyrnx aa6onesanuii 

Kpoun nyreM 1rne.n;en11n pa,n:uoaKTHBHOro if>ocrj>opa 
BHfTpL; 

7) JietJeHne CTeUOliap,l.Hll c HOMO~LIO pap;uoaK-

TJfBH0fO H0,11;8. 
BecLMa mupoKoe npnMeHeHHe namJrn pap;uoaK

TllBHLrn eem.ecTBa B p;narH0CTIUW I{ Jie'leHHH npn 
Ka!f>e]lpe peuyreHoJlonm If paµ;uo.'loruH Ih1cT11-
TyTa cne1~11am1aa1~m1 11 ycoeepmencTaouauu11 upa
qeii B Co<J,un. [Iapa.11JieJI(,HO C 3THM se,a;eTC11 TIIKme 
uarrnan pa6oTa o aToM nanpanJieHHH. 

B Kpyr uay'lHo-nccnc]losa rc.'lLCKOii JtC11Te.11LBO

c-ru exo,n11r rJJaunwM o6paaoM eonpoc1,1 npm1eue
u1rn paj\UOat(THBIIOfO no~a 1131 B ItCCJICJJ;OBallJfHX 

cf>YHKQUOJJ3JILllOfO COCTOSIHHR D nptl JJe'l0HUII aa-
60Jieuanuii IJ\IJTOBll]l.HOll )KeJleau; npnMeBCHHJl pa

JJ;II03KTUBH0f0 «f>ocifiopa, K06aJILTa JI 3OJIOT3 tl~lf 

.'JC'leHHII orryXOJJCBLIX n XOIBHhIX aa6oJieBaHHH. 
8 3TOM OTHOnteHJUI B Te1JeH11e nOCJJC,D;HHJC JJeT npll 

Kaif>e,a;pe, cornacuo ee nayquoMy m1a11y, paapa6a
TLlBaJincL CJIC.!\YIOD.\He TCMLI: 

a) 113:MCHeHHe if>YHKI.(HOHaJJLHOro C0CT0JlHlHI m,11-

TOBHl];HOii meJJeaLI HO).\ BJIHSIHJieM a.1101<a11ecTBeH
HLIX o6paaonaauii II rJiyooKoii Tepamm penue

ROBhlMll Jiy'l3MH; 
6) npnMenenue K0JJJJ0H,ll.H0f0 pap;uoaMTUBHOfO 

30JlOTa npH paKe MOJIO'JHOU meJIC3LI; . 
6} ne'leHHC nervus f lameus c JIOMOII{LIO pa,::i;uoaK· 

TllBHOfO il>oc<J>opa; 
<') HCDOJJ:.LJOBaHHe pa,::i;noaKTHBHOfO 30JIOT8 npH 

JJC'IeH»H' paKa 6plOIDHHY; 
a) onpe~eJieHHe <fiYHKJJ.H0HaJJ:LH0r0 COCT011BH.R 

lll;HTOBH)\HOI{ meJJCJhl C IlOMOJl\hlO 1131 
0 3H3'10Hll'.8 

TecTa ll0,lJ,38JleHH11 y JJC'ICHHLIX, OOJILHlilX, _ 
B npaKTH'ICCKOR pauoTe Ralj>e~pLI paAUOaKTHB

HLle naoTonw uaxop;.11r mupoKoe npn.ueaeune. 
B nporuJI0M roJ1,y npose.,a;eno 8245 eeaRCOB reJie~ 
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raMMnepanHn annapaToM «Ro6an1:,r0Ba11 6oM6a,,. 
Cl>yHKQHOb8JlbH8R AHareocnrna muTOBH)tHOH me
Jiea1,1 npo1taBO)J,lfJiaCb C IlOMO~blO pa)J.HOaRTHBHOfO 
llO~a y 16j2 OOJI&HLlX, a y 484 OOJII,HLIX np11Me

HJI.J:OCL Jietteuue aa6oJieeamdi :noii me./leahl pa,11,110-
aKTHBBblM HO)J,OM. B KJlHHIIKe Cl\0JlaHO T8KiR0 

t74 anoJIHK8J:\llll e pa)J.ll08KTI1Bffl:.IM IW03JlhTOM 
c J1e11e6noii l{e.'lLJO. 

B Pa.1(11011aoronHoii .rraCiopaTOpm1 npn na,pe~pe 
ueuponornu It ncuxnaTpnu BoJirapcKon AB 8 Co
cf,H« paapaoaTblBalOTCR. CJieAYIOmHe OCHOllHble 
opo6.neMht; . 
· 1) 11ayqem1e liponeMoarouoro u Kpouemrneop

uoro nepMea611J111Tera y tteJioeeKa n y 3Kcnep11-
.HeHTaJ11,«i.rx iKH80THLIX · . 

2) ll3Y'H!HHe o6MeHa 6eJiltOB HepBHOII CIICTeMI,,l 

D paan1111u1Jx :mcnepm,1eH1·am,mu ycJJoe1rnx; 
3) naytteune 4l>oc1J>ommu)J.noro Mera6onuaMa B 

pa3.1IJftJHLIX 3KCnepuMeHTaJII,HhlX YCJIOBH.RX (tta
UpHMep, B cJiy11ae :mcnepl1MeHTaJibffOro a.,weprn-
11ec1wro a11~eq,aJI11Ta); 

4) naytJeune un,mqec1rnx naMeHeBnii e aepnnoii 
CB~TeMe DOI{ ]l.eUCTBileM He1.oropwx ke,zvrnaMeHTOB; 

~) nayqemle He«oTOphlx naToreHeaHhlX Mexa

RDaMou npn paaJIH'lHhlX aa6oJieeanuHx uep1rnoii 
CUCTeMr:.r: MHaCTenuu, nporpeCCHBHOH MLIID0'lHOii 
Ancrpol}mu, mn304'pemrn, I{Hli'.'I04'pemrn; 

6) Hayqeene 4>YHK~IIOHaJI&HOfO COCTO.RHIUI 11\H
TOBHJJ.HOii meJteabl B HetrnTopwx :ireBpOJIOrH'leCl<HX 
B ncH.urr1ecKHX aaooJieaamrnx · 

7) e COTPY.I\HB'Jectae c COOT~eTCTBYlO~ltMH Ka

cf>eJJ.paMll ll IIHCTHTYT3MH uay11aro1CJt paaJIH'IBble 

npooJieMw B OOJiacru HMMyRoreHeaa II pacnpoc1pa
eeum1 lUrnpoopraHH3MOB (cra4_)HJWJ<QKN, (fae]l.Ba/I 
cnopoxeTa II np.); 

8) nayqeuue CKopoc1'n o6MeHa PHR u AHR 
8 CJly•rne HeonJiaaun u Apyrux na10JioruqecKHX 
COCTOJIBffU. 

B na6oparopHH npuro-roBJrn:ercn MMeHhlir 6enoK 
If B0KOTOpLle HMMYHOTeJia JJ.JHI uay11HO-HCcJie)J,O

Ba1em,c1wii pa6onr «a<fie,np n ueKoropLtx JY,pynix 
Ba ytlllO-llCCJie)\OBa Te JI bClUIX Y'I pem,neHHU. 

,l];JIJI paapeJlieBHJI 3THX aaµ;a'{ HCDOJib3YIOTCH 
paaJill'IHLle pa,l\lfOaKTHBHble H30TOilL( H Meqeaue 

coe,n1tne1urn, nocTaBJIReMue npem1ymecwenuo ua 
CCCP: 1131, M0'10BHLIH HOJJ.OM oeJioK (uarOTOBJI.Re
MI.lii B aameit Jia6oparop1m), P32, rJIHUHH cu, 
MeTHOHHHM S31i, rJJIOK03a C11, a,11;emm C14• 

Bo BllOBl, coaAaHHOM H ay'IHO-uccne.zto»aTeJib
cKoM 1u:rcT11Tyre paAHOJIOtHH II paJJ,nan.uoneoii 

rHrneuI,l npu MDHHCTepcTBe 3,1\panooxpaHeHHH 
DOJiyt'feHl,,J HOBble peayJU,TaTLl B reopeTH'leCI<OH 
paapa60TK0 CJieJJ,yIOJI{lfX BOilpOCOB: 

a) aam.uruae cuoiicrBa aMHJJ.HHOBLIX coe.rvme
Hnii· 

6j 3JieKTpOHHO-J{JtB8THtJeCKOe Jf3ytJeBBe aKT»B
HOCTH KaraJrnaa H Bbl3B3BHLIX H3JJyqemteM Jl3M8-

Benue 3TOH aKTHBHOCTH in '1ivo H in vitro; 
o) 11ccne~OB8RHH OTHOCkTeJU,HOH pap.nopeaH

CTeBTUOCTlf aRTHreH013 If aHTHTeJI H B03MO)l(HOC1H 
BX. lICII0Jlb30Bauun )(JI.JI aam,HTLI npll o6Jif'l0HHH. 

UOJiytleHLI TaRme H0KOTOphle peayJI.LTaTLI, UMeJ0-
11\he uenocpe,llCTBeHJJYlO CBJJ31, C npaKTHKOii. 

npHM8H8HH0 pa,o,HoaKTHBH~X M30TOOOB 
e pa,a.HoTepanHH 3noKa!4ecrseHHbfX onyxonert 

B conrapKH 

IIpuMeHemre paJ(U08KTUIHlJ:ilX IC30TOllOB B 3TOM 

nanpaBJieHHSI ocymecTBJUieTCH no'lTH HCKJIJO'IH
TeJILHO JIYTeM C03)'\8HHJI nmpor<Oii cent OHKOJIOrll
•teCKHX yqpeml(emui uo uceii crpaue. Ee J(eJtTeJib

Hocn10 pylWBO,!{lfT Hay1lHO-HCCJJe~oBaTeJlbCXHH 

ouKoJ1orn11ecKHii Hueruryr B Co<f>n11. B ary cerL 
BXO,l\ffT 12 oRpy»rnLIX OHKOJIOrHqec1rnx ADCilaH

cepoB B ooJibruux oKpymm.rx ropo.11;ax H OHKOJiorn

qecKne l.&OJJHeThl nplf ropO,I\CKllX H paiioJIHhlX 

UOJU,HU~ax. 0TAeJJ3M.H ,l\Jiff npHMeueRJlll pa)'\HOaK

TUBHhlX HaOTOIIOB pacnoJiaraIOT - ,nucoaucepLC B 

Eyprace, Ro.11apoorpa.11;e, ffJieBJie, ffJloB~HBe, Py
ce u Crapoii 3arope. Me)lHI(HHCKaJJ 110MOJ&1> B aa
meii crpaRe - )(MO rocy)J,apcTBa: ona 6ecm1ataa. 

• JloJJllOCTbJQ oeCDJJ3TRhlM H Ji,OCTYOHLIM ,IJ;Jl.fl BCeX 

Hya.-"aIOUVlXCH JlBJIHeTCH D .'letJ0BJfe C DOMOJI\l,JO 

paJ(ItOal{THBHl>IX Bem;ecTB. 
Pa,1vrn;10rlI'leCK11e oT,n;eJieHJm y aac cpaBRH

TeJI1>Ho xopomo ocuamem,r: .11;oauMeTpn1JecKoii an
napa-rypoii, nocranm:1eMoii npenMymecTBen110 11a 

CCCP, f,r:\P, Be11rpuH, qeXOCJIOB8KHU H no.'lbIDH. 
Ha'laJio paJ{HOJIOrH'leCKOii M0)'\l10,llflCKOii DO

MO~II y nae cJiep,yer onrecru K 1954 r., 1.oma ua 
CCCP 61i1n11 11eeaeu1,1 nepBHe anmurnaTop1,1 c 
Co60• ,[(o aToro, c 1936 r., 1tcnOJJhaoBa.1JCJ1 pa)(HH. 
IlpnMeHeHHe paJJ.uoaKTHBHLIX uaoronos (AulP8

, 

]131, P32) B J<a11ecTBe oTHpwrux ucroqnuKOB 
H3JiytteBHJI H B )\HareOCTIIKe ONJIO BBe,t{eeo B 

1937 r. B 1938 r. 6hlJIH DOCT3llJl0HLI oepeble J{na 
TeJieraMMarepanearuqec«ue annapara fYT-400. 
llcnOJib30B3HHe aaKpLIThlX pa)\H081CTHBRhlX HCTO'I
RlfKOB llOCTeneHRO pacmnpHJJOCl, IlOCT3BKOH Ta 1112

, 

Agl1°, Zn85, rrur, Cs137, Sr•0 H np. KpoMe annJilf
KaTOpOB If JlrJI C Co60 H3tJHH3H C 1960.r. B npalC

THl<Y BOIDJia II paf:iora C co•0-6yclfHK3MH C 30JIO

Tbl:MH IJ>llJihTpaMH. BoaMOiKHOCTll np~MelleHHJl pa
)\UOaKTHBRNX H30TOilOB B Me,t(Hl(HHe 3lla'IHTeJJbHO 

yBeJUl'IIIJIHCl, C uycKOM B 3KCIIJiyataQHIO uep»oro 
e 60J1rapnn peaJ\TOpa IIPT-1000. 

Ilpe.n;cTOJl~ee paaBHTHe OBKOJIOrJtqecKOii CeTH, 
uaMe'leHiwe nporpaMMDH »eponpDJJTJID no a,npa
eooxpauenHio uaceJiemrn: K 0611\e){f uapOAHO
xo311iicrseueoMY n.11aey paaaurm1 BoJJrapnu no 
1970 r., npe,11;ycuarpuaaer coal-{aHne qen1pex-11n111 
I(eurpaJJbffLIX OHl(OJIOrHttecKhX 60JlhffllI\, pacno
JtaraIDII\lfX 300-j()() .KOHKaMu 1tam,[(aa, a ra10He 

MO~LIMll. U ooopyJi;OBQHHl,IMll COBpeMeHHblMK ye~ 
TaHOBl<UfH, pa,'lJIOJIOrJI'IeCJ{BMH 6a3UUJ, KO~ 

ropYe nonitocT1>10 YJi:OBJiernopunu ow norpe6-

nocr11 6om,e1,1x nceii cTpauhl. 

0pHMeH8HHe pa,ll>tOaKTHBHblX M30TOnOB 
8 6HOJIOfMH 

Euo.;r10rnec.KHe JfCCJle){OBaHJUI C llO.MOJilblO pa-
, ,[(D03KTUBHl>IX H30TOUOB It ll,l\epBLIX uaJ1y11eHHU 

Be,l\yTCff B IIHCTUryTe paeteHUeBO)J,CTB3 H B neu
Tp3JIJ,HOH Jiaoopuopun renerlfKH AKa.l(eMHH cenb
cii:oxo311iicrueueux aayK II Co4Juu, a taRme ua 
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i-.a<(,e;r,pe a11aToM1m. <1iu:rno.1oruu n onoxuMun 
11acTeu11ii fiOTHllll'f('CI-Wro qiai.yJJLTeTa CoqmiiCl(Oro 
rocy;tapcTat•1111oro y1111oepc11TeTa. 

liO.'I('(• uaaan.it• 3i\,'.\attlt, no KOTOpbU.l Be.llltCb I\C

c:1e;touam111 H TC'•1e11m' IJ0('.'1(1/{IIIIX H('('J,.0.'J hlillX 
.'ll't. c.1e~y1010,11e: 

I) uepe;s.Rna.em1e II pac11pe;1e.1emte pan.1rnaKTltB-
11oro «J>oc(j)opa p:rt B n1mo11TL1X pactemrnx - )'{Li

ne II ThlliBe: 
2) HCC.'ll'.l,OBaJHI\• C J\OMOU\blO cu 11:lMf'lH~mtii 

C'aJrnpoo lltJ:\l('lrn 11p11 ;i.1,1xa111111: 
:J) IICC.'lf.';(OBa IIIH' M<'Ta UO,'IIIJMa a!',IIIHOK IIC.TJOT 

y ll'IMNIH upn paa;m,rnoii Tl'lmcpatype; 
4) T(')lflOBoii .Mf.'Tc\U0.:111:Ul opra1111•wcm1x BCIU.t'CTII 

$1'1~('1111 llpll pa3.'lll'HIOii TE:'llll('paType: 
.,) nor.,omeuue P32 03nMoii nwenm~eii B yc.10-

01rnx pa3.1111111oii TeMnepaTy pL1 flO'IBLl e aanncn
MOCTU OT xo:10,.1ocroiiKOCTll copra· 

fi) nepen•moe BK.'IJO•,euno u pa~np0Ae,1en11e }>32 

n 3anucm,1ocTu oT lCoJIOROCl"oiiKocTn 0311M.oii nme
HlflU.r; 

7) reueT1111ec1i11e 11 <}111auo.1ornqecKue npH'l1Uu,1 
Bap1,up0Ramrn Jla;tttO'tYRCTRUT(>,ll,HOCTII y }ttlMClU( 

II Kyt.ypy;n.,; 
8) 11:iylfenm• Mex a 1111:ura noc.1epa;ural\tt011Roro 

~el{Ta y ofi:iy•n•um.sx ceM~H B 3aBnCllMOCTU OT 
co,.1epmau11.R 1mc.1opo,na u BO;J.lil; 

9) nor.1oll{CI1He cu JJ11ct1>11M11 o:rnMoii nmcuu.o,w 
B 31l1BllCUMOCTll OT Te?,UtepaTypw; 

10) I1Ppe,1e11;i.e1111e JI pacnpe,1J,e:1eune paJt110aK
TnB11oro yr.1epo;i.a cu y npnonn,x paCTenuii -
Atum 11 nmnl.l; 

11) 113Y'fl'Hlfe nepe;\BllnWHIIH pa]tll08KTJIBHOro 
yr:1epo,.1a cu OT OT;J.e.irt,ULIX :JHCTbeB K oprauaM 
nocnpODJBe)),eUIIH y 'rOlltaTOn; 

12) 0 nepe)\Bll;fi('JIUII II upeupall{eHU.RX TIIOMO-
lft'BJIULl, )IO'leHllOit 53•\ B 1<.1yum1X i.apTOqJOJIR; 

J 3) nepel-(BlliJ-euue II HR.'I Krqe1me pai B opra11n
lfeCKue coe,1.nnemu1 npn :1an.1rnamm nopa11c11HL1X 
w1y6ueii 1<apTOl)ic.111: 

14) Mera60.111aM c}>oc«t>opa y uopameHHLlX CTOJl

uypoM ll 3J1,0pOBblX 1i.1y6HJ1X 1rnpT04'e.:i1H npll HX 

npopacrauun; 
15) Hl{e11tu4>1rnatt11n pammx .Me'femu npol{yHTOB 

8 pe3ym:.TaTe CBll:lLIBUIIUR co, 4ioTOCJIDTC3HJ)YJO
ll(HMII oaKTepnRMU, IIaliaUJl11B310IU.IIMII JlOJUI-P
Ol{CIDf3CJIRIIYIO JillCJIOTy; 

16) qulKCal_\llJI (:():! lfiotOCilltTC311py1om.11Mll uali
TeptUUfll, ayrorpo(Jman u opraH0Tpo4>naJJ <}Hrnca
JUut C01 ; 

t 7) nccae;i.osanue MeTaoo:m<tecKoii uepuoµ.11'l-
11ocru 1<opneii Ry.,r,typuux pacwuuii u canau 
c· nocrym1eunc>r.r 110110B. 

npHMeHeHHe PaAHOaKYHBH~X H30TOnoe 
B HapOAHOM X03ffHCTBe 

11 pmteHeJille paJ{nOat.TIIRllblX 1130TOIIOB IJ na
pOJ\HOM xoan iicTue,' If a po;,.noii Pecuy6mum Bo.1-
ra puu eco em.e »ec1,Ma orpau111.1<.>HO. AeJ1arorc11 
OTJl,eJILHlilC noJILITnll .11cno.1r .. 101JaTh pa)\UOaICTIIB

ULle Jl30TOJJhl B ,Mt'ta:1.'ly pruu (.ii.•"" IWHTp0.111 113-
noca ~01\leHIU.rX Ill''ll'i1), B 6yMaa.uoii npOMLllllJleH-

uocrn (npnoop Jt..'111 J\OHTpom1 11 perym1ponanmI 
TOJTllf,HHhl 6yMamuoii .'leHThl), B npollJBO,!(CTBe 

cnnpTHhlX uanurn:os (o6nyqeune nun v-11J.'ly<1e

uneM B peaKTope) U B pe3JtHOB0ii npoMblffiJJCH
HOCTlf (paJ1,na:q11onuan ByJIKaHuaa:qun 11 B.1rn11une 
HeK0T0phlX DpJ1Mecef1 Ha pa.n,na:qUOHHYIO CTOD
l<OCTL peaum.r). 

npoH3BOACT80 pa,I\HOaKTHBHblX H30Tonoe 
Ha HPT-1000 a Coqnu1 

Ilpu <Dnan'lecKoM 1111cn1tyTe c AH3:S Eo.uap
CKon. AH oprannaosa11a na6oparopun no pa~110-
XJJM1111 II npOH3B0]\CTBy paj\11081(TJIBHhlX D30TOilOB. 
Ee octtoeuoii aan.aqeii nsmreTC.R npottaao.I{cTBO ae-
KoTopbIX pa.n,noawrmnu,1x naotonoa, a TaK:a;e npo

ee)l,eune nay'IHO-HCCJICJ{OBaTeJlLCIWll pa6on, u o6-
JI3CTU pal{HOXUMHJJ. 

B peayJU,TaTe ,n.eJITe.JihUOCTJI Jia6opatopnn B Te-

11e11ue nocJiel{m1x .z:i:ayx JleT B EoJirapnn uat1aJIOCL 
peryJJHpuoe rrp0ltJB0]tCTB0 pa.I{ll0aKTHBHhllC JI30-

TOilOB. IlporpaMMa ocuoni.rnaeTcH na no:iyqennn: 
npem.1ymecTBeHR0 K0p0Tl(0)IUIBYIU.HX DJ0T0UOB 

)J,JJH Jlfe,ll;lfl~DHCICOf'O npJIMeBeHlrn, a TaIORe JI ne

JWTOpLIX 6oJiee JtOJiroamuy~HlC ll30TOilOB )J,JUI 

p;pyrnx n.eJieii. 
Cpe.n;11 H30TOilOB, UCilOJILayeMLIX B l\te.n;n.o,nne 

lVlll ~naruocTHKll n Tepamm, B BoJirapnn npona
BOAHTCH: 

- K42 B anp;e xnopn)la (ta6JieTKn); 
- Na26 B nnp;e XJIOpn,l\a (ta6nerKn); 
- yeo B Bll]J.e OIU(CH (D;HJIHR,ll;pHKH); 
-· Au 198 o 011.11;e aepeu u ROJJJIOH.n,noro pacT11opa. 
'AJI.R paaJIHtJHLl:X: IHIJl,lfK3TOpoB U .I{JlH JJ,pyrnx 

l.\eJJeii U3rOTOB11RIOTCH B MeHLWHX 1Co.1rnqeCTJl3X 

CJie.n,yIO~He pa,D;IfOH30TODhl: 
a) 11ncTLie fS-naJJycratemr: 

ps2 B BU;i\e paan:uquux RaJIJieBLlX n JJaT
puenwx 4>ocif>aT0e; 

S33 (oea HOCUTCJHt) B B11,l\8 cepHOll KRC,'10-

Tl.l u cy.n1,<flaron; 
Ca-'5 e Bn.I{o x:Jiopn]J.a, unrpara II ICap6ouata; 

6) y-naJiy'laTeJUt: 
Br82, w1e7, Ga72, J1'1, Jr192, CoG°, LaHll, Mnss, 
Cu6 \ Rb88 , Sc48 , Na182 , Ge141 u Zn113

• 

Hay•mo-nccJle~oBaTeJJ.i.cKaJl AenteJII,HOCTL .;'Ja-
6opaTOpH11 HaIIpaeJiena rJJaBHHM o6paaoM sa YJJY'f
memte cym,ecTBy10m.11x MeTO)l;OB llOJIY'I8HHH pa.n;no
aKTUBlU,lX ll30TODOB B paapa60TKY HOBI,IX Meto;i.oe. 
B 11acto1.1mee BpeMH ne.I{yTc» uccJieµ;ooami11 c 
l{CJILIO no.n;roTOBKll teXJIOJIOfllll )l;JIJI npOlIJBO,'t

CTBa U30TOilOB C O'l8Hb M3JIYM.H nepuop,aMll n0-11y
pacna.n,a. Paapa6anrnaroTc11 MeTO,!lLI nonycrelflrn 

1132 (no,!{a-reueparopa) c Hepuo,ll;OM noJJypacnana 
140 .ltUH 11 F18 c nepno,AOM noJiypacna~a 112 .MUH. 

nocraeKa, pacnpeAeneHHe H rpaHcnoprHpoeKa 
paAHOaKTHBHblX H30l'onoe 

B lWH~e 1959 r. npu <l>HaHqecJ<OM miCTllfyTe 
c .\HoB BoJ1rapc1toii AH 61.ma coa;ii;aua cne
u_uaJJbHaff cJJym6a nocTaBKJI, pacnpe.n,eJieu1111 11 
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Tpa~cnOpTllpon,m pa~noaRTliBHhlX l!3OTODOB .,!l;JHI 

BCell CTpaHLI, BnOCJl0,I\CTBllH 3T0ll CJJym6e 6LIJIB 

nopy'IeBIJ n ~pyrue q>ymo .. vrn. C na'laJia 1964 r. 
Olla nepepoc.rra B OT/J/!JI H30TOI10B H &TaJIOHlipO

BllHIJH co Clle]lyl'O~HMlf ceKTopaim: 
- nocTaBKU, pacnpelJ,eJiemur n rpancuopnr-

poeKn pa;~noaRTilBH11X H3OTOIIOB" 

- paAnOaKTIIBBLl:X: OTXO,l},OB; , 

- 01:IIICTRII OT aRTJIBHOCTU, 

- :3TaJIOBHpOllaBlt}l )J;03UMeTpH1iec1wi1 anna-
paTypu. 

C 1960 r. 'AO cnx nop Ha111ei1 crpaHoii nocraB
urercJJ. emero~Ho .n cpeAHe:i.r 01wJio 30 ,mpu nao
TOIIOB 11,lIR .Mej\HII;lfHCKHX yqpem.a;enn:ii; 80 K10pu 

no:1_1omteso-6epmrnneB1>1X u paJJ,IIeeo-6ep11mn-i:en1i1x 
HellTpOBHLIX IlCTOqmmoB rJiaBBhlM o6paaOM 

,nm1 YnpaeJieHII.fl reOJIOrH'l8CIUIX H3hlCl<aHm'i:; 

6000 .w.2-:nw Ra, Co60 11 )];pyrux 11aotonoB, a raHme 
OROJIO 250 aTaJJOHOBCX-j.\-npenapaTOB)J;JI.fl HCilOJib-

3088BUH B Me~mvrne, reo.110nm, npoMLl'm.nettnoc1n 

II ce.'ILCROX03HHCTBeHiu.rx nayKax. 3a :nOl' nepHO~ 
'IlfCJCO IIOCTaBJfH€MlilX H3-3a rpaHHil,Ll H3OTOIIOB 

COCTaBJI.fIJIO OROJIO 40 BH,!1,0B B roµ;. 
-KpoMe 3T0T0, C JlHBap11 1964 r. BaqaJIOCb pac

npeJJ,eJJemie no MeCTaM ll pa,IJ,IIOaKTllBH.hlX lf3OTO-

ll0B, naroTOBJIJieMhlX pa,IJ,ll0XIU.Uf'i8CKOH Jia6opa
TOpneii namero peaKTopa HPT-1000. 3aKJIJ01:1ee 

~OrOBOp Ha nocTaBKY OROJIO 20 Bll,!1,0B Il30TOllOB, 

npe1rny~eCTBeHHO xoporno.mnsy1q11x, c nepno~oM 
lIOJIY pacna,ll,a OT lleCIW.'IbKHX '!aCOIJ ,11;0 TpeX }l;H8H 

(Au1»8 , Na24, K'2 u lI,p.) µ.,:rn nyml( 6om,1rnn, n 
nayqnO-HCCJI0,ll;OBaTeJII,CJ{IiX HlICTHTfTOB CTpanu. 

ABSTRACT-RESUME-AHHOTAU"1R-RESUMEN 

A/879 Bulgaria 

General review of scientific work on the 
peaceful uses or atomic energy in the People's 
Republic of Bulgaria 
by G. Nadzhakov 

Pure and applied research on the applications of 
atomic energy for peaceful purposes is being carrjed 
out in Bulgaria in several laboratories of the Institute 
of Physics and Atomic Research Centre of the Bul
garian Academy of Science, in the laboratories of the 
Faculty of Physics at the University of Sofia and in 
certain laboratories of other scientific institutions or 
State establishments or enterprises. For these purposes 
a IRT-1000 research reactor is being used; it is located 
near Sofia. The reactor was supplied by the Soviet 
Union and went critical on 9 November 1961. Short
lived radioactive isotopes, produced in the IRT-1000, 
are also used in research. A high-altitude station for 
the study of cosmic rays has been constructed on the 
summit of Mt. Musala (2 925 m), the highest peak in 
the Balkans, about 75 km south of Sofia. 

Scientific work in nuclear physics covers the follow
ing sectors: research on fission of heavy nuclei under 
the action of neutrons; photonuclear reactions; 
research into the radioactivity of the soil, water and 
the atmosphere; research into the elastic diffusion of 
high-energy particles (using the photographic emulsion 
method); cosmic ray studies; study of the effect of 
nuclear radiation on semi-conductors and dielectrics; 
theoretical studies in the field of nuclear physics and 
elementary particles. 

Nuclear radiation and radioactive isotopes are also 
used. severally and/or together, in chemistry, biology, 
agrobiology, medicine, metallurgy, the paper industry, 
the rubber industry, the distilling industry and other 
branches. 

The neutron and physical characteristics of the 
IRT-IOOO reactor, the possibilities of producing 
radioisotopes in it, the supply, transport and distri
bution of radioisotopes, the collection and treatment 
of radioactive wastes, decontamination,· dosimetric 
control and dosimeter calibration are among other 
problems which are being studied. 

A/879 Bulgarie 

Aper~u general sur l'activite scientifique 
dans le dornaine de !'application 
de l'energie atomique a des fins pacifiques 
dans la Republique populaire de Bulgarie 

par G. Nadzhakov 

Des recherches scientifiques sur l'application de 
l'energie atomique a des fins pacifiques sont conduites 
en Bulgarie dans plusieurs laboratoires de l'Institut 
de physique et Centre de recherches atomiques de 
l'Academie des sciences bulgare, dans des laboratoires 
de la Faculte de physique de l'Universite de Sofia et 
dans certains laboratoires d'autres instituts scienti
fiques ou etablissements et entreprises d 'Etat. On utilise 
a cet effet le reacteur de recherche JRT-1000, installe 
pres de Sofia, qui a ete foumi par l'Union sovietique 
et mis en exploitation Je 9 novembre 1961. Des iso
topes radioactifs a courte periode, obtenus dans ce 
reacteur, sont egalement utilises a des fins de recherche. 
Une station de haute altitude pour l'etude des rayons 
cosmiques a ete construite au sommet du rnont Mous
sallah (2 925 m), le plus eleve des Balkans, a qudque 
75 km au sud de Sofia. 

L'activite scientifique dans le domaine de la physique 
nucleaire comprend Jes secteurs suivants: recherches 
sur la fission des noyaux lourds sous !'action des 
neutrons; reactions photonucleaires; recherches sur la 
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radioactivite du sol, de l'eau et de \'atmosphere; 
recherches sur la diffusion elastique de particules de 
haute energie par la rnethode des emulsions photo
graphiques; etudes des rayons cosmiques; etude de 
l'effet des rayonnements nucleaires sur les seni.i
conducteurs et les dielectriques; etudes theoriqu.es dans 

. Je domaine de la physique nucleaire et des particules 
eltmentaires. 

Des recherches scientifiques sur I 'utilisation et 
l'application des rayonnements nucleaires et des 
isotopes radioactifs sont egalement effectuees dans 
les domaines de la chimie, de Ja biologic, de l'agro
biologie, de la medecine, de la metallurgic, de I 'indus
trie du papier, de l'industrie• du caoutchouc, de la 
production de spiritueux, etc. 

Les caracteristiques neutroniques et physiques du 
reacteur IRT-1000, les possibilites de production de 
radioisotopes dans ce reacteur, la fourniture, le trans
port et la distribution de radioisotopes, le ramassage 
et le traitement des dechets radioactifs, la decontami
nation, le controle dosimetrique et l'etalonnage 
d'apparei1s de dosimetrie sont autant de questions 
qui font aussi l'objet d•etudes et de recherches scienti
fiques. 

A/879 Bulgaria 

Examen general de los trabajos cientifkos 
realizados en la Republica Popular de Bulgaria 
sobre la utllizaci6n de la energia at6mica 
con fines padficos 

por G. Nadzhakov 

La investigaci6n pura y aplicada acerca de las 
aplicaciones de la energia at6mica con fines pacificos 
se realiza en Bulgaria en varios laboratorios del 
Instituto de Fisica y del Centro de lnvestigaci6n 

At6mica de la Academia de Ciencias de Bulgaria, 
en los laboratorios de la Facultad de Fisica de la 
Universidad de Sofia yen ciertos laboratorios de otras 
instituciones cientificas, establecimientos o empresas 
del Estado. Con ese prop6sito se esta utilizando int 
reactor de investigaci6n IRT-1000, situado cerca de 
Sofia. El reactor lo proporcion6 la Union Sovietica 
y alcanz6 la potencia crltica el 9 de noviembre de 1961. 
Los is6topos radiactivos de periodo corto producidos 
en el IRT-1000 tambien se utilizan en la investigaci6n. 
En la cumbre del Monte Musala (2925 m), que es 
el pico mas alto ·de los Balcanes, a unos 75 km al 
sur de Sofia, se ha construido una estaci6n de altura 
para el estudio de )os rayos c6smicos. 

Los trabajos cientificos en fisica nuclear abarcan 
los siguientes sectores: investigaci6n de }a .tision de 
nucleos pesados bajo 1a accion de los neutrones; 
reacciones fotonucleares; estudio de la radiactividad 
del sue lo, el agua y la atm6sfera; investigaciones sobre 
la dif usi6n elastica de particulas de alta energia 
(mediante el metodo de la emulsion fotografic.a);, 
estudios sobre los rayos c6smicos; estudios sobre el 
efecto de la radiaci6n nuclear en los semiconductores 
y los dielectricos; estudios teoricos en el campo de 
la fisica nuclear y de las particulas elementales. 

Las radiaciones nucleares y los is6topos radiactivos 
tambien se utilizan aislada y separadamente, o de 
ambas formas, en quimica, biologia, agrobiologia, 
medicina, metalurgia, en las industrias del papel, del 
caucho y de la destilaci6n y en otras ramas indus
triales. 

Entre otras cuestiones se examinan las caracteris
ticas neutronicas y fisicas del reactor IRT-1000, las 
posibilidades de producir en el radioisotopos, el sumi
nistro, el transporte y la distribuci6n de radiois6topos, 
la recogida y tratamiento de desechos radiactivos, l_a 
descontaminacion, el control dosimetrico y la cah
bracion por dosimetria. 
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Advances in neutron activation analysis 

By V. P. Guinn* 

During the past six years, neutron activation analy
sis has advanced rapidly in the United States. New 
and better equinment and techniques have increased its 
capabilities and its areas of useful application. The 
~despread use of the small neutron generator, coupled 
with the purely instrumental form of the method, is 
enabling the method to be employed widely and 
effectively, in competition with other methods of ele
mental analysis, at the minor- and major-constituent 
element levels, whereas it was formerly largely restric
ted to use for trace-level determinations only. In the 
ti:ace-level field, the method has also advanced, using 
high-flux research reactors with special provisions for 
efficient neutron-activation analysis work, high-inten
sify reactor pulses, and effective utilization of reactor 
fast neutrons. The principal areas of improvement in 
equipment, techniques, and applications in the phy
sical sciences are discussed below. 

IMPROVEMENTS IN EQUIPMENT 

Marked advances have been made in the perform
ance and availability of various types of neutron 
sources useful for neutron-activation analysis work, 
and in the counting equipment used for the detection 
of induced activities. 

Improvements in neutron sources. The low-intensity 
isotopic type of neutron source, useful essentially only 
for teaching purposes and a few cases of actual 
analysis (for high levels of high-sensitivity elements), 
has been improved by the availability of ameri
cium-241: beryllium sources. These combine the 
desirable feature of high neutron-output rate of the 
earlier 110po: Be and 239Pu: Be sources, without the 
undesirable short half life of the 11111Po sources (138 
days). Americium-241 has a half life of 458 years, 
giving it a considerably greater specific activity than 
that of 24 360-year 239Pu. Americium: beryllium sources 
capable of producing up to 108 n/s are now commer
ciaIIy available. The hoped-for californium-252 spon
taneous-fission neutron source is still not commer
cially available, but should be in the foreseeable future. 

• General Atomic Division, General Dynamics Corporation, 
San Diego, California. 
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Strain [1 ], and Strain and Leddicotte [2], have 
published on the subject of americium : beryllium 
sources for activation-analysis use. Other recent 
papers on isotopic sources have been published by 
Kinsey et al. {3), Kohn and Green [3], and McFarling 
et al. [3). Similar neutron output rates are possible 
with small, sealed-tube accelerators, such as described 
by Oshry [4J. 

Small accelerator neutron· sources. These sources 
have advanced rapidly in recent years. The most 
wideJy used type of such· accelerator is the small 
Cockcroft-Walton machine which produces 14 MeV 
neutrons by the bombardment of a tritium target 
with 150 keV deuterons. At a D+ beam current of 
I 000 µA, a 5 c/in2 tritium target emits, isotropically, 
about 1011 n/s. At positions where samples of appre
ciable size (1-10 g) can be placed, and irradiated with
out too large a flux. gradient, 14 MeV neutron fluxes 
of about 109 n cm-2 s-1 can be obtained. More modest 
versions of such accelerators (100 keV, 200 µA 
current) produce about 1010 n/s, and cost appreciably 
less. Properly installed for neutron-activation analysis 
work, the 1011 n/s accelerator requires approximately 
6 feet of concrete shielding (or its equivalent), plus 
10-15 feet of distance, for safe continuous use. Some
what less shielding is needed at a 101° n/s output rate. 

The principal limiting problem at present is the 
rapid deterioration of the tritium targets with use at 
maximum beam power. A typical target consists of 
a circular thin copper sheet, about one inch in dia
meter on one face of which is a few-micron thick 
layer 'of partially hydrided titanium (hydrided by 
exposure to tritium gas), containing approximately 
5 curies of tritium per square inch. Since a 150 ke V D + 

ion only penetrates about a one-micron depth of the 
titaruwn tritide layer, at full power a total of 150 watt 
is liberated in this thin layer. Even with the beam 
defocused so that it is spread over an area of about one 
square inch. and with water-cooling of the back side 
of the target, the tritide layer is considerably heated 
during full-power operation, with a resulting decom
position of the metal tritide, and a loss of tritium to the 
vacuum system of the accelerator. This results in an 
appreciable decline rate in the target output. Typically, 
at 150 ke V and 1 000 µA, a 1 c/in2 target will decrease 
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in output by a factor of 2 in about 30 minutes of 
. operation; a 5 c/int target in about 1.S hours of 
operation. In either case, the targets continue to 
decline in their output rate, with further use, but not 
quite so rapidly. If one wishes to maintain a reasonably 
high neutron flux steadily for a period of many hours, 
it is best to start up with a fresh target at a moderate 
beam current, perhaps 300 µA, and then gradually 
increase the beam current with use, to offset the target 
decline. This can be done automatically, if desired, by 
installing a servo-mechanism which gradually increases 
the beam current so as to maintain a constant neutron
flux monitor reading for a long period of time. At 
lower beam powers, the decline rate is not so rapid, 
varying, with a fresh target, as about the inverse square 
of the beam power. One of the commercially-available 
accelerators now has a useful maximum beam current 
of 2.5 mA, thus providing longer useful lives at reduced 
output. 

There have been a number of efforts to improve 
target lifetimes. The older oil diffusion pump has now 
been largely replaced by the vac-ion pump, to prevent 
deposition of material from pump oil on the surface 
of the target. Freon-cooling of the target is available, 
instead of water-cooling, with some improvement in 
target lifetime. The S c/in2 target provides an appre~ 
ciably higher initial output rate, and an appreciably 
lower decline rate, than the older 1 c/in9 target, but 
is somewhat more expensive. Larger, rotating targets 
are now available. These essentially provide the life
time of Sor 10 normal targets, without the necessity 
off requent shutdowns for target replacement. Further 
defocusing of the beam is helpful to target lifetime, 
at some loss in neutron flux at sample locations. 
Yttrium tritide targets have been prepared and tested. 
Yttrium hydride is more thermally stable than titanium 
or zirconium hydride, so such targets should be less 
susceptible to decline because of thermal decomposi
tion. Thus far, however, it appears that the improve
ments in target lifetime achieved with yttrium tritide 
have been rather small. One of the commercial acce
lerators now incorporates a target-reloading system, 
so that a partially spent tritium target can be perio
dically recharged by bombarding it for a time with P 
ions, at reduced accelerating potential. It has been 
shown that this procedure is effective in restoring a 
partially spent target essentially to its original output 
level, and that the procedure can be repeated success~ 
fully at least a number of times. lmprovement in target 
lifetime is also achieved by magnetically deflecting 
n; ions present in the D+- beam away from the 
target. The n; ions cause target heating, as do the 
D+- ions, but contribute very little to neutron produc
tion. With accelerators employing a radiofrequency 
ion source, the Di ions cause little trouble, since the 
beam from such a source is about 90 % D + and only 
10% n;. However, it is a serious problem with the 

less expensive, simpler, and longer-lived Penning-type 
ion source, from which the beam is rich in o; ions 
(90%) and only about 10% in D+. Such sources cur
rently do not deliver as large a 0-1- ion current as do 
the radiofrequency sources. 

For thermal-neutron activation work, with a 
moderate-cost accelerator, a somewhat more expen
sive 2 MeV positive-ion Van de Graaff has advan
tages over the small Cockcroft-Walton. It generates 
108-10'1 n cm--i s-1 thermal-neutron fluxes via the 
9Be (d,n)10B reaction, with no target lifetime problem. 

Neutron generators, and their uses, have been de
scribed by Anders (SJ, Burrill and MacGregor [6). 
Gillespie and Hill {7], Guinn [4, 8~10], Guinn and 
Steele [11], Meinke [12], Meinke and Shideler [13}, 
Mott et al. [14], and Strain [l]. 

Nuclear reactors. Reactors of the research type have 
also been greatly improved in recent years: The type 
most widely used for neutron-activation analyi;is 
studies is now the pool type, generally operated at 
power levels in the range of 100 kilowatts to a few 
megawatts, artd providing neutron fluxes in the range 
of 1012 to almost 1014 n cm-2 s-1, depending upon 
reactor type, power level, and location within the pool 
or core. Such reactors, of the simple below-ground 
type, are relatively moderate in cost----compared with 
earlier reactors. Many research reactors of this general 
type are being used in the United States for neutron
activation analysis work. A lesser number of research 
reactors of the water-boik:r type, and of the older 
graphite-lattice type, are now used in the United States 
for such work. The first nuclear reactor ever to be used 
for neutron-activation analysis studies, the X-10 
graphite reactor of the Oak Ridge National Labora
tory, was finally shut down in November 1963, on its 
twentieth birthday. 

One of the newer tJPes of pool reactors is that which 
employs uranium-zirconium hydride fuel elements. 
This is the TRIGA reactor, used in the author's 
laboratory, and very widely used in the United States 
and abroad. the hydride-type of fuel element confers 
upon it two desirable features: intrinsic safety, and 
the ability to pulse to very high flux levels. The 250 _kW 
TRJ GA Mark I reactor used by the author provides 
thermal-neutron fluxes of 2-4 x 1oi.s n cm-'- s-1 in 
regularly available irradiation positions and 109 
watt pulses which provide peak neutron fluxes of about 
4 x 1016 n cm-9 s-1 • Buchanan (4, 151 has tabulated 
the detection sensitivities attainable for 69 elements 
at the 1.8 x 1012 n cm-2 s-1 thennal-neutron flux of 
the 250 kW TRlGA (I-hour irradiations). They ra~ge 
from J0-6 µg to SO µg, the median sensitivity being 
0.01 µg. Meinke [12) has tabulated sensitiviti~s for a 
1012 n cm-2 s-1 flux and various irradiation times. In 
the 1 000 kW TRIGA, these fluxes are multiplied four
fold thus providing steady fluxes of 1 x 1013 and peak: 

• --l -1 Thi fluxes, in a pulse, of about 1017 n cm s • s 
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reactor also utilizes a rotary specimen rack that makes 
it especially effective for neutron-activation analysis 
work. The rotary rack contains 40 tubes and rotates 
around the core during irradiation so that the average 
neutron flux is exactly the same in all 40 tubes at a 
given height. As many as six samples can be st;cked 
vertic~lly in each tube, thus providing a total sample ' 
capacity of 240 samples in a single irradiation, each 
group of 40 being at the same flux. The vertical flux 
gradient in the 40 tubes is not large, and is accurately 
known. Research reactors, and their applications for 
neutron-activation analysis studies, have been de
scribed by Buchanan [4, 15], Guinn [4, 10, 16-19], 
Meinke {20-22], and Schmitt [23]. 

Improvements in multichannel pulse-height analyzers 
and counters. In recent years the older vacuum-tube 
type of multichannel pulse-height analyzer has been 
largely superseded by completely transistorized units. 
These are more reliable, smaller, lighter in weight, and 
more versatile than their vacuum-tube predecessors, 
and they consume less power- The modern type, 
typically, contains 200 to 512 analysis and storage 
channels (with provisions for dividing the memory 
into two or four equal groups of channels), live ·and 
static oscilloscope display (linear or logarithmic), 
preset live-time and clock-time, a percentage dead
time meter, digital readout (tape printer or electric 
typewriter), analog readout (oscilloscope camera, 
x-y plotter, or strip-chart recorder), and magnetic 
tape or punched-paper tape for spectrum-stripping 
operations. A single analyzer can be used to analyze 
simultaneously the outputs of two, or four, scintilla
tion counters on a time-sharing basis. The only serious 
limitation of such analyzers is the relatively long and 
pulse-size-dependent dead-time (typically amounting 
to 40 + 0.2N µs, where N is the channel number), 
resulting from the US'! of the amplitude-to-time con
version principle, rather than the faster (but drift
prone) stacked discriminator principle of the earliest 
multichannel analyzers. 

As input to such analyzers, the trend has been to 
the use of relatively large Nal(Tl) crystals, directly 
coupled to a photomultiplier tube of comparable size, 
and mounted in a relatively large lead shield (to mini
mize backscatter), 4 in thick, and lined with thin 
sheets of cadmium and copper (to minimize contribu
tions to the observed spectrum from lead X-rays). 
Crystal-photomultiplier combinations selected for 
maximum resolution and minimum gain-shift at high 
counting rates are available, and are very helpful. 
Two commonly used crystal sizes are the 3 in by 3 in 
solid type, and the 5 in by 5 in well-type. Fite et al. [4] 
have incorporated a small alpha-particle source in the 
crystal, and use its high-energy peak in the pulse
height spectrum, with an electronic servo-mechanism, 

high-energy peak in the sample spectrum, rather than 
an alpha-particle peak, for the monitoring peak. In 
most gamma-ray spectrometry work, a one centimeter 
layer of plastic is placed between sample and crystal, 
to screen out beta particles, with a minimum produc
tion of bremsstrahlung. 

Multichannel gamma-ray spectrometers, and their 
uses in neutron-activation analysis studies, have been 
described by Brauer and Connally f24J, Crouch and 
Heath [25], Guinn (2, 4], Heath [4, IO. 24, 25}, Perkins 
(4, JOJ, and Steele et al. [IO]. Heath [26] and Anders 
(271 have published very useful gamma-ray spectrwl:l 
catalogs. Strominger et a(. [28}, in their Table of 
Isotopes, have summarized the best values of half
lives, beta- and gamma-ray energies, and decay 
schemes, and Crouthamel [291 has edited a book on 
Applied Gamma-Ray Spectrometry. 

In beta-counting and spectrometry, large well-type 
plastic scintillators have found use. Semiconductor 
detectors are finding applications in beta, X-ray and 
low-energy gamma-ray spectrometry. They provide 
excellent resolution. The lithium-drifted type provides 
relatively thick sensitive zones (up to 10 mm). The 
more dense germanium type give better absorption 
than the silicon type, but must be refrigerated. Still 
higher atomic number semiconductor detectors are 
under development. Borkowski [IO] has recently swn
marized the field of semiconductor detectors. Com
mercial low-background (0.2 cpm) beta counters are 
now widely used. 

ADVANCES IN TECHNIQUES 

A number of new techniques for neutron-ac~ivation 
analysis work have been developed within the past 
several years, some of which are summarized below. 

Use of reactor pulses. It has been shown that the 
high-intensity, short-duration pulses attainable with a 
pulsed reactor can be utilized to improve the sen
sitivity of detection of elements that form very-short
lived induced activities. For example, in the author's 
reactor, a single pulse produces approximately 500 
times as much activity of 0.1 second half-life as can be 
produced by operation at the normal steady-st~te 
power level, 50 times as much for a I-second ha~f-!ife 
isotope, and 5 times as much for a IO-second act1v1ty. 
For an induced activity with a half-life of SO seconds, 
the pulse offers no advantage, and for longer-lived 
species it is progressively less sensitive than longer 
irradiations at the normal power level. Enhancement 
of sensitivities by means of pulsing has been demon
strated experimentally with such induced activities as 
7.35s 16N, J2.4s 34P,4.8s 79Brm, J6.ls 89Ym, 7.2s191Aum, 
10.7 s 20F, 5.5 s 183Wm, and 19.5 s "Scm. Both thermal
neutron and fast-neutron induced activities of short 
half-life are enhanced by use- of the reactor pulsing to maintain a constant gain. A commercially available 

circuit utilizes the same principle, but employs a , technique. The use of reactor pulses for neutron• 
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activation analysis studies has been described• by 
Guinn [4, 16, 17] and Lukens et al. [IOJ. 

Utilization of reactor fast neutrons. The great bulk 
of reactor neutron-activation analysis work to date 
has been carried out with thermal neutrons. Little 
effort has been devoted to the effective utilization of 
the higher-energy fission-spectrum neutrons ( one well
known exception being the use of the S2S (n,p)32P 
reaction for the detection of sulfur), which also are 
present in reactor cores at high fluxes. A study of 
activation analysis with reactor fast neutrons in the 
author's laboratory has shown that quite a few cle
ments (e.g., N, 0, Si, P, Fe, Y, Pb) can be more 
sensitively detected by means of activation with reactor 
fast neutrons than with thermal neutrons in the same 
reactor. Furthermore, many other elements are quite 
sensitively detected via activation with reactor fast 
neutrons, even though not as sensitively as with 
thermal neutrons in the same reactor. Examples in 
this category are F, Mg, Al, S, K, Ti, Cr, Co, Ni, Zn, 
Ge, Se, Br, Sn, and Nb. These reactions offer the choice 
of a fast-neutron induced activity, instead of a thermal
neutron induced activity, which is often helpful in 
minimizing interferences from other activities, due to the 
additional choices of gamma-ray energies and half-lives. 

The problem of minimizing (n,y)-induced activities 
in the sample matrix, if one wishes to detect an (n,p), 
(n,a), (n,2n). or (n,n') product, in reactor irradiations, 
is of course a serious one. Work to date with 10B-lined 
tubes for the suppression of (n,y) activation has 
resulted in reductions in the (n,y) activation by 
factors of 100 to 200, depending upon the element 
involved. Additional shielding with one or more ele
ments with large (n,y) resonances may improve the 
(n,)') suppression further. The use of 6Li D or 235U 
liners may be helpful not only in screening out low-' 
energy neutrons, but also in generating additional fast 
neutrons (14 MeV and fission-spectrum, respectively). 

The fast-neutron sensitivities attainable in the 
author's reactor are, in general, 10-100 or more times 
better than those attainable with a small 14 MeV 
neutron generator, the ratio depending upon the reac
tion threshold and shape of the cross-section versus 
neutron energy curve. In the pneumatic-tube position 
(outermost fuel-element ring) of the author's 250 kw 
TRIGA reactor, where the thermal-neutron flux is 
4.3 x 1()1-i n cm~ s-1, the neutron flux above I.35 Me V 
is 7.5 x 10", that above 3.68 MeV is 1.25 x 1011 

and that above 6.1 MeV is 1.9 x 1010• These are to 
be compared with the 108-109 n cm-2 s-1 fluxes of 
14 MeV neutrons attainable with the small neutron 
generators. 

The use of reactor fast neutrons for activation
analysis studies has.been described by Guinn [4, 16-18, 
30], Meinke [20, 21 ], and Yule et al. (10]. 

Fast radiochemical separations. Where interferences 
are very severe, and cannot be sufficiently minimized 

by the proper choice of irradiation and decay times, 
one often needs to resort to post-irradiation radier 
chemical separations with carriers and hold-back 
carriers. This is a long-established technique, but has 
usually been carried out with conventional chemical
separation methods. These are. time-consuming, and 
hence preclude the effective utilization of induced 
activities with short half-lives. Meinke [4, 12, 21) has 
pioneered the development of very fast radiochemical
separation techniques, in many cases achieving sepa
rations in a period of only 5 to 10 minutes. In the 
author's laboratory [IO, 16], such techniques are now 
regularly used successfully for the radiochemical 
separation of such short-lived species as 2.3 min 
2aA1, 3.8 mm 62V, 5.8 mm 61Ti, 8.7 mm "Ca, 9.5 
mm 27Mg, 10.5 mm 60Com, and 25 mm 1281. The 
method is thus applicable to severe interference cases 
formerly considered to be impractical by neutron acti
vation analysis. DeVoe et al. [31] and Ruch et al. [32] 
have utilized amalgam-exchange reactions in radio
chemical separations. The National Research Council 
Nuclear Science Monograph Series now provides 
radiochemical-separation procedures for many of the 
elements. A nwnber of these monographs have been 
prepared by Leddicotte [33]. 

The purely instrumental technique. With the advent 
of the small neutron generator and the multichannel 
pulse-height analyzer, it became apparent that neutron 
activation analysis could be effectively applied in 
the new area of minor- and major-constituent levels, 
in competition with the many other methods of ele
mental analysis widely used at these higher levels. 
This possibility arose from the fact that neutron acti
vation analysis method could, in many cases, be much 
faster than other methods of analysis. Also, since the 
small neutron generator is much less expensive than 
a nuclear reactor, the equipment cost is not prohibitive. 
It was also clear that the method could only compete 
with other methods, in this case, if a purely instru
mental technique could be employed. If radiochemical 
separations are also employed, the great advantage of 
speed is lost. On this basis, Guinn and Wagn~r [34] 
developed a comprehensive system ~f purely mstru
mental thermal-neutron activation analysis, based on 
a 108 n cm-11 s-1 accelerator (C MeV electron Yan de 
Graaff) neutron flux and multichannel gamma-ray 
spectrometry. This method has been in routine_ use 
for the past seven years, competing quite effectively 
with other analytical methods for some 25 elements 
of interest. In their laboratories, the method was 
augmented five years ago by a small Cockcroft-Walton 
14 MeV neutron generator for routine fast-neutron 
activation analysis, at fluxes in the 108-H>9 n cm--2 s-

1 

range. Many elements can be thus detected, either by 
thermal neutrons or 14 Me V neutrons, down to levels 
as low as 1-100 ppm (in lO g samples), This d~v~lop
ment was greatly aided by the earlier, but more limited, 
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reactor, single-channel analyzer instrumental work of 
1:f orrison and Cosgrove [35, 36), Cosgrove and Mor
nson [37], Cosgrove et al. [38], and Atchison and 
Beamer [39] (accelerator). Other aspects of this work 
have been described by Guinn [4], Guinn et al. {40], 
Wagner et al. [41), and Johnson []OJ. Many other 
laboratories in the United States, particularly in the 
petroleum and chemical industries, have set up 
systems for purely instrumental neutron activation 
an~lysis, employing small neutron generators. Inter
esting results, so obtained, have been reported by 
Anders [IO, 42-44], Burns [lO], Gilmore and Hull 
[4, _45), Gray and Cartwright [IOJ, Guinn (8, 9, 46], 
Gumn and Johnson (47], Iddings [IO], Mott and 
Rhodes l10], Steele [2], Steele et al. (IO], Steele and 
Meinke [4, 48], and Veal and Cook {49J. 

The instrumental technique, as used in nuclear 
rea~or work, has been described by Buchanan [4], 
Gni_nn {4, 10, 16-19], Kramer and Wahl [10], and 
Memke [20, 21, 50]. 

Spectrum stripping. The technique of simplifying 
complex gamma-ray pulse-height spectra by means of 
;pectrum stripping was first described by Lee [51J, 
llthough not for activation-analysis work. He employed 
live stripping, that is, counting the radioisotope to be 
r~moved i~ the same counter, under the same condi
tions, but m a subtract mode and observing complete 
subtraction on the oscilloscope display of the multi
channel analyzer. This technique was soon extended 
to stripping by means of taped spectra and a variable 
multiplier incorporated in the multichannel analyzer. 
Both magnetic tape ~nd punched-paper tape units 
became available. This technique is very useful for 
obtaining analytical answers rapidly, even in the pres
ence of overlapping photopeaks. The same technique 
can be used, not only to remove interferences, but 
also directly to compare the desired activity of an 
unknown with that of the activated standard of that 
element, or its tape-recorded spectrum. This avoids the 
necessity of computing photopeak heights or areas, 
but instead utilizes the counting time required with 
the standard, or the variable multiplier setting required 
with the standard, for the complete subtraction of the 
photopeak of interest. 

The spectrum-stripping method has two main dis
advantages: its reliance upon visual estimation of 
complete subtraction, on the oscilloscope display, and 
its sensitivity to gain shifts. For accurate work, the 
total gain of the detector-analyzer system must be 
almost exactly the same for sample and standard. 
Even a difference of one channel introduces uncer
tainty, and differences of even a few channels negate 
the method. Methods of selecting photomultiplier tubes 
for minimum gain shift have been described by Covell 
and Euler [4), and Covell [10, 25). Fite et al. [4] have 
described a drift.control device, and Guinn and Lasch 
{25] have described methods of minhniz.ing gain shift. 

Automation and computer techniques. The instru
mental method lends itself well to automation, and 
to computer techniques. Kuykendall et al. [12] and 
Fite et al. [19] have described automatic sample hand
ling and counting systems for such work. Guinn [52] 
has described the application of such automated sys
tems to process control. , 

Computer techniques for the resolution of complex 
gamma-ray spectra have been described by Nostrand 
et al. [471, Kuykendall and Wainerdi [471,. Breen 
et al. [531, Anders and Beamer (54J, Heath et al. [SSJ, 
Brice and Heath [56J, Burrus (24J, Morrison and 
Sunderman [24J, Hull and Gilmore [IO], Wainerdi 
et al. (2], Nostrand and Rossi (25], Trombka (10, 25], 
Burrus and Bogert [25], Chester et al. [25J, Monahan 
et al. [25), Drew et al. [25], Nicholson et al. [25], 
Scofield [25}, Blotcky et al. (25], and Steele [57]. The 
methods of least squares, spectrum stripping, and 
iterative unfolding are used by one or more of the 
above authors. Isenhour and Morrison [10] have 
described a computer technique for the optimization 
of irradiation, decay, and counting conditions in 
activation-analysis work. 

Advances in related activation-analysis techniques. 
Although this paper is essentialJy limited to the field 
of neutron activation analysis, some mention should 
be made of recent advances in the closely related fields 
of charged-particle, photonuclear, and prompt-gamma 
activation analysis. The interesting possibilities of 
helium-3 charged•partide activation analysis have 
been discussed by Mahony and Markowitz [58J and 
Markowitz and Mahony [IO]. Photonuclear activation
analysis studies have been reported by Lukens et a/. 
[53, 59], Otvos et al. [60], and Lukens [10). Photo
neutron methods -have been applied to the detennina
tion of deuterium by Guinn [8], and to the determina
tion of beryllium by Guinn (8], Goldstein [61], Levine 
and Surls [62J, and Postma and McMurray [19J. 
Activation analysis by means of the prompt gamma 
rays emitted in thermal-neutron capture, or in fast
neutron inelastic scattering, has been described by 
Caldwell [IO], Greenwood et al. [14, 53J, Greenwood 
and Re~d [4, 10, 24], Haffner et al. [3], Clark and 
Rasmussen [24], and Waggoner et al. [10}. 

NEW APPLICATIONS 

As the capabilities of neutron activation analysis 
have increased with the availability of better equip
ment and new techniques, the method has found 
increased application in many areas of science and. 
industry. Some of these new areas of application are 
described below. 

The petroleum and chemical industries. These indus
tries have been leaders in the industrial application of 
neutron activation analysis, especially with the small 
neutron generators described earlier. A number of 
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companies employ such generators for routine ana
lyses at the 1-100 ppm and higher levels, to determine 
such elements as nitrogen, oxygen, the halogens, and 
numerous metals in cores, crude oils, feedstocks, cata
lysts, polymers, and synthetic rubber. Relevant 
published papers include those by Anders [10), Cald
well [l0J. Caldwell and Mills [63], Gray and Cart
wright [101, Guinn and Wagner (34], Guinn et al. 
[40, 64), Iddings [IO], ·Johnson [10), Mott and Rhodes 
(10], and Steele [2]. 

The coal industry. Recently, conventional neutron 
activation analysis and prompt-gamma techniques 
have been applied to the rapid and routine analysis 
of coal for its carbon and ash contents (Al, Si, 0,) 
employing a neutron generator. This has been 
described by Martin et al. [10, 24]. 

The metal and semiconductor industries. With the 
increasing importance of very pure metals and semi
metals, such as the alkali metals, beryllium, silicon, 
and germanium, neutron activation analysis is finding 
increased application in this area. Recent studies in 
this field are those by Burns [10), Guinn [30, 65], and 
McCrary et al. [41- The determination of oxygen in 
metals, especially, has attracted much interest. 

Pesticide residues. With the wide-scale use of pesti
cides in farming, the possibie toxic effects to man and 
lower animals from excessive applications of such 
pesticides has become of great concern. In the deter
mination of tolerance levels and of violations of 
government regulations, large numbers of analyses for 
pesticide residues in crops and processed foods are 
required. Guinn and Potter [66) found that bromine 
residues in crops, resulting from soil fumigation with 
bromine-containing nematocides, could be rapidly 
determined by neutron activation analysis. In the 
author's laboratory, as many as 240 samples can be 
activated in a single 30 min irradiation, and the induced 
36 h 82Br activity then rapidly determined instru
mentally, after a 2 d decay period. Lindgren et al. [67] 
extended the technique to the determination of bro~ 
mine residues in stored grain, resulting from fumiga
tions with methyl bromide. Castro and Schmitt [68] 
studied bromine residues from nematocides and also 
traces of DDT in plant extracts. Schmitt and Zweig 
[69J measured the DDT content of butterfat samples 
by the same technique. Guinn [70] has determined 
traces of mercury in wheat, resulting from illegal 
contamination of wheat with mercury-treated seed 
wheat, by neutron activation analysis. Applications of 
the technique in the pesticide-residue field have been 
summarized by Schmitt [71 ], Buchanan and Guinn 
(72], and Guinn and Schmitt [73). 

Geology and geochemistry. Many interestin_g appli
cations of the technique have been made m these 
fields recently. Accurate determinations of all the 
rare-earth elements have been carried out in meteorite 
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and rock samples by Schmitt et al. [74, 75], Mosen 
et al. [76], Murthy and Schmitt [77), Goldberg et al. 
[78], Schmitt and Goles [lO], and Schmitt and Smith 
[79]. Corless and Winchester [10) have made precise 
determinations of calcium isotope ratios in rocks, 
determining the 48Ca by neutron activation analysis, 
and total calcium chemically. 

Scientific crime detection. One of the most fascina
ting new areas of application of the technique is that 
of criminalistics. Here, the ultra-sensitivity of the 
method, using the high neutron flux of a nuclear 
reactor, can extend the scope of the professional crimi
nalist in his examination of physical evidence. Where 
the method can be applied in its purely instrumental 
form, the samples can be preserved for presentation 
in court. 

A new activation analysis technique for the iden
tification of gunshot residues on the gunhand of a 
suspect has been developed in the author's laboratory. 
Whereas the very unreliable chemical test (the "paraf
fin test"), no longer accepted in court, is based on the 
detection of nitro-compounds removed from the back 
of the hand by means of paraffin, via the blue color 
formed with diphenylamine reagent, the activation 
method is based on the detection of traces of barium 
and antimony similarly removed from the hand. These 
elements are present in the primers of bullets, and 
microgram or sub-microgram amounts deposit on the 
hand when a revolver, automatic pistol, or rifle is 
fired. The amounts deposited by even a single firing 
are readily measured by activation for 30 minutes in 
the reactor, radiochemical separation of 84 min 139Ba 
and 2.8 d 122Sb, with carriers, and counting. Only bare 
traces of these two elements are usually found on the 
hands of persons who have not recently fired a gun. 
Rifle firings have been found to also deposit barium 
and antimony on the face of the person firing. Studies 
are now in progress in which trace levels of various 
high~sensitivity elements are incorporated in the 
gunpowder of the bullets. These elements, less com
mon than either barium or antimony, can be detected 
even more sensitively by neutron activation analysis 
than these two and offer the possibility of various 
bullet manufac;urers coding their gunpowders with 
different tracer elements. · 

In the author's laboratory, niany other materials ~f 
forensic interest have also been examined for the1t 
trace-element characterization possibilities. These 
include soil, paint, glass, paper, tire rubber, auto
mobile grease and hair. The method shows great 
promise in ide~tifying the source of even a tiny samp~e 
of material evidence and is now being introduced ID 

court. Portions of this work have been published by 
Ruch et al. [10, 80-81], and by Guinn [83]. 

Forensic studies of paint, hair, opium, and other 
types of samples have been reported by Leddicotte 
et al. [80], and Bate et al. [19, 80, 84]. Studies of human 
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hair samples in the author's laboratory, and at the 
Oak Ridge National Laboratory, have substantiated 
'."ld extended the findings on hair reported by Jervis 
1n Canada, and Lenihan in Scotland, namely, that the 
trace~le~~nt composition of the hair can provide 
truly ind1v1dual characterization. On 16 March, 1964, 
Pro and Schlesinger presented neutron~activation 
~alysis _data, on soil samples involved in a liquor case, 
m a Umted States court. This was the first time that 
such data were introduced in a US court. The data 
were accepted, and the case was won. 

Space studies. A highly miniaturized automatic 
neutron-activation analysis device has been designed 
for use for remote, unmanned, analysis of the surface 
0_( the moon in one of the forthcoming Surveyor mis
sions. The device consists of a small, sealed-tube, 
accelerator source of 14 MeV neutrons, a scintillation 
counter, and a compact 256-channel pulse-height ana
lyzer~ ~he entire device weighing only about 30 pounds. 
Provmons have been made to measure both prompt 
gammas and decay gammas, and for activation with 
both 14 MeV and thermal neutrons. Various aspects 
of this program have been reported by Greenwood 
and Reed (10, 24], Haffner and Terrell (24], Lee et al. 
[80], Metzger [10], Steele [85], Trombka [10], and 
Waggonen et al. [IO]. . 
. Oxygen determinations. The rather special tech

ruque, of analyzing virtually any type of sample for 
tr~ce and higher levels of oxygen, by activation analysis 
~1th 14 MeV neutrons, has found very wide applica~ 
non. Many laboratories in the United States now 
employ a small neutron generator (1016-1011 n/sec 
output) for the rapid, routine, non-destructive deter
mination of oxygen. The reaction utilized is the high 
(9.6 MeV) threshold 160 (n,p) 16N reaction. Since 16N 
has a half-life of only 7.35 s., irradiation and counting 
periods need only be brief, typically, 15-20 s each. 
Samples are injected into the neutron flux, and ejected 
back out to the scintillation counter, in a transit time 
of 1-2 s. The gamma rays ofl6N are exceptionally high 
in energy (largely 6.13 Me V), thus making the deter~ 
mination unique, except for the presence of fluorine, 
which also forms 16N via the 19F (n,a)16N reaction. 
Fluorine, if also present, however, can be separately 
detected and corrected for. 

In the author's laboratory, Steele has constructed an 
automated system which employs a dual pneumatic
tube transfer system, rotating the sample and oxygen 
standard during activation, and sample counting with 
a pair of 3 in x 3 in Nal(Tl) crystals. The standard 
sample is counted by a single 3 in crystal. Two single
channel pulse-height analyzers are employed. The dual 
transfer system follows the finding by Iddings [10] that 
this provides better precision than can be attained with 
flux-monitoring systems. Rotation of sample and 
standard, during irradiation, is achieved with an 
electric motor, but is otherwise equivalent to the air-
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driven rotation device described by Anders JIOJ. 
With a fresh tritium target, samples can be exposed 
to 14 MeV neutron fluxes of about 109 n cm--2 s-1• 

Under such conditions, the limit of practical detection 
for oxygen, at present, is about 0.1 mg, or 5 ppm in 
a 20 g sample. At high oxygen levels, precisions and 
absolute accuracies of about + 2 % of the value are 
attainable in a single determination. The same sample 
can be analyzed repeatedly, if desired, to provide better 
precision. Special Jow-oxygen containers (copper, alu~ 
minium, polyethylene), and a nitrogen atmosphere, 
are used, to decrease the blank · correction. Some 
samples are irradiated with no container. To provide 
long-term steady flux operation without frequent 
target replacement, a large-area rotating tritium target 
and an automatic flux-control mechanism are being 
installed. Extensive comparisons of the oxygen vaJues 
obtained by 14 Me V neutron activation in the author's 
laboratory, with those obtained by the vacuum
fusion method, have been carried out in various metals 
by Harris. Agreement was excellent, even down to 
oxygen levels of 20 ppm. This comparison has been 
reported by Guinn [30J. In the author's laboratory, 
Lukens and Lasch {lOJ have developed a Cerenkov 
counter for the detection of the very high-energy beta 
particles ofl'N (10.4 MeV, EJDP.) even in the presence 
of very high gamma radiation levels, up .to 1 r/h . 

Important papers on the fast-neutron method for 
oxygen have been published by Anders [IO], Bums [IO], 
Iddings [JO], McCrary et al. [4], Steele and Meinke (48J, 
Veal and Cook [49J, and Volborth and Banta [86]. 

Process control and use of stable tracers. The small 
neutron generator, coupled with the instrumental 
method, lends itself well to process-control applica
tions. Several such studies, in various industries, are 
currently in progress in the author's laboratory. Such 
applications have been described recently by Guinn 
[52]. Tarras and Pirtle [80] have described an applica
tion of stable-element tracers, subsequently detected 
by neutron activation, in an air-pollution study. 

OTHER DEVELOPMENTS 

In the area of education, two books on activation 
analysis have appeared: by Koch [87], and by Lyon [88J. 
Literature reviews have been published by Meinke [89J 
for 1958-1959, and by Leddicotte [901 for 1960-1961. 
A 40 min professional-level training film on neutron 
activation analysis has been completed for the U.S. 
Atomic Energy Commission by General Atomic. 
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ABSTRACT-RESUME-AHHOTAL{HJl-RESUMEN 

A/197 Etats-Unis d'Amerique 

Progres de !'analyse 
par activation neutronique 

par V. P. Guinn 

De grands progres ont ete realises depuis 1958 dans 
J 'analyse par activation neutronique. Le memoire 
decrit un grand nombre des principaux resultats enre
gistres sur le plan de la technique et des applications. 

D'importantes ameliorations ont ete apportees aux 
trois categories de sources de neutrons utilisees pour 
l'an_alyse par activation: sources radioisotopiques, 
accelerateurs et reacteurs nudeaires. Aux anciennes 
sources radioisotopiques s'ajoutent maintenant les 
sources a l'americium-beryllium, et on disposera sans 
doute bientot de sources au californium a fission 
spontanee. Toutes ces sources donnent evidemment un 
flux neutronique de faib!e intensite. De nombreuses 
ameliorations ont ete apportees aux accelerateurs de 
deuterons, a prix de revient peu eleve, qui produisent 
des neutrons de 14 MeV au moyen de la reaction 
3H(d,n)4He; ces appareils sont maintenant utilises 
largement dans la recherche scientifique et l 'industrie 
pour l'anafyse par activation de neutrons thermiques 

et de neutrons rapides a flux de moyenne intensite 
(107 a 109 n/cm2 s). Parmi ces ameliorations recentes, 
on peut citer notamment I 'utilisation de pompes 
ioniques sous vide, de dispositifs de refroidissement 
des cibles, de cibles a forte teneur en tritium et de 
grandes cibles rotatives, la recharge des cibles au 
moyen d'un bombardement par 8H et la deviation 
magnetique des ions n;. Les principaux progres 
concernant les reacteurs de recherche utilises pour 
l'analyse par activation neutronique comprennent 
}'utilisation de reacteurs comportant un porte-echan
tillons de grande capacite, pivotant dans un flux uni
forme, ainsi que de reacteurs pulses. 

Les progres suivants ont ete recemment accom
plis dans !es techniques d'activation neutronique: 
a) utilisation systematique des flux intenses de neu~ 
tron_s rapides de fission obtenus oans !es reacteurs; 
b) utilisation d'impufsion de forte intens1tc (1016 a 
1017 n/cm2 s) afin d'augmenter la sensibilite de detec
tion des radioelements artificiels de cres courte periode; 
c) utilisation de neutrons retardes pour la detection 
par activation d'especes fissiles; d) mise au point de 
methodes de separation chimique tres rapide apres 
irradiation, maintenant appliquees avec succes pour 
Ies radioelements artificie!s ayant une ¢riode de 
quelques minutes. 
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A la suite des progres recemment accomplis sur le 
plan des techniques et des realisations et d'une 
meilleure comprehension des possibilites ~ffertes par 
rana~yse par activation neutronique, son application 
a pns une grande extension dans de nombreuses 
branches de la science, de l'industrie et de la medecine. 
L'activation au moyen de petits accelerateurs de deu
terons est maintenant largement utilisee, en particulier 
dans les industries petroliere et chimique, comme 
moyen d'analyse elementaire courante, de sensibilite 
moyenne. Elle est surtout appliquee pour le dosage 
rapide de l'oxygene, au moyen- de la reaction 
160(n,p)16N, jusqu'a des concentrations de l'ordre de 
5 ppm. De nombreuses ameliorations ont ete recem
ment apportees a cette technique: a) utilisation d'un 
double systeme pneumatique de transport (pour · 
l'echantillon et l'etalon); b) rnise au point de plusieurs 
systemes tres efficaces de mesure du flux; c) rotation 
de l 'echantillon pendant l'irradiation; d) corrections 
pour la diffusion des neutrons et la diffusion des rayons 
gamma dans I 'echantillon; e) mise au point de recipients 
a tres faible teneur en oxygene. L'industrie chimique 
a aussi ouvert la voie a des applications interessantes 
de I 'analyse par activation: dosage des residus . de 
pesticides, dosage des residus · de catalyseurs dans les 
polymeres et detection d'isotopes stables, tels que 
lliN et 180, qui sont utilises dans les etudes au moyen 
d'indicateurs. L 'industrie charbonniere a fait d 'inte
ressantes etudes au moyen de l'analyse par activation 
sur le dosage continu des cendres dans le charbon. 

En geochimie, on poursuit d'irnportantes recherches 
sur le dosage des terres rares dans les meteorites, le 
rapport des isotopes dans le calcium et la datation par 
Rb-Sr. Etant donne sa sensibilite extraordinaire, it est 
naturel que l'analyse par activation, au moyen des 
6.ux de neutrons intenses que l'on peut obtenir dans 
les reacteurs nucleaires, soit de plus en plus utilise 
pour les materiaux d•une purete extreme, tels que les 
metaux alcalins, Be. C, Al, Si, Ti, Fe, Ge, Zr, Nb et Pb. 
Un nouveau domaine d'application d'un tres grand 
interet est celui des techniques policieres, ou plusieurs 
resultats importants ont deja ete enregistres. Pour ce 
qui est de la recherche spatiale, un dispositif minia
turise, entierement automatique, d 'analyse par activa
tion neutronique a ete mis au point pour l'etude de la 
surface de la Lune. 

A/197 CWA 

Y cnexH a o6nacTH HefnpoHHoro aK
THBa~HOHHoro aHanH3a 

B. n. fyMH.-t 

3a Bpe!<Hl, ll}'Olll<';J.lltel' C 1958 ro;ia, B 06,1aCTII 

ueitTpottnoro a~nrnal_\HOHRoro attamrna 6Llmt "Ao
cTnn1y1L1 UOJJbUnte ycne,rn. B ;3.01<:ia:1.e onn:c1,111a-

>-
10TC11 OCtlODHLie ;\OCTJ1iHCHHH B paapa6on.e anna-
pa'typhl tt CJlofo6ax HpllMt'IIeHlUI IH'HTpoHHOTO 

a1,n1ea1vromroro anann~rn. 

3ua'llfTeJJJ,IIO ycoBepmeHCTBOB8HLI nee TPH uc
TO'IIHtl<a HeiiTpOHOB, upnMeH.IIBJIJHeCJJ B neihpoH

IIOM aKTHB81\lfOHIIOM aHaJJH3e: Jf30TOll&I, yc1wp11-

TCJIH II R.r.l<'PULie peaKTophl. K cTaphtM H30TonHLUl 

JICTO'fllllKaP.I a HaCTOJill.We BpeMll npH6aBHJIH('b 
,utepm~nii-oepHJIJJHCBhie JICTO'IHHKH. B 6JIJt>Kaii
meM 6y11.ym.eM omH,r1,aeTCR 3aBepmenue pa6oT no 
yconepmeHCTOoBamno HCTOqHJfKOB, OCH0B8H'JJLIX 

na ncnom,aonamtH cnoHTaKHoro ;i.e.ri.eHuR Kamt

clJopHnH. Bee ,no, RORe•mo, HCTOlfHHKH Heii:tpoll
llblX JlOTOKOB ?,'laJIOii HHTeHCHBffOCTK. 3Ha'IKTeJU,ltO 
ycosepmem:TBf.>BaHhl HeJwporne yc1-opnTe.rm ;i.t>ii
-rponoe, reHl'PHPYIOU\llC neiiTpOHhl e aHeprnt>it 
14 .MJB c noMon\blO peam.vrn Ha (d, n) He4. · 

n uacTom~ee opemr 1a1rne ycxopnTeJlH mnpot.t) 

llflf0Jlh3YIOTC~ B H;tyKe H Texmrne ,l\JJJI Jl()

.,ylfeHffff HOTOJ\OB TeilJIOBWX I{ ObJCTpLlX Hei-i

TPOIIOB CJle;(Ueii HIITCHCIIBHOCTH (or 107 
;to 

W9 ueurp/cM2 • ce1'), np1rnemrer.u,1x B ai.rnea1\1t· 
OUHOM aHaJIJl3C. 

B 'IHCJIO ycoeep111e11cTB0BaHnfr,. BHeCeJJHLIX B 

11oc.11e;uiee BpeM.JJ B 1<0HcTpyKUHIO aTHX ycKop11Tt'
;wii, BX0/1,flT: HCfl0Jlb30B8JHf0 JJaRyyMHl:JX HOHllLU 

uacocoB; OXJlaa<;i;e1me MHlllCIIH; HCTIOJib30BaHJte 

Mnmeae« c BblCOKHM con,epmauneM TPRTH11, 

OOJlhlllllX upall\8lOll\liXCfl 1,uuueHCH, MHOieHeii. Jl()

llOJHtHeMLIX. OOMOap;i,npoBl<Oll H3, Marll-llTHOfO OT--

1.JIOHCJUUI HOHOB D t 
B ttll.CJJO sam1rnii11mx ycoBepmeJICTBoeaHnii HC

<'Jttl'A<>Ba1em,c1<ux peaKTOpOB, npHMCJIHCMhlX ;J..'lll 

ueiiTpoHHoro aKTHB8QHOHHOl'O anannaa, BXO.;(JtT 
mnpmwe HCflOJIL30BaHHC peaKTOPOB, c11a6meHHLIX 

BMCCTJtTCJlbHLIM BpaUl,aIOUl,HMCll CTCJIAOM JJ,JHf. o6-
11aa~oe, I<OTOplde MoryT o6JiyqaTLC.K DOCTOBHllbU( 

n mmyJit,CHbIM noTOI{OM aeiiTpOHOB, 
Hoin,rn paapa6ourn: n o6Jiacru .MCTOiJ.OB aRT1rna

~HH HeiiTpoHat.m Jl03BOJUIIOT: 1) UCJIOJll,30BaT.L 

llOTO:KK 6hlCTpblX HCHTpOllOB caeKTpa )].CJICHJUI pe
aRTopa, HMCIOll\UC Bl:,lCOKYIO KHTCHCBBHOCTh; 
2) llCIIOJlh30Ba'Ib m,myJihChl BhlCOROH JIHTCH

Cl{BHOCTR ( OT 1016 ;ii,o 1017 11.eiiTp{cM-2• ceit) 11)111 
JIOBLJUieHHll 'lYBCTBllTCJibHOCTH K o6sapymeHH10 
H8Bl',lJ.l'HHLlX 1<opoTNOiKHBYJ.QHX pa)l.HOaK~BRO
cTe.ii; 3) ncuoJ11,aoBaT1> aanaa_AJ.1Ba10~1rn uen-rpo: 
Hbl ;J,JI.11 o6uapymemrn ;i;eJI11Ul,HXC>1 B30TOllOB. 
4) ycnemuo npuMeHHTL nocJie 06.ny11eB»S1 Me
TO,lJ.lJ oqeHL 61.1CTporo p8Jl.HOXHMH'leCJWf0 pa3]}.Me
HIIR; 'ITO IT03BOJlHT orrpe;,_eJJHTI, IJaBe,l).eBHI.le pa

,J.HOaKTHBHOCTIJ, nepno;t noJiypacoa.rt.a JtOTOpblX 

IIC'IHCJl1IeTCJI necI<0JibKIIMll MHHYWMI'I. 

13Jiaro~ap11 ~oCTiffllYThlM ycnexaM np11MeHemte 

neiiTpo1moro aK-rttna~noHnoro a11anmia pacnm

pHJIOCh BO MHOfHX OTpaCJUI::( nay1m, npoMblillJleR-

HOCTH H J.Wll,HU,Hllhl. 
B H8CTOJll~ee BpeMll ue6oJJhmHe ~eii'IpOHBLle 

yc1<0pHTeJIII C ycnexoM JICJIOJII,3yt0TCH B B_0(f>T11-
HOH H Xl'IMHtJCCKOH npOMbIIDJieHHOCTJI JJ,JUI anam.t

aa aJieMeHTOB co cpe~neii tJyBCTB_UTeJibHOCTbIO. 

Oco6eHHO mnpoKoe np11Me1wnue 3TOT MCTOA ua-
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me.11 M» OLICTporo oupeJJ,eJJeHHJl J(HCJiopoJJ,a c 
llOMOJJ\blO peaK1'UH QIS(n, f)Nl6 DpH KOH~ellTpa
D;llllX RHC.llopo:i.a )IO 5 • 10- % . B 'lDCJlO ocymecy-
B.1eHHLlX 8 DOCJien . • ,-.,Hee Bpe)UI y COBepmellCTBOBa-
HlUI~ ~aunoro M8TOJJ,a BXOJJ.RT: 1) JICIIOJJL30BaHJfO 

;l;BOUHOii nHe1JMaTH'leCRoi1 CHCTeMLI TpaacnopTH
poeim (mm o6pa31\a H 3T3JIOHa); 2) npnMeReune 
pll,la O'leHL yJJ,a'IHLIX CHCTeM ,!\JUI HenpephlBHoii 

f)rncTpa~nn HHTeRcJIBHOCTH ue11Tponuoro noTOHa • 
• ocy~ecTBnemrn Bpall\eHnH o6paaQa Bo npeM~ 
o6~yqeam1; 4) neeceuue nonpan1rn: ua pacce1rn1te 
ue11Tpouos u 1-Hany11eem1 B npo6e; 5) paapa6oT
~a !OHCTpyK~HH ROHTeiiHepa l1,Jl1l o6pa3QOB C 
Kpa1rne HH3Rl{M CO,l\epllrnHueM RHCJIOPOAa, 

XitMU'l8CKaR npoMLilIIJieHHOCTL TaKiKO nawJta 
pH~ HOBLIX HHTepeCHLIX npHMeReHHH neuTpOHHO
ro axn1 Bau,nouuoro auaJ1uaa: /:!Jl1f nccJieJJ,oBaHJJff 
l!BCeKTHUll;J.Horo OCa]\Ka, onpe,l\eJICHU.11 KOJIU'ICCT

lla OCTaTKOB KaTaJJH38TOpOB B IlOJIHMepax ll ]!;JUI 

pa;\nOaKTIUJ31J,HOHHOro OOHapymemrn CT30HJILHhlX 

~13~l'Onoe, HanpHMep N15 H 0 18, :KOTopue 11cnon~
/ TCH B pa6oTax C H30TOfiHLlMH HH]\1Ui8TopaMu. 
• _rOJibllaR npMLIDIJleHHOCTL npoue.,a HHTepecuoc 
PU.'l.llOaHTltBan,uonuoe uay'IeHue Jl3M:eHeHHJI co
CT3.ba 30JJLI B yrJJe. 

R Hau6oJiee Ba)KHl,IM reoXHMH'lecmm npnMeue
l!IIRr.{ 11eiiTpOHHoro 3KTHBaIJ;HOHHOro auamtaa 
c.1e.o.yeT OTHeCTH ROmt'leCTBeHHbJii 3ff3JIH.'l co;i;ep
:lliaIUUI pe)J,H03eMeJJl.HWX :meM:eHTOB B MeTeopnTax 
aHaJIH3 O'l'HOCUTeJILHoro COAepmaumt H30TOilO~ 

i.a.'IhUllR II l\3THpoeau11e cucTeMoii Rb - Sr. 
BJiaro;i;apn orp~1mou: 1IYBCTBHT<'.1MWCTH npu 

ncno.'Ib30BaHJm ne1npoHHLIX IlOTOlWB BhlCOKoii 
)[HTeHCHBIIOCTH R;I,epm,1x peaKTO}lOB UPiiTpOHHhlii 
aKTHB3J\HOHHblQ aHaJIH3 HaX.O;J.HT BCl' fio.r,ee lllH
J)OKo~ npnMeHeHne )J,Jrn: pa6orLI c MaTepm1.1rn.,tn »u
CoKon 'IHCTO'J'J,1, Hanpm,1ep TalUIMH, l,<11. 11il~JI011-
HL1e MeTam11,1 Be C Al Si Ti F1• Gt• Zr 
Nb H Pb. ' ' ' ' t ' ' ' 

HoBoii, o'leHL imTepecHoii ,16JiaCTbJO JJpl1MeJll'-
8HR HeuTpOHHOrO 3RTH8all,HOHHOPO l\llilJJIIJa ffB

ll.lleTCJI KpllMUHOJJOfHJI. B 3Toii o(iJ1acTn Talillit' 

C;\enam,1 60JihllIHe ycnexu. Paapa6onurn !IHIJ10ra

oapuTHa11 aBTOMaT11'1ec1,an cncteMa neiiTpo1moro 
3KTRBal\HOJIHOf0 aHaJrnaa, ROTOpa11 B fiy;i.yu,eM 
6yAeT ncnon1,aonaHa )l.JJR npoue;i,enn.11 anaml3a uo
eepxuocTH JlyHLI. 
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Progresos en el analisis por activaci6n 
neutr6nica · 

por V. P. Guinn 

En la memoria se describen los principales adelantos 
logrados en la tecnica y las aplicaciones del analisis 
por activaci6n desde 1958. 

Se han registrado progresos considerables en los 
tres tipos de fuentes neutr6nicas utilizadas para tra
bajos de analisis por activaci6n: is6topos, aceleradores 
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y reactores nucleares. A las fuentes isot6picas ya 
utilizadas, se han anadido las de americio-berilio, y se 
confia en disponer pronto de fuentes de californio de 
fisi6n espontanea. Todas estas son, desde luego, 
fuentes de bajo ffujo neutronico. Asimismo, se han 
perfeccionado considerabJemente los aceleradores de 
deuterones, de costo reducido, que producen neutrones 
de 14 MeV por la reacci6n 3H (d, n) 4He; tales acelera
dores se utilizan ampliamente en la ciencia y en [a 
industria para analisis por activacion con flujos medios 
de neutrones termicos y rapidos (107-)09 n/cmis). 
Entre estos adelantos recientes cabe citar: el empleo 
de bombas i6nicas de vacio, refrigeraci6n del blanco, 
la utilizaci6n de blancos de elevado contenido de 
tritio y de blancos rotativos de grandes dimensiones, 
la regeneracion del blanco por bombardeo con 3H y 
Ia deflecci6n magnetica de los iones o;. Entre las 
novedades mas notables referentes a los reactores de 
investigaci6n utilizados para el analisis por activaci6n 
neutr6nica, figura el empleo generalizado de reactores 
de gran capacidad, de portamuestras rotativos en 
flujo uriiforme y de flujos pulsados -en reactores. 

En los adelantos registrados en las tecnicas de 
activaci6n neutr6nica cabe citar 1) el empleo siste
matico de elevados flujos de neutrones rapidos del 
espectro de fisi6n, presentes en los reactores; 2) el 
empleo de JJujos pulsados de elevada intensidad 
.(1016-1017 n/cm2 s) para acrecentar la sensibilidad de 
detecci6n de actividades inducidas de periodo muy 
corto; 3) la utilizaci6n de neutrones retardados para 
la detecci6n por activaci6n de especies fisibles; 4) la 
elaboraci6n de tecnicas ultramipidas de separaci6n 
quimica despues de la irradiaci6n, que ahora se aplican 
con exito a las sustancias de· radiactividad inducida 
cuyo periodo es solo de contados minutos. 

Paralelamente a estos progresos en cuanto a tecnicas 
y posibilidades, y a fa aceptacion cada vez mas amplia 
del metodo en raz6n de su utilidad, se ha registrado 
una considerable expansion de las aplicaciones del 
analisis por activaci6n neutr6nica, que se ban exten• 
dido a muchos campos de la ciencia, la industria y la 
medicina. Dicho metodo se practica en la actualidad 
ampliamente, con ayuda de pequeiios aceleradores de 
deuterones, sobre .todo en las industrias quimicas y del 
petr6leo, para ejecutar con caracter regular analisis 
dementales de sensibilidad media. El metodo ha 
encontrado una aplicacion especialmente intensiva 
para determinaciones rapidas del oxigeno por la 
reacci6n 160 (n, p) 16N, para concentraciones de hasta 
S ppm de oxigeno, aproximadamente. Algunos de los 
progresos efectuados recientemente en esta tecnica 
son: I) el empleo de un sistema neumatico doble de 
transporte (para la muestra y el patron); 2) varios 
sistemas excelentes de medici6n de flujo; 3) la rotaci6n 
de la muestra durante la irradiaci6n; 4) correcdones 
para tener en cuenta la dispersion neutronica y de 
rayos gamma en la muestra; S) perfeccionamiento de 
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portamuestras de muy reducido contenido de oxigeno. 
La industria quimica tambien ha explorado intere
santes aplicaciones para la detenninacion de residuos 
de pesticidas. de residuos de catalizadores en polimeros 
y la deteccion, por analisis de activaci6n, de isotopos 
estables. tales como el 15N y el 180, utilizados para 
investigaciones con ayuda de indicadores. La industria 
del carbon ha reaHzado interesantes estudios mediante 
analisis por activacion, sobre la determination con
tinua de los componentes de las cenizas del carbon. 

En geoquimica, se realizan estudios sobre la deter
minacion de la abundancia de tierras raras en los 
meteoritos. las razones isot6picas del cakio y la 

determinaci6n de edades con ayuda de Rb-Sr. Dada 
su extraordinaria sensibilidad, el metodo, practicado 
con los elevados flujos neutronicos que proporcionan 
los reactores, encuentra cada vez mas aplicaci6n para 
la obtenci6n de materiales ultrapuros, tales como los 
metales alcalinos. Be, C, Al, Si, Ti, Fe, Ge, Zr, Nb Y 
Pb. Un nuevo campo de aplicacion sumamente inte
resante es la criminologia, en la que ya se han logrado 
importantes progresos. En la esfera de las explora
ciones espaciales, se ha elaborado un dispositivo minia
turizado de analisis por activacion neutronica, comple
tamente automatico, para el estudio de la superficie 
lunar. 
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Separation and purification of certain radioisotopes 
for medical use 

By A. A. Abdel-Rassoul, H. Fouad, A. Abdel•Aziz, S. S. Wahba and S. Mohammed* 

This paper describes processes invesHgated recently 
for the separation and purification of certain radio
isotopes for medical applications. All the radionuclides 
separated proved to be of a radiochemical purity 
exceeding 99%. 

SULPHUR-35 

Several methods are known for the production of 
carrier-free 35S {I]. Potassium chloride is particularly 
suitable for the routine production of this radio
isotope, wherein the neutron-induced 35S (TY, = 87 d; 
P = 0.17 MeV) is subsequently separated from the 
gramme quantities of the irradiated target. Extraneous 
activities expected on pile-irradiation of chlorine in 
the target are due mainly to 36Cl (T½ = 3 x 105 yr; 
fl= 0.71 MeV) and 32P (T1~ = 14.5 d; {J = 1.7 MeV) 
radioisotopes. 

The method described has been developed, there
fore, for the production of carrier-free 35S completely 
free from any contaminating 32P activity. The behaviour 
of both carrier-free 35S (as sulphate) and 32P (as phos
phate) on the strong basic anion exchanger, Dowex-1, 
was investigated and both activities quantitatively 
separated [2J. Distribution coefficient measurements 
for both 358042-- and 32P03a- ions .. in potassium 
chloride solutions of different concentrations on the 
basic resin used were carried out resulting in a linear 
relationship between the logarithms of the values ob
tained and the eluant concentration in each case. 
Under similar experimental conditions, the distri
bution coefficient values for both ions are markedly 
different (cf. Fig. I) thus ensuring a successful sepa
ration of both ions, particularly from dilute target 
solutions. 

PROCESSING OR IRRADIATED TARGET 

A suitable target weight (35 g) of A.R. grade.KC} 
is irradiated in the 2 MW research reactor at Inchass 
for a convenient period, and subsequently cooled to 
allow for the complete decay of the 12.5 h 42K activity 
-~ 

• Nuclear Chemistry Department, Atomic Energy Establish
ment, Inchass. 
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before being treated. The irradiated salt is dissolved in 
double-distilled water containing a few drops of 
HO (30%) to oxidise any 82P activity to the phosphate 
ro2,;. Excess H20 2 is removed by boiling and the 
target solution adjusted to a molarity of 0.01 to 0.02M 
in a polyethylene stock solution bottle. 

The dilute solution is passed through a column of 
about 15 g freshly activated resin, Dowex-1, 8X, 100-
200 mesh, in the chloride form. The collected effluents 
containing 32P activity are carefully. con_cent~at~d 
before being allowed to pass to the rad10active hqmd 
waste. Under these conditions, carrier-free35S is finnly 
combined with the resin and subsequently freed from 
last traces of 32P by further washing with 5 to 6 litres 
of 0.0lM KCl solution. Traces of potassium can be 
removed by washing the charged column repeatedly 
with water till a negative sodium tetraphenylborate 
test for potassium is achieved (3]. 

To elute the 35S' quantitatively, 100 to 200 ml of 
0.lM HCl solution are passed through the column 

Figure 1. 

Sulphate 

\ 
Phasp/r<>I• • 

\ 
1~2 1~1 1~ 

Conc.,nfrotion of potassium chloride ( mol/1) 

Distribution coefficient change with concentration 
of KCI eluant 
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and the collected eluants evaporated to dryness. The 
product is dissolved in dilute HCl and filtered. 

The radiochemical purity of the end product 
exceeded 99.9 %, wherein no hard beta-emitters were 
detected, and all gamma-emitting isotopes proved to 
be absent. The absence of trace quantities of potas
sium, iron, aluminium, boron and other toxic elements 
was spectroscopically checked. 

The method consumes practically no resin and 
requires only small quantities of chemicals. 

CALCIUM-45 AND SCANDIUM-46 

Calcium-45 of high specific activity is generally 
produced from neutron irradiated calcium targets en
riched in the "Ca isotope, due to the low abundance of 
"Ca in targets of natural composition (0 = 2.06 %) [ 4]. 
On the other hand, carrier-free 45Ca and "Sc radio
isotopes are obtainable from deuteron-bombarded 
titanium targets [5]. 

In the present work, both radioisotopes are separated 
successively in the carrier-free state from pile-irra
diated potassium fluorotitanate K2TiF6 with an ion
exchange chromatographic technique. The nucJear 
reactions concerned are the following: 

"Ti (n,p) ' 4Sc 
(8=7·9 %) 

(T¼ = 84·d; p = 0.36, y = 0.885, 1.12 MeV) 

'8Ti (O ~~;~4 %) ~ca (Ti. = 165 d; p = 0.25 MeV) 

Other induced activities present after a short cooling 
period of the irradiated target are mainly due to 
47Sc(T¼= 3.4d), HSc(T½ = l.8d),and4.7Ca(Ty. = 4.5d) 
radioisotopes. 

The behaviour of both scandium and calcium ions 
· on the strong acidic ion exchanger, Dowex-50, in 

hydrochloric acid solutions of different molarities has 
been investigated and the optimum conditions for 
their separation ascertained. 

Distribution coefficient measurement 

For the determination of the distribution coefficient 
K. for both ions on resin in different HCI concentra
tions, the column method was used and the following 
equation applied [6]: 

Kd = (V- i) IM 
where Vin ml represents the volume of eluant passing 
through the column until the maximum activity of the 
species investigated is eluted, and i is the volume of 
resin of weight M g used per experiment. 

The results obtained under the same experimental 
conditions show that both ions behave differently 
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Figure 2. Distribution coefficient change with concentration 
of HCI eluant 

( cf Fig. 2; Table 1) and their separation can be success
fully achieved with dilute HCl eluant concentrations. 
This allows calcium ions to be readily eluted and scan
dium left as a strongly combined ion on the resin. 

Processing of the irradiated target 

The pile-irradiated K2TiF8 target (10 g_portion) 
after being left to cool a sufficient period to allow for 
the decay of any short-lived activities, is disso~ved in 
one litre 0.2M HCI. The solution is filtered (G3 sintered 
glass disc) and passed through a column of 20 g 

Table 1. Distribution coefficient change with HCI 
eluant concentration 

Molarity Eluant Volume (Y} 
Distritmtion coefficient (Ka) 

ofHCI "lciurn scandium Calcium Scandium 

5.00 10.0 29.0 0.52 3.84 

4.00 11.0 33.0 0.82 3.92 

3.00 14.5 S2.0 1.70 9.59 

2.00 21.0 182.0 3.32 42.20 · 

1.00 140.0 1 352.0 32.SS JJ4.50 

0.50 S24.0 128.00 

Notes: 
• "ed j mperature with I. The experiments were cam out at room e 

00 
h - the 

2 g portions of dried resin, Doweit-50, 8X, 100 ~/ '!1;~a~n first 
acid form packed in a column I cm diameter. e ~e_si d b
charged ~ith suitable aliquot~ of••~ and ••Sc act!v•t1~s ~ti !~ed 
sequently subjected to the elutmg action of HCI soJuuog t~d ~ ml 
passing through the column at a How-rate between • 
per minute. 

2. The values of Kd are expresse~ in ml/g, and the eluant volume 
has the meaning in the above equation. 
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freshly activated resin, Dowex.-50 8X 100 to 200 
mes~, in the H+ form, previously fr~ed f;om any resin 
particles of smaller size. The charged column is sub
sequently washed with one litre 0.2 - 0.3M Hct to 
effect the removal of last titaniurri traces as first runs 
(~t!l peroletde test negative [7], and to elute quan
t1tat1vely any target potassium [3]). Both collected 
effl~ents and HCl washings are then passed to the 
radmactive liquid waste. 

The fractional separation of cakium-45 free from 
any 

46
Sc takes place by allowing 1.2 to 1.5 litres of 

IM HCl to pass through the column at a flow rate 
of0.8 to 1.0 ml/min. The collected effluents are con
centrated by evaporation, dissolved in dilute HCl and 
filtered before being ready for purity control tests. 

For the quantitative separation of carrier-free 46Sc 
on the other hand, 500 ml 4M HCI eJuant are passed 
through the column and the effluents collected are 
concentrated, dissolved in dilute HCl and filtered. 

Bo:h prod_ucts proved to be practically free from 
chenucaI residues, particularly titanium. The radio
chemical purity of the "5Ca finished product exceeds 
99.9 %- Hard beta-emitters proved to be absent as 
testified b~ an aluminium absorption curve, and 
gamma~m1tters, particularly due to 46Sc, were not 
dete~ted from gamma ray spectrum determinations. 
~~mm-47 (T½ = 4.5 d), however, is only detectab1e 
10 Ca products processed from newly irradiated 
targets. 

The radiochemical purity of the 46Sc product was 
~!so tested (>99 %) wherein a pure gamma scintilla
tton spectrum is obtained from a cooled target after 
the complete decay of both the 3.4 d 47Sc and 1.8 d 48Sc. 

SCANDIUM-48 

A mixture of carrier-free scandium isotopes has 
been separated from pile-irradiated titanium targets 
f8J. Mixed scandium activities due to 46Sc (T,, = 84 d) 
175 " ' . c (T½ = 3.4 d), and 49Sc (T½ = 57.5 min.), together 
with 

48
Sc (T½ = 1.8 d) radioisotopes are, therefore, 

expected. A selective 'method has been presented for 
the preparation of carrier-free 48Sc from neutron 
i~radiated vanadium targets by both solvent extrac
tion and ion exchange techniques {9J. The nudear 
reaction concerned is represented: 

ny (n,a) 
'{iJ = 99_76%) ► 48Sc (T¼ = 1.8 d; /J =· 0.65, 
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In neutron-irradiated vanadium, the formation of 
both 46Sc and 49Sc radioisotopes is not possible and 
the only extraneous scandium activity expected is due 
to the •7Sc formed by (n,a) reaction on 60V. The low 
percentage abundance of the isotope (() = 0.24 %), 
however, gives rise to an induced 47Sc activity not 
appreciably affecting the radiochemical purity of the 
48Sc product. 

Processing of the irradiated target 

The irradiated target (15 g portions ½05) after a 
l day cooling, is dissolved in concentrated HC1 (about 
l50 ml) and carefully evaporated to a moist mass. 
60 ml of 0.5M HG:-and 53 g NH4CNS are added and 
the pH of the mixture adjusted to between I and 2. 
The mixture is· shaken twice with 100 ml portions of 
diethyl ether for 5 minutes each, the organic layer 
separated and evaporated gradually in presence of 
IO ml concentrated hydrochloric acid. 20 ml concen
trated nitric acid are carefully added and the mixture 
subsequently boiled to dryness. The resi.due left con
tains about 60 % of the 48Sc activity mixed with about 
S % of target vanadium. It is dissolved in 4 ml con
centrated hydrochloric acid together with I g oxalic 
acid as a complexing agent and the solution adjusted 
to O.lM with respect to both acids. It is allowed to 
pass through a freshly activated column (1 x 25 cm) 
of the strong basic anion exchanger, Dowex-J, 8X, 
100 to 200 mesh in 4ts chloride form, whereby carrier
free •8Sc is gradually eluted, leaving vanadium as 
firmly bound deep blue complex. 

To the collected effluents containing ' 8Sc and hydro
chloric acid-oxalic acid washings (2 column volumes 
of 0.1M mixed acids) after being concentrated by 
distillation, Hp2 (30%) is added to effect the decom
position of oxalic acid on heating. Complete decom-: 
position takes place by repeating this process, the 
residue being dissolved in 0.JM HCl and filtered. 

The finished product gave negative tests for both 
vanadium l11J and oxalate ions. Its radiochemical 
purity was checked by decay curve determination 
(T½ obtained is 1.8 d over a period of more than 
6 half-lives), aluminium-absorption curve measure
ments and by gamma ray energy investigation. Within 
the accuracy of the measurements carried out, the 
radiochemical purity of the product exceeded 99 %-

SllVER-111 

Y = 1.31, 1.04, 0.99 MeV). 

Due to the possible formation of this reaction flOJ, 
~nd to the high percentage abundance of the 61V 
isotope (0 = 99.76 %) in targets of natural isotopic 
composition, vanadium (as V20 5 and NH,,VO.J is, 
therefore, chosen as a suitable target. 

The methods so far reported for producing carrier
free lllAg from neutron irradiated palladium [12] are 
either unsatisfactory of subject to a number of sub
stantial defects. In the method presented, carrier
free 111Ag is separated by co-crystallisation with NaCl 
and further purified by electrodeposition {l3J. The 
lllAg activity induced in neutron-irradiated palladium 
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is formed as the beta decay product of the inter• 
mediate 22 min, mpd radioisotope formed: 

uopd (n,y) o mpd - /J . 
(0 = l 1.8 %) (T1/z = 22.0 mm) 

lllAg(Ty
2
= 7.5d; (J = 1.06; y =0.34 MeV) 

Preliminary experiments showed that silver is readily 
separable on NaCl crystals, white palladium remains 
in solution. This was further verified by evaluating the 
co-crystallisation coefficient of this process (). = 7.0 
± 0.4 at 50 °C), which confirms the possible concen
tration of lllAg activity on NaCl crystals separated 
(cf. Table 2). 

The product of processed lllAg in a saline medium 
can be readily used for medical preparations, or else 
it can be easily separated by electrodeposition on a 
platinum electrode and subsequently dissolved in 
nitric acid. 

The method requires no special chemicals and 
renders possible the regeneration and repeated use of 
the palladium. 

Processing of the Irradiated target 

Palladium used for pile irradiations is prepared by 
reducing a 0.lM hydrochloric acid solution of palla
dium chloride (A.R. grade) with 10% formic acid 
solution. The presence of trace metallic impurities in 
the target is first checked. If gold, silver or certain 
other metallic impurities are present, the target is 
subjected to the following purification procedure: 

A solution of PdC12 in BM HN03, after being dis
solved in the minimum of concentrated hydrochloric 
acid, is shaken successively with suitable portions of 
ether to effect the quantitative removal of gold in the 
organic layer {14]. Palladium is subsequently com
plexed with dimethylglyoxime by being shaken repeat
edly with a chloroform solution of the complexing 

Table 2. Separation of carrier-free 111 Ag 
by co-crystallisation at 50 °C 

NaCl sepatalcd Silver activity (cpm) Co-crystallisation Silver separated 

(per .cent) Oriainal Remaining coefficient {y) (per cent) 

9.SJ 11.5 670 59 780 6.62 48.32 

12.62 114 450 31 190 7.37 72.75 

24.27 115 590 12 340 7.36 89.33 

S2.90 122 780 470 7.26 99.62 

53.70 131200 760 6.70 99.40 

55.30 117000 380 7.12 99.68 

Mean 7.0±0.4 

Notes: 
L The method used for evaluating ;. ~epends o_n _the isot~ermal 

evaporation of a sa1urated NaCl sol~t1on co~tammg carrt~r-fri:e 
"'Ag at 50 •c. The Poerner-Hoskms loganthm1c equation 1s 

applied [2 IJ. . · 
2. The rate of isothermal evaporation was about O. l rnl/mm. 

agent in lM H 2SO4 [15], after the removal of nitric 
acid. The collected chloroform extracts are distilled 
and the residue decomposed by a dropwise addition 
of aqua regia followed by gradual heating. The residue 
freed from acid vapours is dissolved in 0.5M HCl and 
reduced to the metallic state. 

The irradiated target (1 g) is left 48 hours to allow 
for the transformation of the 22 min mpd to lllAg 
before being processed. It is dissolved in aqua regia 
(5 ml) and the solution evaporated to dryness, then 
concentrated HCl is added and subsequently eva
porated. The residue is dissolved in 50 ml of a saturated 
NaCl solution (previously saturated at SO 0C) and 
filtered through a G3 sintered glass disc into a doubk 
jacketed vessel kept at 50 °C. By continuous stirring 
for 3 to 4 hours, about 45 % of the NaCl is separated. 
The crystals formed are filtered and repeatedly washed 
with 10 ml portions of saturated NaCl solution (kept 
at 50 °q to remove any palladium activity. 

A 20% solution of the NaCl crystals separated with 
carrier-free lllAg in a O.lM HCI medium is electro
lysed between two I cm2 platinum electrodes placed 
1 cm apart with a potential difference of 1.5 volts and 
a current density of 0.'2 rnA. With continuous stirring 

UlA . for about 4 hours, more than 95 % of the g is 

deposited. Subsequently, traces of NaCl are re~ov~d 
by repeated washing and the carrier-free 111Ag 1s dis
solved in 0.1 M nitric acid. 

The product proved to be free from all extraneous 
activities and its radiochemical purity exceeded 99.9%, 
as testified by the decay curve and a careful gamma ray 
energy investigation (cf. Fig. 3). The complete ab~ence 
of the long-lived 110Agm (Ty,= 253 d) in the finished 
product was also tested. 

Irradiated palladium can be regenerated from the 
collected PdC12 filtrates and NaCl washings by reduc
tion with concentrated formic acid and prolonged 
boiling. Complete reduction is indicated when •~e 
PdCt solution is quantitatively changed to metallic 
gran~les with the sub'sequent decolorization of the 
solution. The collected palladium is separated .by 
decantation, repeatedly washed and dried before bemg 
ready for re-use. 

Carrier-free 111Ag processed from regenerated pal-
ladium proved to be of an equal purity to ~hat 
processed from newly purified irradiated palladmm 
targets. 

GOLD-199 

Carrier-free 199Au is obtained as the beta-decay 
product of the 199Pt radioisotope formed as neutron 
induced activity in· pile-irradiated platinum targets. 

mp (n,y) 199Pt - fJ 
t (8 = 7.21 %) (T½ = 31 min) 

t99Au(T½ = 3:14d; fJ = 0.3, 0.2S, 0.46; 

r = 0.16, 0.21, 0.05 MeV) 
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figure 3. Compound gamma-ray spectrum of pile-irradiated 
palladium targets 

It is generaUy separated from the target platinum by a 
solvent extraction technique [16J. However, from pre
liminary experiments carrjed out, carrier-free 191>Au 
proved to be readily separable by co-crystallisation 
with NaCl crystals. The different factors governing 
this phenomenon, as well as those affecting the chem
ical and radiochemical purity of the product, are 
still under investigation. These include the co-crystal
lisation coefficient determination, both in the presence 
and absence of platinum, the optimum conditions for 
the separation of carrier-free 199 Au from macro
quantities of target platinum, and the subsequent 
regeneration and repeated use of processed 
irradiated platinum. 

GOLO-ON-CARBON PREPARATIONS 

Suspensions of carbon with 198Au are generally 
formed either by the adsorption of colloidal gold on 
carbon particles [171, or by the adsorption of gold in 
its (AuCl4.)- form and subsequent reduction [}SJ. In 
the procedure described, a solution of irradiated gold 

A. A. ABDEL-RASSOUL et al. 

is allowed to be adsorbed on carbon and then reduced 
with ascorbic acid. Accordingly, hazardous effects due 
to extraneous activities are not expected since the 
carbon particles are not subjected to pile neutrons. 

By following the isothermal adsorption equilibrium 
of a neutralised solution of NaAuCI4 containing 198Au 
on carbon, the results obtained (cf Table 3) show that 
in the absence of reducing agents, quantitative adsorp
tion takes place only with optimum amounts not 
exceeding 20 mg gold per 100 mg carbon. By increasing 
the gold content, however, partial adsorption takes 
place and aggregation readily occurs. Nevertheless, 
the presence of a suitable reducing agent favours the 
adsorption of gold. 

Recommended procedure 

The active carbon used (Merck grade) was com
pletely freed from trace iron and phosphate impurities 
by washing repeatedly with 3M HCI. To overcome 
difficulties due to aggregation when dealing with 
increased gold concentrations, the optimum quan
tities for the preparation of stable gold-on-carbon 
suspensions are those equivalent to 200 mg gold per 
gramme of carbon. 

To a neutralised Na198AuC14 solution (20 ml con
taining not more than 200 mg Au) and 10 ml water, 
1 g purified freshly activated carbon is added and 
the mixture stirred for 30 to 45 minutes. A I% ascorbic 
acid solution is then introduced (10 ml) and reduction 
completed by further stirring for 30 minutes. The 
gold-on-carbon particles are separated by filtration, 
washed repeatedly with double.distilled water and 
suspended in a dispersion medium suitable for medical 
use. This is prepared by mixing carboxymethyl 
cellulose {750 mg), 300 mg Nonex (polyethylene
glycol-6{)() oleate) and 150 mg NaCl in 150 ml hot 
water (70-75 °C) and vigorously stirred to form a com
pletely clear viscous medium. It is added to the carbon 
particles with 198Au and stirred for 15-20 minutes. 

Table 3. Isothermal adsorption of gold on carbon 
at 25 •C 

Gold content (mg) Percent 
Observation 

Original Adsorbed adsorption 

I. Without reducing agent 
No aggregation 20 19.9 99.5 

40 28.8 72.0 Aggregation 

so 24.0 58.0 Aggregation 

80 22.4 28.0 Aggregation 

11. With reducing agent 
Aggregation 40 38.0 9S.O 

Notes: 
1. In all cases a suspension of activated caFbon (IOO_mg portions) 

was equilibrated with 20 ml aqueous NaAuCI. solution at pH 7. -
2. Adsorbed gold is based on activity measurements of 10•A~ _in 

suiiable aliquots from the aqueous phase before and after equ1hb
riurn, 
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CARBON PREPARATIONS WITH MIXED 19eAU 
AND 111AG RADIOISOTOPES 

Due to the comparatively short half-life of usAu 
(T ½ = 2. 7 d). the problem of prolonged treatment of 
areas infected with tumors without being repeatedly 
injected can be solved by using colloidal 198Au solu
tions with various levels of carrier-free 111Ag [19]. 
The longer half-life of 111Ag (Ty,= 1.5 d) confers on 
such preparations a comparatively Jong effective 
action. The method described has, therefore, been 
developed for the preparation of carbon particles 
impregnated with mixed 188 Au and m Ag radioisotopes, 
in which case carrier-free 111Ag is deposited on carbon 
particles previously coated with 198Au. This can be 
achieved by mixing 198Au, from an irradiated target 
solution, with carbon followed by the addition of 
carrier-free lllAg and subsequently reducing the mix
ture with ascorbic acid (20]. 

A layer of carrier-free 111Ag is quantitatively dis
persed on the preformed gold-on-carbon particles and 
is outstandingly stable. 

Recommended procedure 

A mixture of purified carbon (I g), 20 ml of an 
aqueous solution of Na198AuCI1 (equivalent to 200 mg 
gold in a solution adjusted to pH 7), and IO ml water 
is stirred continuously for 30-45 minutes. 100 ml of 
the saline solution containing the required level of 
carrier-free 111Ag are added with further stirring for 
15 minutes, after which period only about 50% of the 
original lllAg was found to have been adsorbed. 10 ml 
of a 1 % ascorbic acid solution are introduced and 
reduction is completed by further stirring for 30 min
utes, when more than 99 % of the original 111Ag is 
deposited in the solid phase. 

The particles impregnated with both 1118Au and 
11lAg radioisotopes are filtered through a G3 sin
tered glass disc, washed and finally suspended in the 
dispersion medium previously used for gold~on-carbon 
preparations. 

Both products, namely gold-on-carbon as well as 
carbon preparations with mixed 198Au and 111Ag, 
have proved to be comparatively stable, resisting 
desorption of either or both activities to any measur
able extent in the dispersion medium used. Further
more, sedimentation of carbon particles in both cases 
does not occur before the elapse of 30 minutes. 

The same procedure can also be applied for the 
production of carbon particles coated with carrier
free WAg; in which case carbon coated with inactive 
gold is used and the method followed in the order 
given. Other trials for the preparation of stable carbon 
suspensions with carrier-free 111Ag in the absence of 
gold, with and without a reducing agent, did not lead 
to satisfactory results. 
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Separation et purification 
de quelques radioelements a usage medical 

par A. A. Abdel-Rassoul et al. 

Le memoire est consacre a divers procedes noU• 
vea~ en vue de la separation et de la purification de 
ce~ams radioisotopes a des fins medicales. Ces 
methodes sont recommand6es pour produire 35S 15Ca 
"5c f8S Ill ' ' . , c, Ag et 199Au sans entraineur, des prepara• 
tions de m~lange 198Au et 111Ag sur carbone, ainsi que 
les suspensions de carbone avec de I 'or inactif impre. 
gne_ de lUAg. Tous les radioisotopes separes attei
gnaient une pureh~ chimique depassant 92 %-

A/4r>7 OAP 

Bb1,qe11eHHe H OlfHCTKa HeKOTOpblX 
pa.qHOaHTHBHbJX H30Tonos .qnH HCnOnb-
30BaHH~ B M8AH4HHe 

A. A. A6AeJ1b·Paccy11 et al. 

B ;J.OKJJa;te paCCMaTpHBalOTCfJ HCl{OTop1,rn HOJJ,aB-

HO llCCJIC;:\0BaH111.>1e UpOl\e;typ1,1 Bhl;J,eJICHHJI ll 

ll'HICT!ilf H<'IWTO(U,IX pamroaKTJIBHhlX Jl30TOllOB ;:t,JIJI 

llCIIO.'Hl30B«lllllll B MC~Hl(HHe. OoncaRH we MCTO;J.hl 

petWMt'If.'{YIOTC.R ;J,.1111 uo;iy'lemUI S35. Ca45. Sc46, 
Se 411, A g1 II w A 1J 199 6ea HOCIITCJlfl, Cr51 IIOBbllUeH

noii y~cJJ1,Hoii 1rnrnsnoctn, cMecn Au 198 H Ag111 B 
Dll;J,l' upenapaTOB C yrnepO;J.Hblll,f IIOKpLITHCM HJlll 

me B BJQC yroJibllOii cycneH3llH C HCat.TUBHblM 

aoJioToM, npom1taum,rn Ag111• Bee BLI;tem!HHhle 

JJa,i],HO/lKTHBHl,Ie U30TOllhl IIMt'IOT pil;lHOXIIMJl'leC

"YIO 'IIICTOTY Bhlllle 99%. 

A/457 Republica Arabe Unida 

Separaci6n y purificaci6n de ciertos 
radiois6topos para uso medico 

por A. A. Abdel-Rassoul et al. 

Esta memoria trata de algunos procedimientos, 
estudiados recientemente, para la separacion y puri
ficacion de ciertos radioisotopos para aplicaciones 
medicas. Los metodos descritos se refieren a la 
produccion de azufre-35, calcio-45, escandio-46, 
escandio-48, plata•lll y oro-199, libres de portador; 
preparaciones de mezclas de oro-198 y plata-111 
recubiertas de carbon, asi como suspensiones de 
carbon con oro inactivo impregnadas con plata-l 11. 
Todos Ios radionuclidos separados tienen una pureza 
radioquimica que excede del 99 %. 
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New developments in the accelerated isotopic. labelling 
of organic compounds 

By N. A. Ghanem • 

This work is a continuation of a project first started 
in the Division of Nuclear Chemistry at the Royal 
Institute of Technology, Stockholm, Sweden. It is 
based upon the use of microwave energy to produce 
~seous discharges in radioactive gases [1-3]. Tritium 
was the gas under study, but runs were also performed 
with 1'C02 [12]. The work received favourable reviews 
[4} and offered such advantages that it was interesting 
to follow up and elaborate. Ions, free radicals, excited 
states and other energetic entities produced in the 
discharge can exchange with corresponding atoms in 
the organic target and result in labelling. Interest is 
concentrated on the parent molecule and not on the 
products eventually produced by the decomposition 
that is usually concurrent with labelling by accelerated 
techniques. These decomposition products are highly 
labelled, but their nature is not always predictable and 
they are usually present in such minute quantities that 
their separation from the parent compound and isola
tion for further use is very laborious. 

There are slow methods for labelling of organic 
compounds. One of them is the Wilzbach method [5] 
which has found widespread application and which is 
based on mere exposure to tritium. This method is 
claimed to involve very little decomposition [6]. A 
disadvantage of it is that it requires days or even 
weeks and curie quantities of tritium for ionization. 
Another slow method, but which requires only milli
curie amounts of tritium, is that proposed by us [2, 31 
which depends on excitation by ultraviolet radiation 
with or without a photosensitizer. The method is now 
being elaborated [8]. 

On the other hand, there are much quicker methods 
which depend on the acceleration of ions. A group of 
these methods involve the use of nuclear reactions such 
as HN(n,p)14C and 6Li(n,a)3H yielding radioactive 
charged labelling before and after they arc ther
malized [7}. The organic compound is simultaneously 
exposed to the y flux of the reactor and vast decom
position occurs. The methods remain of academic 
interest (4). Another group of these methods involve 

• The National Research Centre, El-Dolli, Cairo. 

the use of electrical gaseous discharges in which the 
ions gain energy from the field, e.g., the acceleration 
of positive ions towards a cathode coated with the 
target material in a d.c. discharge, {9, 10] or the use 
of a Tesla coil leak tester [11] connected to one elec
trode of a discharge cell with the target material on 
the other. These methods also entailed considerable 
decomposition of the organic material by sparking at 
the coated electrode. 

In this work we have attempted to optimize the 
conditions in such a way that while the reaction is 
catalyzed, the material itself is protected from acceler
ated ions, sparking and high energy radiation; that , 
is to say, conditions which are intermediate between 
the above two sets of methods. The microwave elec
trodeless discharge allows no sparking on the material 
which is placed at a measurable distance from the 
discharge zone. 

4S2 

MATERIALS 

Target substances are given in Table 1. . . 
Tritium gas was obtained from the Rad1ochem1cal 

Centre, Amersham, U.K., in small glass ampoules 
with fragile hook seals of capacity approxim~t~Iy 
0.5 cm3 and packed as shown in Fig. 1. The actJVlty 
ordered was 100 me per ampoule of tritium. Meas~
ing the exact volume of the ampoule and the reaction 
tube with its accesories and using the value of 2.580 c 
as the activity of I cm; of tritium at NTP, [13] it was 
possible to determine the activity in the amount of 
tritium supplied. · 

APPARATUS 

Vacuum line: Reaction tubes had to be evacuated, 
heated in vacuo and sealed off before tritium was let in. 
The material to be labelled had also to be freed of 
adsorbed gas. For these reasons a vacuum line was 
used giving a steady vacuum of 10--4 to 5.1Q4 mm Hg. 

Vacuum gauge: This is a self-balancing Piran~-type 
instrument made by LKB-Produkter AB with a 
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tritium Gmpoule 

tope ___ _ 

protecting tul,e 

20 mm, 

35 mm 

Figure f. The tritium ampoule 

measuring range of 10-3 to 70 mm Hg. The instrument 
is supplied with calibration charts for use when gases 
other than air are being measured. The heat-conduc
tivity gauge tube was very appropriate for our purpose 
as it has a very small volume (less than 2 ml) and can 
be fitted conveniently to the reaction tube. 

Reaction tubes: These· were designed to fulfil the 
requirements of the microwave frequency and cavity 
dimensions. The tubes should be made of pyrex glass 
of thickness 1.3 mm and external diameter of 14.5 mm. 
In order to explore the bent-section technique, as is 
the case here, a small ampoule containing the finely 
divided material, mixed with glass wool to extend 
the surface and covered with a thin layer of this mate-
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rial, js fitted to the main discharge tube. The vacuum 
gauge tube is also fitted to the discharge tube at the 
opposite end. The reaction tube is shown in Fig. 2. 
A, B, C, D, E and F on this figure indicate positions 
of material and plasma in the runs to explore the effect 
of distance of material from the plasma zone. 

Recorder: A "Speedomax" pen recorder oflO mV 
total range was coupled to the special connections at 
the back of the vacuum gauge. The change of pressure 
with microwave energy could thereby be simultane
ously recorded. 

Microwave source: A Siemens "Radartherm" unit 
giving up to .200 W and operating nominally at 
2 425 Mc/s was used. The newer model of the same 
firm's .. No. 304 Radiotherm., microwave therapy 
apparatus is now available at the UAR Atomic 
Energy Establishment and was put into operation. 
Its main useful new feature for our purpose is its 
continuous power output control between 20 and 
200 W. The antenna was replaced by a resonance 
cavity in order to use the microwave more efficiently 
and to increase the field strength in the gas. The pro
duction of a steady reproducible discharge in the 
reaction tube was not an easy job, as it is governed by 
several factors, some of which are unpredictable. The 

Table 1. Material for tritium labelling 

Substant:c M.W. M.P. Source formula •c 

/-Cocaine hydrochloride 

CHOOC\ 
CH-CH-Ctt. 

Qcooc( f-o. I 
C::tt.-CH-CM,, 

• HO 339.8 197 Astra A.B. 

Ctt. 

Astracaine hydrochloride dlWNX>J:_ ... ..,,.--ol ..,,.. • "" 

256.8 J68 .. 

Procaine hydrochloride ~o~-a.-C . ""' 272.8 156 
.. 

/ ... 
O<.-iOU,-M4-~-ctt.-• • "" 302.9 42-43 .. 

Tetracaine hydrochloride 
. \,. 

a,, • 

Xylocaine hydrochloride, 
I I""' o ... -co-a,,-• •HCI •H.O 

14-1S .. 
hydrated \. ~ 288.8 

c,,. 

0-co-i"'-\,. 246.4 235.5 .. 
Carbocaine (base) 

\.. ';_.( 
Prof. a,, 

0. Samuelson, Carboxymethyl cellulose -~t-· Gothenburg 

00. -
H o,,<:O()t<o 
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main factors_ which had to be checked and standardized 
w_ere the microwave resonance frequency, the cavity 
d1am~ter and surface, and the type of glass of the 
reaction tubes and its wall thickness Dr B E d f h . • . . nan er 
o t e Microwave Division of the Royal Institute of 
Techn_ology of Stockholm took a leading part in 
assessing su_ch factors and making the use of micro
wave labelling feasible. The steps that lead to the 
su~ss~ul utilization of the technique are discussed 
b~1efly in_ the following section; the complete picture 
will be discussed later. 

THE CAVITY 

Description: The cavity was made of massive brass 
bored cylindrically until the right diameter was 
reached. This diameter was calculated from microwave 
equations involving the wave frequency [l]. A hole in 
the centre of the bottom wall of 16 mm diameter 
and a similar one in the lid provide for the reaction 
tube. The generator cable and a tuning device are 
connected to the cylindrical wall, opposite to one 
ano_ther. A coaxial cable connects the generator to the 
cav1t~ ~dy by the use of _a coupling ring. The cable 
ends ms1d~ the cavity with a wire loop, acting as the 
antenna, stze S x 6 mm, fixed with its plane normal 
to the cavi_ty discs. The tuning device is simply a 
rod-type micrometer terminating with a steel ball of 
10 mm diameter. A drawing of the cavity is given 
in Fig. 3. 

Tuning the cavity: The wave frequency of the gener• 
~tor was ascertained and was found to be 2 469 Mc/s 
instead ?f th~ value of 2 425 Mc/s given by the maker. 
The cavity diameter expected to include the resonance 
frequency within the range of the tuning device is 
accordingly 86.8 mm. When the cavity with this dia• 
meter w~s put o~ test, the results plotted in Fig. 4 [I J 
are obtained. It 1s shown that under these conditions 
a discharge can be obtained in the cavity only when a 
pyrex tube of 1.3 mm thickness is used. It is obtained 
near the zero position of the ball, since only then the 
resonance frequency coincides with the generator wave 
frequency. This critical situation was much improved 
when,0.5 mm of the cavity wall was removed bringing 
the diameter to 87.5 mm .. It was then possible to keep 
the resonance frequency at an intermediate point on 
the tuning device and to provide a reasonable range 
for the plasma to set in as shown in Fig. 4 [2]. In this 
graph it is also noticed that in a quartz tube of the 
same wall thickness, a discharge cannot take place. 
This is probably due to differences in specific gravity 
and dielectric constant between the silicate glass and 
quartz. However, it was decided to use pyrex glass 
throughout the experiments, since it is easier to seal 
off in a vacuum and because it was found that it is 
Jess susceptible to microwave heating. 

N.A. GHANEM 

Modifications: At this stage some modifications 
were. made to the cavity wall and discs. A thin window 
of 30 mm length and 0.5 mm breadth was made in 
the cylindrical wall to provide a view of the discharge 
intensity, and the discs were fitted with small brass 
leads allowing for forced air cooling when required. 
The cavity was again tested to ensure that the opening, 
caused no shifting of the resonance frequency. This 
was actually so, and the results are plotted in Fig. 4 [J]. 
After that, to improve the electrical characteristics, 
the cavity was electrolytically plated with silver and 
again tested. The measured frequencies were found to 
have been s1ightly lowered as shown in Fig. 4 [4J, giving 
perfect conditions for producing a discharge in a pyrex 
tube of 1.3 mm wall thickness. 

Working pressure: A pyrex tube with the correct 
diameter and glass thickness was inserted in the cavity 
and connected through a three-way tap to a pumping 
system and the vacuum gauge. In this way, the tube 
could be evacuated to any required pressure, and, in 
reverse, air could be let in gradually to any measurable 
pressure up to atmospheric. A continuous plasma was 
produced at pressures between O.I and 25 mm. When, 
in reverse, the pressure was decreased, a plasma with. 
the same characteristics was produced at a pressure 
of 20 mm and continued until it reached 0.5 mm. The 
process was reproducible with quite fair accuracy. 

The cavity was then ready for work. 

PROCEDURES 

Evacuation and sealing: The reaction tubes were 
thoroughly cleaned with chromic mix.ture, distilled 
water, alcohol and ether, and heated in vacuo. With 
the tritium ampoule inside, the material in the side 
ampoule and the vacuum gauge tube in position, the 
tube is connected to the vacuum line and air pumped 
out; at first gradually and then thoroughly until a 
constant vacuum of at least I0-3 mm is attained. It 
was then sealed off. No measures were taken to reduce 
the loss of atoms by wall recombination (14]. 

Exposure: The tube is inserted to the required posi
tion at the centre of the cavity with the steel ball in 
the zero position. The set-up for microwave discharge 
labelling is shown in Fig. 5. After breaking open the 
tritium ampoule, simply by tilting, the generator is 
switched on at a selected power. The tuning device is 
rotated until the discharge commences. The change in 
pressure is followed by the vacuum gauge alone at 
intervals or continuously together with the pen 
recorder. It was found that the pressure falls in most 
cases but rises in some others. The catalytic reaction 
-ends when the pressure reaches approximately the 
upper or lower limit-specified in the previous section. 

Purification: Purification is governed by the nature 
of the compound under question. As we are interested 
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in the parent molecule and not in the decomposition 
products, the methods are somewhat simplified. They 
include re-crystallization, paper and column fractiona
tion, with and without isotopic dilution. and freeze 
drying. Purity criteria were obtained by passing the 
chromatographic paper under a windowless flow
counter connected to a recorder and observing spots 
corresponding to known R, values of the compound 
in question. 

Counting: The technique of P-liquid scintillation
counting was found quite convenient and reliable. 
Diphenyloxazole was used as the phosphor. Scintilla
tion-counting was always performed at -20 °c in 
darkness using toluene as the solvent. Applying 
3 000 V to the photomultiplier tube with a discrimina
tion level of 6 V, the background was usually around 
20 counts per second and the efficiency of counting was 
very near 15%, The newer universal counter. type 
N664B, offers the improved feature of an increased 
counting efficiency for tritium, to 30 %. with a reduced 
background down to 7.S cps using a wide channel. 

RESULTS 

Cocaine hydrochloride: The initial conditions of all 
experiments are summarized in Table 2. Two runs 
were performed each with a portion of /-cocaine. In 
run 1 the reaction was followed intermittently by the 
use of the vacuum gauge alone, while in run 2 the 
reaction was followed continuously both by the gauge 
and the recording potentiometer. The change of pres
sure with microwave energy for both runs is given in 
Fig. 6, and the recorder trace for run 2 is reproduced 
in Fig. 7. In both runs a gradual elevation of pressure 
is observed, indicating that it is a characteristic of 
the compound undergoing labelling, rather than a 
function of the reaction conditions. As it was intended 
to examine the effect of distance on the reaction rate, 
the runs were conducted at variable relative distances of 
the target material to the discharge zone. In run 1, the 
material was always within the space marked A-B in 

Fig. 2, and the lower edge of the cavity at position E, 
allowing a constant distance of about 4 cm between the 
centre of the material and the beginning of the plasma 
zone. In run 2 the cavity lower edge was fixed at position 
F, while the material was first kept within A-B for a 
period of 15 minutes, the distance being about 5 cm. 
The material was then gradually brought nearer to the 
discharge through positions C and D until finally some 
material was dropped inside the discharge zone. It is 
clear from the curves in Fig. 6 that the change of pres
sure, which is a function of the rate of reaction, depends 
on the distance between the target material and the 
region of the highest concentration of reactive entities 
in the gas. This concentration drops to zero or perhaps 
to a very small value for entities having a low kinetic 
energy at a distance of approximately 4.5 cm in this 
particular geometry. 

The specific activity of /-cocaine after successive 
recrystallization from J : I ethanol: water, extraction 
of the base in toluene and chromatographic separation, 
reached a steady value of 8.2 mc/g for run I and 
19 mc/g for run 2. Starting with almost the same weight 
of material and quantity of tritium, the results indicate 
that the extent of labelling is inversely proportional 
to the decomposition occurring simultaneously in this 
case, and that there is probably a maximum limit to 
the degree of labelling. 

The optical activity of the substance was measured 
using a I % solution in a 1 dm cell and sodium light at 
20 °C. Compared with the initial rotation, the labelled 
material was only slightly higher (35 to 40 °C). It 
was, therefore, concluded that the optical activity of 
tritiated /-cocaine was, to a large extent, retained. 

Procaine and tetracaine hydrochlorides: The hydro
chlorides of procaine and tetracaine are discussed 
together since they exhibit similar behaviours in their 
response to excited isotopic gas and in their tritium 
fixation yield. 

The material mixed with glass wool was distributed 
along the length A-C in the side tube and the cavity 
bottom disc was at position E; the shortest distance of 

Table 2. Initial conditions for tritium labelling 

Vol. of Vol. of Starting Tritium Weight reaction tritium 
Material (mg) tube ampoule 

pressure (dlC) 

(cm•) (cm') 
{mdl T.) 

1-Cocaine-HCI, run 1 . 70.9 23.S 0.47 1.1 86 

1-Cocaine-HCJ, run 2 . 71.0 26.0 0.47 0.96 83 

Procaine-HO . .. 73.3 23.5 0.47 1.0 76 

Tetracaine-HCI 75 23.5 0.47 J.15 86 

Xylocaine-HCI.H10 78.0 26.0 0.48 0.98 80 

Astracaine-HCI 72 23.5 0.45 0.98 73 

Astracaine-HCI 72 26.0 0.48 0.96 79.5 

Carbocaine (base) 73.6 23.S 0.47 1.1 86 

Carbo.xymethyl cellulose. J00.75 23.S 0.47 1.0 67 
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the material from the discharge zone was 2 cm. Tritium 
pressure was found to decrease with the applied 
microwave energy as it is shown in Fig. 8. This decrease 
was quicker in the case of procaine-HCl, indicating 
its higher response to tritium adsorption than tetra
caine-HCl. This does not necessarily mean a higher 
percentage of fixation, as will be seen and discussed 
later. 

The final activities of procaine and tetracaine were 
4.83 and 9.57 mc/g, respectively. 

Xy/ocaine hydrochloride, hydrated: As shown by its 
formula in Table 1, this compound contains one mole
cule of water of crystallization. It is probable that 
this water interfered with the continuity of the dis
charge. The reaction ended prematurely resulting in 
a lower specific activity of 1.95 mc/g. 

Carbocaine base: The drop of pressure with microwave 
energy is given in Fig. 9. The material was kept in the 
side section over A-B with the bottom disc of the 
cavity at E (Fig. 2). about 4 cm apart from each 
other. Until point t on the curve was reached, no 
change of pressure occurred although 130 x I0-3Ws 
of microwave energy were applied. This most probably 
means that the reactive entities of the gas are recom
bining without contacting the material, and that no 
tritium is lost by adsorption on the tube wall. At 
point 1, some material was patted to position C when 
a gradual consumption, indicated by the pressure 
drop, was observed. The rate of tritium consumption 
was increased when the material was patted further 
to position D. This is indicated by the steeper slope 
of the curve between points 2 and 3. At point 3, more 
material was brought to position D by patting and 
rotating the side section, resulting in a stiJI steeper 
slope of the curve between points 3 and 4. At point 4 
the trjtium pressure reached a very low value and its 
consumption was again slow. 

The constant specific activity of purified carbocaine 
was 21.73 mc/g. 

Astracaine hydrochloride (called also by Astra AB, 
L67-HC1): In an attempt to obtain a higher specific 
activity, the material was exposed to microwave dis
charge in two successive runs. In the second run, the 
material, without purification, was again exposed to 
interaction with a fresh amount of tritium. The drop 
in pressure with microwave energy in the second 
exposure is cepresented graphically in Fig. 10, while 
the change of potential with time is reproduced in 
Fig. 11. The first exposure gave similar features. The 
power of the discharge was varied · throughout the 
reaction time, and from the figures it is possible to 
conclude that it had almost no effect on the reaction 
course, since no change in the slope of the curve ~as 
observed by so doing. Only when the tacget matenal 
was deliberately brought within the discharge zone by 
the end of the exposure time was a sharper pressure 
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drop observed, meaning an increased rate of adsorp
tion. 

The final specific activity of the Astracaine was 
64 mc/g. 

Carboxymethyl cellulose: The material underwent 
tritium consumption rapidly and the reaction was 
completed in about 3 minutes. The process was fol
lowed simultaneously by the vacuum gauge and the 
recording potentiometer. 

The specific activity of the material was 15 mc/g 
after several purification cycles, but after rigorous 
purification was found to be reduced to a very low 
value (ISJ. The case of carl;,osymethyl cellulose is con
sidered unsuccessful and the reasons are explained in 
the next section. 

DISCUSSION AND CONCLUSIONS 

The production of labelled compounds by acce
lernted exchange is perfectly feasible without causing 
much radiation damage by the use of the bent section 
technique. It is possible that, with compounds having 
confi.gurational instability or water of crystallization, 
such as cocaine and xylocaine respectively, collisions 
of the molecule with reactive entities cause decom~ 
position of the compound with the evolution of 
gaseous fragments. It appears in most cases that bom
bardment is followed by a finn adsorption of the 
atomized gas. Under conditions similar to ours, but 
in a continuously pumped stream of low pressure 
hydrogen, Shaw (16) produced dissociation to atomic 
hydrogen of up to 90% yield, The walls were treated 
to reduce the loss of atoms by recombination, and an 
electron spin-resonance spectrometer and recombina
tion calorimeter, placed at an unstated distance from 
the resonator, were used to measure the number of 
atoms in the gas flowing from the discharge. Our 
system was static, and when the target material in the 
bent section was about 4.5 cm away from the discharge 
region, no reaction took place. The evidence fo~ _this 
is the unaltered tritium pressure under these conditions 
due to its being unconsumed. As the target is brought 
nearer to the discharge a decrease of pressure was 
noticed in most cases. It is therefore possible to con
clude that the mechanism can be represented as fol-
lows: 

R-H+T-+(H-R-T) (l) 

where (H - R - T) is an unstable intermediate, of 
as yet uncertain nature, of the parent molecule and 
tritium which eventually dissociates: 

(H - R - T) - R - T + H, (2) 
or R .....:. H + T, (3) 

depending upon the kinetic eneTgy with which the 
atoms impinge on the target surface and t~e ~ature 
of the material itself. The ionizing P-rad1at1on of 
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tritium in the intermediate complex (l) may also 
favour the possibility of (2). However the mechanism 
represented by (I) and (2) is plausible when activation 
energies of only 5 to 7 kcal/mol are adequate. All the 
compounds used for labelling, with the exception of 
carboxymethyl cellulose, contain aromatic rings (see 
Table 1) which are within the activation energy require
ments [17]. In carboxymethyJ cellulose, which should 
need a higher activation energy for substitution, the 
absence of any considerable radioactivity after puri
fication indicates that the mechanism followed is that 
governed by (I) and (3), Hence, in the anaesthetic 
products, it can be suggested that most of the radio
activity introduced went to the benzene rings. 

In Table 3, it is shown that the amount of tritium 
actually fixed in the organic material does not exceed 
2% in the best case, Only in the case of Astracaine, 
when the .compound was treated twice, the fixation 
percentage was increased to 2.97. These low values 
of fixation were the price of keeping the material 
away from possible radiation damage. This entailed 
a competition between reaction (3) and reaction (2) 
due to an insufficient activation energy for substitu
tion at the target/gas interface. 

The table also gives the fixation yield per unit of 
energy applied. The values tabulated are very small 
and indicate that the bent section technique does not, 
as expected, utilize the energy well. This state of affairs 
leads also to small equivalent G values for fixation, of 
the order of [0-6• The order of fixation yields and 
equivalent G values are as low as those calculated 
from the data of Lemmon and Tolbert [18] although 
the reasons are different [3]. 

The power of the electrical energy does not seem 
to play an important role, as is shown in the runs 
involving variation in the power input. This is probably 
because of the very low fraction used in producing 
excited molecules and in breaking chemical bonds [I]. 
On the other hand, the distance of the material from 
the discharge seems to be much more decisive. In the 
case of carbocaine, for ex.ample, the fixation yields at 
various stages of the reaction were calculated and the 

Table 3. Activity, percentage of fixed tritium 
and fixation fields 

Actiriry % Fiutlon 
Fi;itation yield 

Compound mc/g mc/Wsx to• 

---~---

I-cocainc-HCI, run 1 8.2 0.68 0.31 
/-cocainc-HCI, run 2 19.0 1.61 0.45 
Procainc-HCl . 4.83 0.47 0.36 
Tetracaine--HCI . 9.57 0.84 0.36 
Xylocaine--HCI 1.95 0.19 
Astracaine-HCJ . 64.0 2.97 1.90 
Carbocaine (base) 21.78 1.86 1.80 
Carboxymethyl cellulose 

Table 4. Effect of distance on fixation yield 
in carbocaine labelling 

Position 011 Distance from me futed Energy Fi:sation 
cun,, (Fig. 9) discbarg(> input, Ws yield x 10-

1-2 2cm 0.830 25 X IOS 1J 
2-4 1 cm 0.830 26 X 10S 3.2 

data are given in Table 4. It can be seen that the fuca
tion yield is almost exactly tripled when the distance 
is reduced from 2 cm to 1 cm within the effective range. 
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ABSTRACT-R~SUM~-AHHOTAl,li-1.R-RESUMEN 

A/458 Ripublique arabe unie 

Nouveaux developpements 
dans le marquage isotopique accelere 
des composes organiques 

par N. A. Ghanem 

Les composes organiques marques se montrent 
d'une utilite croissante dans les applications scientifi
ques, dans les domaines medical, biologique et chi
mique aussi bien que dans l'industrie chimique orga
nique. Apres avoir passe en revue des travaux prec~
dents, le memoire decrit une nouvelle methode per
mettant de preparer en quelques minutes de tels com
poses en laboratoire et montre Jes avantages de la 
methode. 

Un generateur de rnicro-ondes du type laboratoire a 
etc utilist pour- produire de l'energie d'environ 12 cm 
de longueur d'onde, de frequence 2 425 MHz et d'une 
puissance variant de rnaniere continue entre 20 et 
250 W. On s•en est servi comrne un moyen d'accelerer 
la reaction d'echange - mais non d'accelerer les 
ions - entre le tritium gazeux et divers anesthesiques 
et d'autres produits pour obtenir un marquage non 
specifique et specifique de l'ordre de 50 mCi/g ou plus, 
selon la quantite de substance. Parrni ces produits on 
pcut citer la carbocaine, la procaine, la tetracaine, la 
xylocaine et la L-cocaine. L'energie est concentree 
dans unc cavite spherique simple specialement cons
truite, ou la frequence de resonance obtenue par un 
appareil de syntonisation permet de produire une 
decharge sans electrodes dans le tube de reaction. 

Deux particularites nouvelles soot soulignees. La 
premiere est l'enregistrement simultane du cours de la 
reaction. Pour cela, le manornetre de vide est couple 
a un enregistreur Speedomax a aiguille de IO m V 
d'echelle totale; ainsi la variation de la pression du 
gaz avec l'energie micro-onde est enregistree de 
maniere continue. Dans le cas de la plupart des com
poses on a note une diminution de la pression, et un 
accroissement graduel avec le reste. On fonnule des 
conclusions quant a l'importance relative de 1a puis
sance de la decharge et de la distance de la substance 
dble de la zone du plasma. La seconde particularite 
est l'emploi d'un tube recourbe. La substance a mar
quer est pulverisee et melangee avec de la laine de 
verre dans un raccord recourbe retie au tube principal 
dans lequel la decharge a lieu. Ainsi, la substance est 
protegee des rayonnements UV et est eloignee des 
entites chargees. La methode convient done pour le 
marquage d'une maniere generate, y compris celui des 
matieres sensibles au rayonnernent et a la chaleur, 

puisque aucun etincellement n 'a lieu. En refroidissant 
le tube dans de l'azote liquide, on peut aussi marquer 
des liquides et les gaz condensables, comme dans le cas 
du benzene et de l'oxyde d'ethylene. 

La methode est caracterisee par la presence d 'un 
minimum de produits de decomposition, et des tech
niques de purification relativement simples sont suffi
santes pour obtenir une purete radiochimique. Les 
resultats confirment le mecanisme atorne-molecule pro
pose precedemment par l'auteur, car ii est peu pro
bable que des particules chargees de la zone du plasma 
atteignent la substance cible dans 1a section recourbee. 
Le rendement de fixation et l'efficacite du procede ont 
ete calcules. 

A/4r>8 OAP 

HoBblH 6brcrpb1A cnoco6 nony4eHHR 
M846Hb1X opraHHY8CKHX coeAHHeHHH 

H. A. raHeM 

MeqcHLle opraHnqeCKHO COCAHHeHRR naxo~.IIT 
nee oOJILmee npuMeHeHHe B Me,ll.Hl.lHBe, 6Ho.'lornu 

JI XHMHH, a TaKme B npoH3B0)'l;CTBe opram1•1e

CKHX coeAHHeHHH. IlocJie irnTepaTypttoro ooaopa B 
;\OKJia)le OUHCbIB3IO'fC.II HOBLle JfCCJieµ;oBaHIUl, B pe

aym,Ta Te KOTOpLIX IIOJJy'!eHHe 3THX coe~1fHeH1-1ii B 

.1a6opaTopHhlX YCJJOBlUIX CTaJio )J,CJIOM BeCK01lblalX 

:MHHYT, a TaKme yna3LIBalOTCJl upeHMYIU;CCTBa 

;i,aHaoro cnoco6a. 
B pa6oTe HCROJII,30B3JJCH reHepaTOp ceepXBLI

COKOH lfaCTOThf C ,!{JIHHOH BOJIHbl t2 CM H 11acT01'oir 

2-125 JJIZ(f JI nJJaBHhlM ll3Mem~HH0M MOJ.qllOCTH Ha 

BLIXOAe OT 20 AO 250 8T. 3TOT nmepa-rop HCilO,'lb-

30B3JJCR J(aK HHCTpy&teHT, ycKnp8101.1_\HH o6MeH

HY10 peaK1'UIO ( OTHlO;l.h He aa cqeT yct<0pel1JUJ 

HOHOB) MC»(AY ra3006pa3Hl,IM. TpHTlfCM II paUll'I

ULIMK auecTeaupy10muMH uemectBaMn n .;1pynum 
MaTepnaJiaMn, D pe3}'JihTaTe I(OTOpoii OHII CTaHO

BHJIHCb uecneumfm•rncJHr H cne[\H<plf'ICCKJI l\lC'IC
HL[MH, npJP.ICAI HX aKTIIBHOCTb )];OCTJfraJJa 

50 .M~KJpu/z JfJIH 6oJiee B 33BHCHMOCnl OT 1m;m11e

CTBa 11cxonuoro MaTepnana. Cpe;u,1 K3Y'ICHHblX 

llPOilYl>TOB 6bl.!JH: i.ap6oKaJIH, upoKaHff, TCTpaKa

llH, K<"-HJtm,a1m K L-t.oKaJm. 3nepmn JWflL(CHTpu_: 

pouanac1, B CIJCL(Jf3JlbHO H3fOTOBJICHHOii npoCTOU 
JIO KOHCTPYKl\MH cqiepn'leCKOll UOJJOCTH, B !.'OTO
poii npH IIOMOII~I[ HaCTpauBaJOU(ero ycrpOHCTBa 

coa~asaJiacb peaomrncHaJJ •IacTora n npoucxo:um 
uea:JJieKrpo;.i,H1>1ii pa3p.fl;i; B peaH~no1moii: Tpy61-.e. 

CJiep;yeT OTM0TBTb )J.B8 »amHI,Ie ocooeHllOCTU. 

Ilep»aa aaim-IO'IaeTcH B nenpepLI»Hoii per11CTpa

n1rn: xoAa peaK~RH. Sro µ_ocTHfHYTO np-eM coep;u-
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ueana BaKyyMMerpa c caMon11my~1rn :meRTpou
H~M IlOTeHI:{HOMerpoM Tuna «CITH,'J;OMaKc» co IDKa

Jl'OH na 10 MB, B peayJILTaTe 1Iero HaMeHeeiw 

AaBJieHHH raaa npu: norJiom;eHHH aaepnm per»r
rpHpyeTca 6ea nepep.LIBOB. )1,JIH 60JlhIDlllICTBa nay
'JeBHhlX coe;,;uHeHHii: HMe.n:o MeCTO na,a:eHHe .u;aBJH'

HHH, a Jl..'lfl .n;pyru:x - nocTeneHHhiii pocT. C,u;OJia
llhl BhIBOJ);Ll 00 OTHOCHT0JILHOit B3ffiHOCTH :meprn11 

pa3pH.n;a H paCCTOHHH.fl MHilleHuoro MaTepoa)Ia OT 
30H.Ll IlJJaaM1,1. BropaR oco6cmnocn, aaKJIIO'laeTcH 
: HCll0Jll,3~0Bamu1 6oI<OBOro OTpOCTKa. MaTepna.,, 

fWTOpt.Jn BYIBHO BB0CTH TPHTllH, H3M0Jil,1JaeTCH 

B nopomo« H CMem1rnaeTCR co CT0K.l1.IJHHoii BaToii 
8 

6oKO!OM OTpocn.e, coe;,;irneHHOA{ C ·ocHoBHoii 
Tpy6xo1-1, lJ liOTopoii: nponcxo,a:u:r paapa;i, TarmH 

16paaoM, MaTepnaJI 11pe.u,oxpau11eTCH oT ·yJII,Tpa
'l'80.:i:eToBLix Jiy'Ieii: H YAaJIHeTCH OT MecTa paa
PHAa. IlonoMy ,llaHHhlii MeTO~ JJBJIJJeTC» nOAXO,!.!SJ-

11,n1o1 ~JHI noJiy'IeHnn cai.rblx paanoo6pa:mux 11e

'Iem,1x coe,a:1memrft H B TOM 'IHCJie 'IYBCTBHTeJJI,
flblX: K .., ~ 

,_.encTBHIO H3JJY'l0HHH If TeltJia IIOCKOJILKV 
MaTep1ta.'1 He BCTynaeT B eenocpe;'.\CT;eHHblH KOJi
TaKT c ucupoBMM paapn;wM. Ilptt oxJiamAemm 
Tpy6.tm )#(1(,l{KRM 830TOM Memmo npoJf3BCCTit T3h'l-fW 

ME"<renne iKH;J.KOCTeii 11 KOHJl,eHCHpylO~HXCH raaoB, 
HllDpHMep 00H30Jl3 H OKHCH 3THJll'Ha. 

XapaKrepuoii ocoueu11ocT1>JO :r.rnTo~a · JIB.'l»eTCJI 
)fHHnMaJJbHoe 1,6paao&aHJ1e upo:tYKTOB paa;wme
HHR " ~JIR uoJiyqemrn Hymnoro 11peuapaTa n 
P3 /l.lfOXIJMH'leCKl1 lJJtCTOM COCTO.IIIHIH ,1,0CTaTOlJ]IO 

OTHOCHTeJII,Ho llJ)OCToii TeXHIIK11 0'1 lfCTKff. Ilo.11y
'lellHhle peaym,TaThl JJB,1JJJOTCH ,'.J.OllOJJHJITt'JihHI,JM 

o6or110BaHneM panee npc;'.).nomenttoro 0JlHn1r 1n 
aaTopou Mexaunaata aToM - M<>.!leRy)Ia, Tal{ 1-am 
aapJJiKl'HHLie 'faCTIH.\hl Ha 30Hhl IIJI33Mbl, eepOHTHO, 
ue ;l,O('THraIOT MlfllleHH11ro MaTeJ}HaJia B 6oKOBOM 

IITPOCTJ.l' Tpy6.1m. Tip1mo;.t1ITCJl ,:vrnm,Je O BWXO,WX 
n at}>tpeKTJfBHOCTU MeTo~a. 

A/458 Republic:a Arabe Unida 

Progresos recientes en el marcado de 
compuestos organicos por aceleraci6n 
isot6pica 

por N. A. Ghanem 

Los productos organicos marcados estan teniendo 
aplicaciones cada vez mas utiles en el campo de las 
ciencias rnedicas, biologicas y quimicas, asi como 
tambien en la industria de los productos quimicos 
organicos. Despues de revisar los trabajos prccedcntes, 
esta memoria describe Jos ultimos progresos realizados 
en la producci6n de estos compuestos en el labora
torio en cuesti6n de pocos minutos, exponiendo las 
"'entajas del metodo. 

Se utiliz6 un generador de microondas de labora
torio para producir microondas con una longitud de 

onda aproximada de 12 cm, una frecuencia de 
2425 MHz y una potencia de salida continuamente 
variable entr'e 20 y 250 W. Se las utiliz6 como medio 
de acelerar reacciones de intercambio, sin producir 
aceleraci6n i6nica, entre tritio y una variedad de 
anestesicos y otros productos, dando lugar a procesos 
de marcado espedfico y no especifico del orden de 
50 m/g o mas, segun la cantidad de material. Entre 
estos productos se encuentran la carbocaina, procaina, 
tetracaina, xilocaina, y la L-cocaina. La energfa se 
concentro en una cavidad esferica de construcci6n 
especial pero sendlla, donde la frecuencia de reso
nancia obtenida poc un sistema de sintonia permite 
que se produzca ert el tubo de reacci6n una descarga 
sin electrodos. 

Se hacen resaltar dos importantes innovaciones .. La 
primera consiste en el registro simultaneo del curso 
de la reacci6n. Se consigui6 acoplando el vacuometro 
a un registro grafico ( « Speedomax ») con una ampli
tud maxima de escala de IO m V, con el que se registra 
continuamente la variacion de la presi6n del gas en 
funcion de la energia de Ia microonda. Con Ia mayor 
parte de Ios. productos se observa una disminucion 
de la presion, mientras que con el resto, se advierte · 
un aumento gradual de la misma. Se deducen con:
clusiones respecto a la importancia relativa de la 
potencia de 1a descarga y a la distancia entre la 
sustancia blanco y la zona de plasma. La segunda 
innovaci6n consiste en la utilizaci6n de un tubo 
acodado. El producto que se quiere marcar se intro
duce pulvedzado y mezclado con lana de vidrio en un 
tubo lateral acodado unido al tubo principal, en el 
que tiene lugar la descarga. De esta forma se consigue 
proteger al material de la acd6n de la radiaci6n ultra~ 
violeta, alejandolo tambien de las particulas cargadas. 
Por Io tanto, el metodo es apropiado para marcar 
los productos mas diversos, incluyendo aquellas 
sustancias sensibles a Ia accion del cafor y de la 
radiaci6n, ya que durante. la operaci6n no se produce 
chispa de ningun tipo. Enfrfando este tubo con 
nitrogeno liquido, pueden marcarse tambien sustancias. 
liquidas y gases condensabfes, como en el caso del 
benceno y 6xido de etileno. 

El metodo se caracteriza por la presencia de pro
ductos de des~omposici6n en cantidades minimas. 
bastando tecnicas de purificacion sencillas para 
conseguir purezas radioquimicas. Los resuJtados 
conseguidos aportan una nueva confirmaci6n del 
mecanismo atomo-molecula propuesto con ante
rioridad por el autor, ya que no es probable que 
llegue ninguna partkula cargada procedente del pJasma 
al material blanco depositado en el tubo acodado. 
Se cakulan Jos rendimienlos de fijaci6n asi como 
tambien las eficacias conseguidas. 
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Neutron counting in activation-analysis 

By S. Amiel • 

Neutron emission is a relatively rare phenomenon 
in radioactive decay. ,When it is observed under 
specified conditions, or when it is taken together with 
another property (e.g., half-life), it can be used for 
the identification and assay of specific nuclides and 
elements in an irradiated sample. The same is true 
for the emission of neutrons from a nuclear reacting 
system, especially with radioactive sources, where the 
emission is frequently characteristic of the source or 
target nuclides. 

Neutrons can be detected selectively without any 
interference from beta and gamma ray background. 
This is advantageous in comparison with beta or 
gamma ray counting, where there is practically no 
specificity ff chemical separation is not done. It has 
also advantages over gamma-ray spectrometry, where 
the identification of characteristic peaks and their 
resolution might be very difficult without chemical 
separation in complex samples, because of interferences 
due to the multitude of peaks, shifts and variations in 
the spectra. Another favourable feature of neutron 
counting is the relatively Qigh efficiency of detection 
with apparatus which is simple and made of inex
pensive components, such as boron trifluoride pro
portional counters, water or paraffin moderator and 
rather conventional electronic gear. The specificity of 
neutron emission together with the salient features of 
neutron counting make neutrons a very useful probe 
for analyses, which can be performed in a non
destructive manner making radiochemical separations 
unnecessary. This paper reviews recent and current 
work carried out in this laboratory on the development 
and use of neutron counting techniques for analysis. 
The processes which were investigated for their 
analytical possibilities consist of delayed neutron 
emission, photoneutron emission and (a, n) reactions. 

DELAYED NEUTRON EMISSION 

Except for the isotopes of heavy elements, which 
undergo spontaneous fission, the number of radio
active nuclides known to emit neutrons in the course of 

• Israel Atomic Energy Commission. 

their decay is very limited and their half-lives are 
short, ranging from a fraction of a second to some 
tens of seconds. These nuclides, known as delayed 
neutron precursors, originate from nuclear reactions 
leading to neutron-rich nuclides having a few neutrons 
more than a closed shell configuration. They decay 
by beta-ray emission to an excited state of the daughter 
from which de-excitation by neutron emission is 
energetically possible. The neutron emission is an 
instantaneous process, but its rate is detennined by 
the decay of the precursor and has the same half-life. 

Most of the known delayed neutron precursors are 
fission products; a few others have been observed in 
the products of high energy spallation of mediwn 
weight nuclei and in fast-neutron or triton-induced 
reactions on some light nuclei. This review deals only 
with the observation of delayed neutrons from reactor 
irradiations, where delayed neutron emission from 
fission products and nitrogen-17 are the only practical 
sources. 

Delayed neutron emission is quite rare, and the two 
sources have significantly different half-lives. Their 
production can be made specific by an appropriate 
choice of source materials and irradiation conditions. 
The detection of delayed neutrons without interference 
is of great importance, since an intense background is 
always present as a result of the radioactivation of 
other components of the sample. The application of 
delayed neutron emission from these sources will be 
discussed in connection with the analysis of uranium, 
thorium and other fissionable nuclides. The delayed 
emission from nitrogen-17 is applied to the analysis 
of lithium, Iithium-6, oxygen-18 and nitrogen-15. 

DELAYED NEUTRON EMISSION 
, FROM FISSION [1] 

The delayed neutrons emitted after fission are 
divided into six groups whose half-lives range from a 
fraction of a second to just under one minute. The 
groups themselves are composites of several, mostly 
unresolved activities, as can be seen from the small 
discrepancies between the same groups from different 
fissioning sources {2). These differences are not 



SESSION 4.2 · P/82S S. AMIEL 463 

important when the total neutron emission is used for 
analytical purposes. 

When delayed neutron. emission is observed in a 
sample irradiated with neutrons, the presence of a 
heavy nuclide which undergoes fission, or of reactions 
leading to formation of 4.2 s 17N due to the presence 
of oxygen or nitrogen and· 6Li, can be inferred. A 
fissionable nuclide is indicated unambiguously by 
delayed neutron emission, if the half-life is long enough 
to exclude the presence of 17N. If the sample is of 
natural origin and is irradiated with thermal neutrons, 
the delayed neutron emission arises from 235U. If the 
sample is not of natural origin, 235U, 239Pu, or other 
transuranic nuclides which undergo fission with 
thermal neutrons, may also be present. Natural 
heavy nuclides in which fission is induced by energetic 
neutrons from a reactor are 232Th and 238U. Other 
nuclides should be taken into account in which 
transuranic elements may be present also. The dif
ference in fissionability with respect to different 
neutron energy ranges in various nuclides enables 
discrimination against some nuclides while fissioning 
and measuring others. The conventional methods for 
determining trace quantities of uranium or thorium in 
complex matrices are time-consuming and require 
elaborate chemical processing prior to measurement. 
The experimental difficulties in these methods and the 
need to cope with large numbers of analyses for geolo
gical survey programs, and the nuclear energy raw 
material industries, emphasize the need for a faster 
and preferably non-destructive analytical procedure, 
such as is offered by delayed neutron counting. Since 
the half-life of delayed neutron activity is short 
(<I min), prolonged irradiation only increases the 
total radioactivity of the sample without contributing 
to the delayed neutron emission. An irradiation time 
of 60 seconds was used in the experiments. 

Some delay between the end of irradiation and the 
start of counting is required to transfer the sample 
from the irradiation position to the counting assembly. 
This period should be short, though too short a delay 
requires high reproducibility in the timers contrornng 
the de]ay period. Fluctuations in the delay period 
could introduce appreciable errors into the results, due 
to rapidly decaying short-lived components of the 
delayed neutron activities from fission or 17N in the 
first 10 seconds or so after the end of frradiation. Since 
the 22-second group contributes most of the activlty, 
a delay of ~ 20 seconds was used. The duration of 
counting should be chosen as long as possible com
mensurate with the half-life of the group counted, and 
should be sufficient to record most of the neutrons 
emitted. Too long a counting period increases the 
contribution of background without adding apprecia
bly to the neutron count and thus actually reduces the 
accuracy of the measurement. An optimal counting 
period of 60 seconds appears to be convenient. 

Table 1. Measured delayed neutron activities 
and cadmium ratios of uranium and thorium 

Samples of J µg of uranium and thorium irradiated at a mix:ed 
flux of 1011 n/cm' s thermal neutrons and J.6 x 1011 n/cm1 s 

fast neutrons · 

N~t count N~t count 
Element (wjth cadmium Cadmium ratio {at mixed ffux) cover) 

Uranium 800 36.0 22.s 
Thorium 10.2 9.4 ).I 

The analysis of uranium [1, 4] 

Of the isotopes of natural uranium, 23.5U undergoes 
fission with thermal neutrons with a high cross section, 
while 238U requires fast neutrons with energies over 
1 MeV and has a cross section smaller by about two 
orders of magnitude. For the analysis of the total 
uranium content ofnatural isotopic composition, use of 
thermal neutrons is preferred, since fast neutrons can 
cause fission in other nuclides as well. However, 
neutrons in reactors usually consist of thermal neu
trons mixed with pJ!rtially moderated fission-spectrum 
neutrons with sufficient energy to cause fission of 
238U. Even under such conditions, fission of 235U is 
predominant and when uranium is the only fissionable 
element in the sample to be analyzed, the presence of 
fast neutrons in the reactor flux is not disadvantageous. 
If thorium is present in relatively large amounts, 
fission by fast neutrons can introduce errors in analysis 
for uranium, and the use of thermal neutron screens 
and comparison with standards become necessary. 

Natural uranium {J µg) irradiated for 60 seconds at 
a flux. of 1013 thermal neutrons per cm2 s yields, after 
a delay of 20 seconds, an emission of about l l 500 
neutrons during the 60-second counting period. The 
delayed neutron count is directly proportional_ to t~e 
uranium content. Experimental values · are given m 
Table 1. The precision of this method is shown in 
Table 2. Because the total uranium content is assayed 
rather than its concentration, the precision stated in 
the table can be increased with larger weights of 
samples of even lower concentrations. The maximum 
weight of sample to be analyzed is limited only by 

Table 2. Error estimates in assay of natural uranfum2 

Standard deviation ( %) for different U samples at a background 
of 30 counts 

No.of IOµaU measurements 
J14U 0.1 j,18 IJ 0.0JNU 

1 1.12 3.66 14.8 JS.6 

2 0.80 2.59 10.5 24.4 

3 0.65 2.12 8.5 19.9 

5 o.so J.64 6.6 15.S 
10 0.36 J.16 4.7 9.2 

., 1 11-g U "" 800 counts, obtained with a flux of 10'" n/cm• $. 
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experimental conditions. Improved precision for 
lower uranium contents is obtainable by repeating 
the irradiation (each analysis takes only a little over 
2 minutes) and summing the neutron counts obtained. 
An important advantage is that the analysis is non
destructive and if the samples are weighed into suitable 
containers. analyzed samples may be stored for. 
reference or returned unopened. 

The isotopic analysis of uranium (1,3] 

Because fission, especially by thermal neutrons, is 
so specific a characteristic of the minor but most 
important constituent of uranium, 235 U, delayed 
neutron emission may be a good probe for the isotopic 
composition of uranium. The analysis must be carried 
out on a sample free from other nuclides which 
undergo fission with thermal neutrons. In such a 
sample, fission induced by thermal neutrons can 
only be due to 235 U and counting the delayed neutrons 
gives a measure of the content of this isotope, irrespec
tive of the uranium~238 content or the presence of 
other elements. The isotopic ratio of 235U to 238U 
can then be derived if the total uranium content is 
known. 

When a mixed neutron flux is used for the analysis, 
delayed neutrons are emitted from both 235U and 238U, 
but as the effect of the lighter isotope is predominant, 
the value obtained can serve as a measure of the 
uranium-235 content., Re-irradiating the same sample 
in a flux from which the thermal neutrons have been 
removed by a cadmium screen enables the uranium-238 

content to be deduced. since much of the contribution 
from uranium-235 is eliminated. Irradiation of the 
uranium sample with and without a cadmium screen 
enables the determination of both ~u and 238U, 
irrespective of the presence of foreign non-fissionable 
materials. 

The determination of 235U in a mixed flux with and 
without a cadmium screen is shown in Table 3: 
corrections due to the mutual interference of the 
uranium isotopes as well as self-shielding and coinci
dence losses are also presented. The principal sources 
of error arise frotn fluctuations in the reactor flux. This 
may be kept to a minimum by calibrating the reactor 
fluctuations by repeated measurements with a standard 
unopened sample. 

Analysis of thorium [1,4J 

Thorium resembles 238 U in that it undergoes fission 
with fast neutrons, but it has a somewha\ lower fission 
rate and a lower delayed neutron emission than ura
nium-238' under identical irradiation conditions, and 
hence the sensitivity for thorium analysis is lower than 
for uranium. As the sensitivity depends on the 
abundance of fast neutrons, thorium analysis requires 
the use of more intense neutron fluxes of fast neutrons 
and relatively larger samples than does uranium 
analysis. Table I gives representative values obtained 
experimentally. . . 

A major hindrance in the assay of thorium is that 
thorium ores usually contain uranium, and hence the 
contribution from fast neutron fission of uranium has 

Table 3. Accuncy and precision of isotopic analyses of uranium-235 

II Ill rv V VI vu vm rx X XI 

Sample Mea11coun1 Corrections Difference Weight mu Error Re\ati•" Count 
No. V-lll µg VU-VIII error ¾ per unil 

With Self• Found Present 100.(IX>/ weight 
Open Cd Coincidence shielding µg. (VIII) "'U µg 

l 21 568 993 21 713 21 755 20762 854.3 849.7 + 4.6 +0.54 24435 

2 41 223 I 263 41 723 41 899 40 636 I 669.5 I 670.2 - 0.7 -0.04 24330 

3 42 879 l 136 43 429 43 647 42 511 l 746.3 t 733.7 + 12.6 +0.73 24520 

4 65 275 I 487 66 555 65044 65 557 2 691.2 2 667.5 + 23.7 +0.89 24 576 

s 49 733 1 067 50453 50 817 49 750 2 043.7 2 040.6 + 3.1 +0.15 24380 

6 46 263 920 46903 47290 46 370 l 905.l l 888.8 + 16.3 +o.86 24550 

7 48 498 853 49188 49 732 48 879 2 007.9 1 997.9 ·+ 10.0 +0.50 24465 

8 33 736 l 184 · 34076 34 188 33004 I 356.1 1 367.7 - 11.6 -0.85 24131 

9 3 901 133 3 90S 3908 3 77S 155.3 158.4 - 3.1 -1.96 23 837 

10 45 246 865 45 856 46 343 4S478 l 867.9 I 878.4 - 10.5 -0.56 24 211 

JI 66610 1260 67910 68 993 67 733 2 781.1 2 814.2 - 33.1 -1.(8 24068 

90964 1668 93464 9S 459 93 791 3 847.3 3 808.3 + 39.0 +r.02 24628 
12 

177 625 3 266 186 925 194 830 191 564 7 826.2 7 971.3 -145.1 -l.82 24032 
13 

268023 5 140 289023 310 867 305 727 12 455 12 760 -305 -2.39 23 960 
14 24040 

S 344 306 631 331 306 325 962 13 279 13 559 -280 -2.07 
IS 283 131 

-J.50 24231 
16 310 257 5 301 338 257 367939 362 638 14 742 14966 -224 

-0.71 24 771 
17 328 709 6278 360 609 393 861 387 583 15 754 15 643 +111 

Mean: ±1.04 24304 

Mean relative error: - 0.41 %- Relative standard deviation! 1.09 %. 
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Table 4. Error estimates of thorium assay 
in uranium-thorium mixtures 

Thorium 
(p.g) 

s ..... 28.4 
10. . . 16.0 
50. . 5.2 

100. • 3.S 
500. • l.S 

Uranjum (1<g) 

10 so 100 500 I 000 

Relative •tandard devialion ( %) 

46.0 
24.1 
6.3 
3.9 
1.52 

61.2 
3J.5 
7.5 
4.4 
1.58 

46.7 
10.2 
5.6 
1.7 

18.7 28.9 
9.6 14.7 28.7 
2.3 3.Z 5.9 

NOTE. - 9.4 c~unts per µg. of thorium (in cadmium). 36.0 counts 
per ~g._ of uranium (in cadmium). Background = JO counts. 
lrrad1at1on Hux consists of 10" n/cm• s thermal neutrons and 
3.6 x 10 .. n/cm• s fast neutrons. 

to be determined as a correction. These analyses 
require the removal of thermal neutrons, e.g., by 
cadmium screens, from the irradiation flux. The 
interference by uranium is corrected for by deter
mining the uranium-235 content as described pre
viously and, assuming the sample to be of natural 
isotopic composition, the corresponding contributions 
from the epithermal neutron fission of both uranium 
isotopes can be deduced (Table I). The precision of 
thorium assay in different uranium-thorium mixtures 
is shown in Table 4. 

Determination of 233U and 239Pu in thorium 
and uranium breeding [4J 

Determination of the 239Pu and 23:!U produced by 
breeding from their parent elements is usually done 
by remotely controlled radiochemical techniques, 
which are required because of interference from the 
accompanying intense beta and gamma ray activities 
from fission. Uranium-233 and 239Pu have similar 
fission properties to 235U, while thorium resembles 

238U. The assay of 239Pu produced in 238U or natural 
uranium fuel elements, or 233 U in thorium blankets, is 
again therefore analogous to the uranium-thorium 
determination. The adaptation of the delayed neutron 
emission technique for process control might have 
great advantages, since the need for chemical proces
sing prior to assay is avoided or minimized considera
bly. A further in-line control could also be developed 
along the lines of the present method, using portable 
neutron sources. 

Prospecting for uranium and thorium [4] 

By introducing a neutron source into a bore hole, 
fission will be caused in the uranium and thorium 
present in the irradiated volume, resulting in delayed 
neutron emission. The presence of delayed neutron 
activity of half-life longer than about 4 seconds would 
establish the presence of uranium and thorium and 
give an indication of the concentration. 
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DELAYED NEUTRON EMISSION 
FROM NITROGEN-17 

465 

The delayed neutron precu~sor, 4.1 s 17N, can be 
produced directly by neutron irradiation in the 
reactions {5J: 

170 (n, p)17N, Qm = -7.93 MeV Ueff = 7.4µb (I) 
18O(n, d)17N, Qm = '-13.77 MeV crerr = 0.086µb (2) 

or by secondary reactions using the 2.7 MeV tritons 
from 6Li (n, a) t: 

180 (t, a) 17N, Qm = 3.82 MeV (3) 
1°N (t, p) 17N, Qm = -0.15 MeV (4) 

The application of delayed neutron counting for ana
lysis of oxygen by reactions (1) and (2) is possible only 
with high fluxes of fast neutrons; when lithium-6 is 
present together. with oxygen, the production of 17N 
from the reaction 180 (t, a) 17N, induced by the tritons 
emitted from the thermal neutron reaction with .'Li, 
becomes predominating. The very high- cross section 
of the reaction 6Li (n, a) t with thermal neutrons leads 
to a high yield of 17N and makes it possible to use its 
delayed neutron emission for analysis. When nitrogen 
is present together with lithium-6, nitrogen-17 can 
also be produced by the reaction 15N (t, p) 17N. 

The extent of production of nitrogen-17 depends on 
the degree of mixing of lithium-6 with the oxygen- or 
nitrogen-containing medium, because of the short 
range of the tritons. Solutions provide maximum inti
macy and homogeneity, and when dilute, corrections 
due to self~shielding and attenuation. of tritons are 
avoided. The production of17N in dilute 6Li solutions 
irradiated with thermal neutrons has been found to be 
proportional to the total 6Li content of the sample 
and to the atom fraction of oxygen-18 [6,7], but 
independent of the water content. Hence, th~ neut~on 
emission . from nitrogen-17 can be used to determine 
the lithium-6 content of a solution if the atom fraction 
ofoxygen-18 ofth.e sample is known; conversely, if the· 
lithium•6 content is known, the atom fraction of 
oxygen-JS can be determined. Nitrogen-JS can be 
determined by an analogous process. The analysis of 
'Li, 1so or 15N by this technique need not be limited 
to solutions since any other intimate mixture of 
&Li _ 180 or 'Li - 15N will yield 17N when irradiated 
with neutrons. The 17N production parameters for 
solid mixtures, colloidal systems or compounds should 
be determined specifically for each case since they 
depend on the physical properties of the sample. 

A 20-second irradiation results in the build up of 
17N virtually to its saturation level, and counting its 
activity over an equal period is sufficient to record 
>95% of its decay. Therefore, analyses based on 
measu;ing 17N are very rapid, requiring less than 
45 seconds for the entire procedure of irradiation and 
counting .. 
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Analysis of lithium [6] 

Since the ~roduction of nitrogen-17 in a thermal 
neutron fl~x. 1s_ a specific property of the 6Li ·isotope, 
the detenrunahon of total lithium can be carried out 
only on _s~mples of natural or otherwise known isotopic 
co_mpos1tion. When irradiation is carried out with a 
nuxed reactor flux fast neutron interaction with the 
oxygen in the sample_ might interfere with the analysis 
and the count obtamed from this source must be 
subtracted as part of the background effect. · This can 
be done by repeating the analysis with cadmium 
screens which absorb the thermal neutrons and 
the difference between the results obtained from 
unscreened and screened irradiation represents the net 
effect of the 'Li induced reaction. · 

An experimental curve of delayed neutron counts 
from 17N obtained for lithium in solution in natural 
water is shown in Fig. L Deviation from linearity due 
to self-shielding is observed at higher concentrations· 
of lithium. Corrections for self-shielding may be 
calcul~ted (8) or may be made experimentally by 
repeating the measurement with a smaller sample. 

Inte~ference due to fission can be detected by 
following the decay of the neutron emission. A half
life appreciably longer than 4. l seconds is indicative of 
the presence of fissionable material. The amount of 
fissionable material can then be determined following 
the procedure for the analysis of uranium, and the 
extent of interference by this amount of uranium in the 
lithium analysis can be obtained by comparison with 
a uranium standard irradiated and measured under 
the same conditions as the lithium sample. 

Isotopic Analysis of lithium [6] 

The determination of lithium as described in the 
previous section is essentially a detennination of 8Li. 
Four X 10' neutrons are obtained from a solution 
containing I mg of 8Li irradiated to saturation at a 
thermal flux of 1013 n/cm2 s. With samples in which 
the total lithium content is known, analysis by counting 
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delayed neutrons from nitrogen-17 gives the isotopic 
composition. The neutron count of lithium dissolved 
in natural water is proportional to the atom fraction of 
lithium-6 over the entire range. For 6Li-depleted 
samples, the low count obtained with natural water 
can be overcome by higher fluxes, by using water 
enriched with ox.ygen-18 as described in the next sec
tion, or by the use of more concentrated solutions. 

Analysis of oxygen-18 [7] 

The importance of oxygen-18 as a stable tracer for 
oxygen has created the need for rapid analytical 
methods. The delayed neutron count is directly pro~ 
portional to the atom per cent of 180, provided that the 
lithium content is fixed and that the irradiation 
conditions are kept constant. This proportionality is 
shown in Fig. 2, and its independence of sample size, 
in Fig. 3. Hence, analysis could be carried out even on 
a single drop of solution. The ratio of oxygen-18 to 
Iithium-6 atoms does not affect the proportionality 
between the neutron counts per unit weight of6Li und 
the 180 concentration, for ratios ranging over many 
orders of magnitude. This enables a selection of suit
able 8Li contents to be made, to give a neutron count 
in a predetenn.ined range, and thus reduces statistical 
errors in counting, provided the lithium-6 content is 
kept below a level where errors from self-shielding 
become important. 

The reaction 180 (t, a) 17N may be used for the deter
mination of total oxygen. Intimate mixtures of the 
sample and lithium-6 can be made with fine particles 
in an inert gas atmosphere, or by fusing them together 
or by dissolution in an inert medium. The measure
ments are made in a way analogous to the analysis of· 
oxygen-18, the total oxygen content being derived if 
the isotopic composition of the oxygen is known. 

Other analytical uses of nitrogen.17 

The formation of rutrogen-17 by fast neutron irra
diation of oxygen (in the absence of lith.illnl-6) can 
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form the basis for the analysis of total oxygen in a 
sample. This can be done either with a high flux of 
fast neutrons in a reactor or with neutrons from an 
accelerator, A fission spectrum neutron flux of 
1014 n/cm2 s will give at saturation a total neutron 
emission of about 650 neutrons per mg oxygen [5]. 

The production of nitrogen-17 by the reaction UN 
(t, p) 17N could form the basis for the analysis of 
nitrogen-IS, which is an important stable tracer for 
nitrogen. Such an analysis requires oxygen-18 to be 
absent from the sample, or to be present only in known 
and very low amounts, since its presence would be 
revealed as a background which would have to be 
deducted from the measured count of the sample. 

DELAYED NEUTRONS COUNTING METHOD 

The procedure of analysis by counting delayed neu
trons involves the irradiation of the sample in a 
neutron flux from a reactor or from an alternative 
neutron source of sufficient strength, transfer to a 
neutron-counting assembly and counting after a certain 
delay. ' 

The apparatus used in conjunction with the reactor 
IRR-1 is outlined diagrammatically in Fig. 4. The 
counting assembly consisted of a ring of six 10B F3 
neutron counters embedded in a block of paraffin wax. 
During counting, the sample was situated in the centre 
of the block. Pulses from the counters were fed 
through an amplifier to a fast scaler, which was started 
automatically by an electronic timer at a definite preset 
delay period after the end of irradiation. An array 
of borated paraffin bricks around the counting assem
bly was used to shield the counters against background 
radiation. 

Gamma-ray background was discriminated against 
efficiently. The counting assembly results were found 
to be stable and reproducible over long periods of 
time. Photo-neutron emission induced by the action 
of high-energy gamma rays from other activities in the 
sample or sample container on the deuterium of the 
paraffin was negligible. 

. . 
· 100 : 

f 

Figure 3. The effect of sample volume on the 17N neutron 
counts obtained from 'll-''O solutions 
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The counting efficiency of delayed neutrons from 
fission and 17N was about 10 %-

• 

PHOTONEUTRON EMISSION 

Radioactivation analysis is commonly based on the 
formation of a specific radioactive nuclide and the 
subsequent measurement of its radiations. When other 
activities are present, and chemical treatment should 
be avoided, or is impossible due to the short half-life 
of the nuclide in question, gamma-ray spe<;_trometry is 
used to resolve the characteristic gamma ray of interesl 
When the resolution is insufficient due to a ~omplex 
spectrum, coincidence analysis is practised in favorable 
cases, e.g., for y-y cascades. These techniques require 
relatively expensive instrumentation and results are on 

- occasion unsatisfactory. Destruction of the sample 
by chemical separation is then unavoidable, and when 
the half-life concerned is very short, the concentration 
at trace level and the matrix complex, conventional 
activatio11 analysis does not give results. 

When the radionuclide in question has a relatively 
high energy gamma ray, it is sufficient in most cases to 
discriminate against lower energy r-rays and to 
measure the gross activity of radiation above this level. 
Further differentiation from other activities in the same 
energy range is made by following the half-life. When 
this nuclide occurs in a complex matrix, and its acti
vity forms only a small part of the gross activity ~f a 
highly active sample, analysis without prior chenucal 
processing is hindered by the overloading of t~e d~tec
tor and its paralysis during most of the countmg t.Ime. 
Electronic discrimination becomes difficult and the 
accuracy and sensitivity decrease, giving rise to the 
need · either for chemical separations or, if non-
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Figure 5. Photoneutron measurement assembly and block diagram of electronic circuit 

destructive analysis is essential, for a detector insensi• 
tive to gamma radiation below the y•ray energy in 
question. The photo-disintegration of beryllium or 
deuterium and the emission of photoneutrons take 
place with gamma rays of energies greater than 1.67 
and 2.23 MeV respectively. This suggests that a 
detecting· system based on counting the emission of 
photoncutrons from beryllium or deuteriwn would be 
naturally biased and would be entirely insensitive to 
energy quanta below the photoneutron threshc_>ld. An 
additional advantage of such a system would be that 
the emitted neutrons can thus be detected against any 
beta or gamma background. 

The number of radionuclides which emit gamma rays 
of energy greater than 1.67 or 2.23 MeV is relatively 
small und their number can be still further reduced 
when a specific half•lif e range is selected. Thus a 
great degree of selectivity is indicated, forming the 
basis for the assay of nuclides emitting high energy 
gamma rays and for their determination by neutron or 
charged particle radioactivation. The emission of 
photoneutrons from deuterium was used for the ana• 
lysis of deuterium in water samples [91 by comparing 
their neutron activities with those of standards placed 
as targets around an intense source of sodium•24. 
Photoneutron emission from beryllium was used 
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analogously for its assay. The present method of 
analysis is the same in principle, but has the roles of 
source and target interchanged, that is, whereas for 
beryllium or deuterium analysis the source is constant 
and the target unknown, here the source is unknown 
and the target constant. 

It is clear that the form of the sample for such a 
mode of analysis is important; it should not contain 
large quantities of neutron absorbers, or material 
which could lead directly to neutron emission. 

Samples containing large amounts of neutron 
absorbers lead to low values. This is indicated when 
the photoneutron emission is not proportional to the 
sample weight. The true result can be obtained by 
adding a known amount of the element in question to 
the sample as an internal standard ("spike"). To obtain 
the maximum output of photoneutrons from a source 
it is necessary to surround the source with a sufficiently 
thick layer of beryllium or deuterium, as the case may 
be. An efficient way to detect the photoneutrons is to 
count them after they have been thermalized by a 
moderator. Ideally, the thermal neutron counters 
should be placed in a 4.n-arrangement around the pho
toneutron source and immersed in a bath of heavy 
water, or embedded in a beryllium block. 10B F3 pro
portional neutron counters are efficient neutron 
detectors of very low sensitivity to gamma radiation. 
The irradiated sample is dropped into the counting 
assembly (Fig. S) so as to lie at the centre of a flask 
containing 1 litre of heavy water (>99 % D20). Neu
trons generated from this container are counted using 
a ring of six 10B F3 proportional neutron counters 
connected in parallel to a scaler and supplied from a 
common high-voltage source. The entire assembJy is 
embedded in a block of paraffin and external neutrons 
and external gamma sources are shielded against by 
a wall of lead and borated paraffin bricks. The oper
ating background is ~ 10 cpm. Pulses from the ' 
counters are fed to a recording scaler, the counting 
period of which is controlled by an electric timer. 
Another check on spurious counts due to intense 
gamma radiation •is obtained by replacing the heavy 
water container by an identical one filled with natural 
water, and a measurement is again taken. The differ
ence between the count rate obtained with heavy 
water and that with natural water gives the photo
neutron count rate of the source. The ratio of the 
counts obtained with the two measurements agrees 
well with the ratio of their deuterium contents 
(l .5 x l 04). . 

Possible interference from sample constituents which 
lead to neutron emission was determined in the same 
way. Thus, in samples in which (a, n) reactions or 
fission could occur, leading to neutron counts not 
arising from deuterium, the interferences were detected 
and counted with natural water around the sample. 
Photoneutron emission from beryllium-containing 
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samples when heavy water was the photoneutron radia
tor was checked similarly. When beryllium was used 
as a radiator, interference was checked by the removal 
or replacement of the beryllium from the assembly. 

Analysis of sodium [10] 

Radioactivation analysis of sodium is based on the 
formation of sodium-24 by neutron capture. This 
isotope has a half-life of 15.0 hours and decays through 
a cascade of gamma rays of 2.75 and 1.36 MeV. 

The photoneutron counting apparatus, given in 
Fig. 5, was calibrated and the precision of the method 
determined using samples of known sodium content, 
which were irradiated in various fluxes for varying 
times and the photoneutron emission rates determined. 
No deviation from the 15.0 h half-life was observed 
during an activity decay of several orders of magni
tude. 

Absolute calibration of the apparatus was carried 
out by observing the count rate of photoneutron 
emission from standardised sodium-24 sources. In the 
experimental apparatus described above, sodium-24 
gave one photoneutron count for every 2.45 X 10' 
disintegrations; by using a larger D:iO container the 
ratio will decrease proportionally. 

The photoneutron count rate obtained from sodium 
upon irradiation for 1 hour at a flux o_f 1013 n/cm' s_ was 
15.6 ± 0.29 counts per minute per rrucrogram sod1wn. 
The m~thod permits for instance, t~e analy~i~ of a 
sample containing 0,3 µg of sodium with a precmon of 
IO%, when irradiated at a flux of 1013 n/~~ s for 
1 hour. Higher sensitivities and better prec1s1on are 
possible with higher flux or_ longe~ irradiation. 

A serious interference mJght anse from 14.1-hour 
,s Ga, which, at present, cannot be distinguis?ed from 
JS-hour 2'Na due to similar relevant properties (pho
toneutron emission and half-life). 

. Analysis of manganese [11) 

Gamma rays of the high energy part of th~ spectrum 
of 2.58-hour 66Mn are effective in produ~mg ~hoto
neutrons both from beryllium and deutenum, m the 
same manner as 14Na. This property was used for the 
non-destructive activation-analysis of manganese and 
assay of114Mn by counting photoneutrons from heavy 
water. Although only one photoneutron for every 
1.37 million disintegrations of "M~ was observed 
under the experimental conditions (Ftg. ~• th: det:c• 
tability of manganese was 10 µg for I nunute irradia
tion at a flux of 101' n/cms s. The photoneutro: 
activity observed is ~ 300 cpm per mg manganese an 
the precision of the method is ~ 1 %-

Analysis of sulph~r and calc:lum [12) 

. Both sulphur and calcium are very difficult to ana
lyse by radioactivation using gamma-ray spectroscopy 
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since their major respective products upon neutron 
inadiation are rather long lived and pure beta emitters. 
Therefore chemical processing and beta ray counting 
are used. S.1-min 37S produced from neutron capture 
in acs and 8.8-min. 0 Ca produced from '8Ca are 
high energy gamma-ray emitters. but due to the very 
low abundance of their parent nuclides (0.014 % of 
acg and 0.18% of csea, their assay by gamma-ray 
spectrometry, even with a multichannel analyzer, is 
normally very difficult due to summation peaks and 
other interference which prevent their resolution in a 
highly active sample. Their short half-life makes che
mical processing inconvenient. These difficulties are 
avoided by counting photoneutrons from D 20 in· a 
mode similar to that of Na and Mn. 

One neutron count was observed for ~ 1.1 x 10' 
disintegrations of 37S or for ~ 1. 7 x l O' disintegrations 
of •ea. The specific activity measured experimentally 
was ~ 15.0 cpm for 1 µg of sulphur irradiated for 
10 minutes in a flux of 101s n/cm2 s and the corres
ponding value for calcium was ~600 counts. Both 
values were proportional over a wide range. The 
precision of the method for the analysis of both 
sulphur and calcium was 2-3 %-

Analysis of aluminium [13] 

2.3 min 18A1 is the only isotope of aluminium pro
duced upon neutron capture. Due to its short half-life 
it is extremely difficult to separate it chemically when 
it is present in a complex sample, for subsequent acti
vation analysis. When present at trace levels, its 
1.78 MeV gamma ray is frequently masked by the tail 
or sum peaks of the lower but very intense gamma rays 
of accompanying activities. Gamma rays of 1.78 MeV 
are sufficient to cause photoneutron emission from 
beryllium. This property was used for the analysis of 
Al in different alloys, where, upon activation, the for
mation of activities of gamma rays of E > 1.67 MeV 
is rare. This was verified by experiments which demon~ 
strated the specificity of photoneutron counting for the 
analysis of Al. The photoneutron activity observed 
was 430 counts per second per mg of Al irradiated for 
1 minute at a flux of IOU n/cm.1 s. This value was 
proportional to the Al content. The precision of the 
method was found to be ~ 2 %, and one neutron -
count was observed for each 3.12 x 104 disintegrations 
of 23Al. 

Other applications 

The assay of SSCL for the analysis of chlorine, 1'°La 
for lanthanum. 72Ga for gallium, u 1Ne for neodynium 
and several other cases are similarly being studied. 
Special attention is paid to fission, which might be 
present as an interference. 

NEUTRON EMISSION FROM (~. n) REACTIONS 

Only the light elements interact with alpha particle\ 
from radioactive sources to emit neutrons. By selecting 
a sample matrix and a suitable alpha particle sourn, 
assay can be made of certain light elements present in 
the sample, for example, the determination of beryl
lium in ores by a polonium source. Another possibi• 
lity is the determination of the intensity of a certain 
alpha emitter present in contact with a given light I 

element. 
Of great importance is the interaction of alpha 

particles with the heavy isotopes of, oxygen. A very 
high yield of neutrons was obtained upon interaction 
of alpha particles with oxygen-18 (14, 15]. This pro
perty was utilized for the construction of a new type 

of neutron source [16]. 

Analysis of oxygen-18 [14] 

The determination of the concentration of the 
isotope oxygen-18 is very important in studying pro
cesses and reactions involving oxygen and tracing its 
path in different chemical and biological systems. The 
nuclear reaction 1eo (a. n) 21Ne was used for the 
180 analysis of_ various 18O-labetled substances by 
bomoarding the samples (in the fonn of gases, solids 
or liquids) in an alpha particle flux and counting the 
neutron emission. The method is made feasible by 
the substantial yield of neutrons from a thick UO 
target, 30 neutrons per 108 alpha particles of 228"fh and 
active deposit of thoron [15]. . 

· An experimental assembly adapted for scannmg 
paper chromatograms is given in Fig. 6. An efficiency 
of ~3% was obtained using four BF3 neutron detec~ 
tors. Sensitivities of about a few micrograms oxygen-IS 
per cm.1, were obtained when fluxes of ,.,, 107 alpha 
particles per second (from an active deposit of thoron, 
T tf~ = 10.6 h) strike the paper chromatogram. The 
limiting factor was the structural oxygen background 
of the papei. A typical scan of a paper chromatogram 
containing three nearly identical bands of an 18O-con
taining material is given in Fig. 7. 
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Le comptage de neutrons dans !'analyse 
par activation . 

par S. Amiel 

Le memoire traite des travaux recents et en cours 
consacres a la mise au point et a l'utilisation du 

, comptage des neutrons dans !'analyse par activation. 
Quoique n'etant pas d'un usage courant, !'utilisation 
des neutrons pour l'analyse est tres avantageuse du 
fait que les neutrons peuvent etre detectes selective
ment et efficacement sans qu'on soit gene par le 
champ beta et gamma ambiant. De plus, l'emission de 
neutrons est un phenomene relativement rare dans la 
decroissance nuc)eaire et peut etre utilisee - conjoin
tement avec d'autres proprietes - pour ]'identification 
et le dosage de nucleides et elements particuliers. 11 en 
est de meme pour l'emission de neutrons lors des 
reactions nucleaires obtenues avec des sources radio
activcs., ou l'emission est souvent caracteristique de la 
source et des nucleides bombardes. 

Les caracteres particuliers de I 'emission et du 
comptage de neutrons rendent possible l'analyse d'un 
• echantillon sans traitement chimique avant ou apres 
l'irradiation; de meme, its facilitent les method es 
instrumentales rapides et non destructives de grande 
precision, et ce avec un appareil1age relativement 
simple. 

Ccs methodes de comptage de neutrons sont les 
suivantes: analyse des nucleides fissiles (par exemple, 
•u, ueu, 233U, 232Tb, 239Pu et rapports isotopiques de 
l'uranium) par comptage des neutrons retardes emis 
par des produits de fission a vie courte; ranalyse de 
1Li et du lithium, ir.N, 170, 180 et de l'oxygene par 
comptage des neutrons retardes de 11N (4 s); determi
nation de plusieurs nucleides emettant des rayons 
gamma de grande energie {par exemple, 14Na, 66Mn, 
uoLa et HAJ) dans des echantillons a haute radio
activite ou la discrimination electronique est inefficace, 
par comptage des photoneutrons produits dans D20 
et le beryllium; et anaJyse de 180 dans diverses phases, 
par comptage des neutrons de la reaction 180 (a, n)21Ne. 

Les differentes methodes ainsi que leurs applications 
soot exposees en detail. On discute la possibilite de 

l 'e,-tension et de la mise au point de nouvelles methodes 
fondees sur les memes principes. 
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noAC48T HeATpOHOB B aKTHBal,\HOHHOM 
aHanH3e 

C. AMi.en 

B ,u;OKJia,u;e paccMarpnsa10rc11 pa6oru, npoee
neHHLie HClJ.8.BHo n npoeo;i.HMble B nacronmee BpP
MJl B 3TOH na6opaTopnH, no paapaOOTKe ll ncn0.'Ur 
aoBaHlllO C'leTa HefiTpOHOB B aKTJIBan;BOHHOM 

.inaJIH3e. Hcnonb3osamre ueilrponou }1.JJJJ. aeaJI113a, 
xoTH II He uamim JIOKa uceo6w;ero npui:eneHnR, 
HMeeT 6oJIJ,WHe npenMymecTBa, DOCK0.71'.LKY HeH
TpOBLI MOH(RO neTeKTHpOBaTI, ceJieKTHBHO H a4>
¢eKTHBHO 6e3 noMex co CTOpoHhl ~HoBOro ~-H -;
ll3JirieHHJJ. HpoMe Toro, 3Mnccu11 ueihpoHoB -
cpaBH11TeJILHO pe;:i;Koe HBJJeHne B Jl,ll;CpHOM pac11a
.1e, noaroMy <'OBMeCTHo c ,1.1;pyrnMn csoiicTB3Mlf 

MomeT 6LITI, f[CUOJlb30B3HO lJ.JUI H;lCJITJUpH1".3f\Rll 

It o~eBKH oupe.u;eJieHHhlX H30TOilOB H 3.llelWHTOB. 

3To me cnpane.)\JIHBO ]1.JlJI 3MD.CCBR ueiiTpoHOB B 
J1,1.1;epu1>1x peam~HIIX C pal(UOaKTRBHLI.MH HCTO'lHH

KaMII, r,a;e 3)UJCCH11 113CT0 11a.·ureTCJI xapaKTepttoii 
:v,11 H30TOTIOB nanHoro HCTOqHHKa H .MnllleHII. 

XapaKTepH1:.i:e ocooenuocTu :nmccuu H c'leTa 
HeH"lpOHOB. rlO3BOJUIIOT npOBCCTH aH3JIB3 OOpaa~a 
uea xu11u11ecKoii o6pa6oTKB ,no 1i'nocae 06J1yqemtH'. 
JI o6neNHTh UhlCTphle H3Mepemrn: npn noMOU\lt 
upn6opou 6ea paapymeHHJI o6paa~a np&1 BY<:_oKou 
T0'III0CTII ll HaJIJffIHH cpaBIJU:TCJJbHO np0CT0U an
napaTyp1,1. 

3TH M0TO,ll,LI C'leTa neiiTpOHOB COCTOII1' B aHaJm-
u235 LJ236 

ae J{eJUl:ll.{HXCJI Jf30TODOB (Hanp»Mep, , • 
U 233 Th232 Pu239 u u:aoTonewx OTtIOmeimii ypa-' . -na) nyTeM noJ{CtJeTa aanaa,nYBaIOll(IIX aeuTpo-

nou, u:cnycRaeMLlJ: KopoTICO-'KHBYlll.HMH npo,nyKTa

MH ~enemrn; B aHaJIH3e Li6 ll JIHTRJI, N15, 0 17
, 0 18 

ll RHCJIOpo;1.a nyTeM IlO,l\C'leTa 3afi&3~blllalOUJ;ln:: 

Heiirponoo »a N17 c nepuono» nonypacnaAa 4 ce,-; 
B onpe;r.eJieHJUI HeCJ(OJJLIOIX H30TOOOB, 11c11ycKaJO
ll(HX 't -Jl3Jif1JeHH0 BhlCOKOii: aHeprHH (nanpHMep, 
Na2', Mn56, La140 u Al 28) u cJIJILHo aliTJfBHLix 06-
paauax, )\JUI KOTOpLlX 3JrnKTpOHHaff J\HGKpHJ,fHUa-
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!(JUI He34>tf>elitnBHa, nyTeM JlO,'{C'leTa <pOTOHeii

TpOHOB, o6paayIOJ.Q'HXCR n TRmenoii: BO,'.{(' u 6epmr
.'IHH, a TaI<ace B aHaJIH3e 0 18 n paamnm,1x if,aaax 
11yYeM no;r,c'lleTa aeiiTpouou, 06paayxnqnxc11 n pe
aKquu 0 18 (7., n) Ne2t, 

AeTam.uo onucanLI paanJI•reue :t,leTO;t,ht 

liPHMeneirne. 06cym}l;aIOTCH B03M0mH0CTH 
neiimero pacmnpeau.11 n paaBHTHR HOBLIX 

MB, OCH0BaHm.rx Ha Tex me llpltHU.Hnax. 

n nx 
;i,am.
MeTo-

A/825 Israel 

El recuento de neutrones en el analisis 
por activaci6n 

por S. Amiel 

Esta memoria da cuenta de los trabajos recientes y 
en marcha de nuestro laboratorio sobre el desarrollo 
Y empleo de recuento de neutrones en el analisis por 
activaci6n. Aun cu.an.do no sea· de uso corrfonte, el 
empleo de neutrones para el analisis resulta ser muy 
ventajoso puesto que los neutrones pueden detectarse 
selectivamente y eficientemente sin la perturbaci6n 
del fondo de radiaci6n /J y y. Ademas, la emisi6n de 
neutrones es un fen6meno relativamente raro en la 
desintegraci6n nuclear y puede utilizarse con otras 
propiedades para la i4entificaci6n y analisis de 
nuclidos y elementos especificos. Esto tambien es 
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valido para la emisi6n de neutrones de reacciones 
nucleares con fuentes radiactivas en donde frecuente

. mente la emisi6n es caracteristica de la fuente y del 
blanco. 

Las caracteristicas especificas de la emision y 
recuento de neutrones permite analizar una muestra 
sin tratamiento quiroico antes de la irradiaci6n o 
despues de ella y emplear metodos instrumentales 
rapidos y no destructivos de gran precision usando 
aparatos relativamente sencillos. 

Estos metodos de recuento de neutrones consisten 
en el analisis de nuclidos fisibles (p.ej. 235U, 238U, 
233U, 232'J'h, %39Pu y relaciones isotopicas del uranio) 
mediante el recuento de neutrones retardados proce-
den tes ·de productos de :fision de vida corta; an.ilisis 
del 6Li y del Iitio, 15N, 170, 180 y oxigeno mediante eJ 
recuento de neutrones retardados del 17N de 4 s; 
analisis de varios micJidos emisores de radiaci6n 
gamma de aha energia (p. ej. 14Na, 56Mn, 1401.a y 
28Al) en muestras de actividad elevada, en donde no 
es eficaz la · discriminacion electr6nica, mediante 
recuento de fotoneutrones producidos en D2O y 
berilio; y analisis del 18O en varias fases mediante el 
recuento de neutrones de la reaccion 180 (a, n) 21Ne. 

Se exponen con detalle los metodos dif erentes y sus 
aplicaciones. Se comentan otras posibilidades para 
la ampliaci6n y desarrollo de nuevos metodos basados 
en los mismos principios. 
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Choice of most suitable radiation characteristics 
for any given gauging problem 

By P. Platzek and A. C. Meyer• 

In gauging problems the task mainly consists of 
monitoring mass variations of a given object~ rather 
than of determining its average mass (thickness, 
density) as such. It may be necessary to detect thick
ness variations of a moving foil or sheet; to determine 
density changes in a flowing liquid or ups and downs 
in the amount of transported powder-like substances. 
Finally, level variations can equally be interpreted in 
terms of varying mass across a line of observation. 

In general, these mass difference measurements start 
from the following data: 

d: average thickness of object [cm}; 

e: average density of object [g cm---.!JJ; 

ed: object mass per cm2 of surf ace = surface den
. sity [g cm-2}; 

&e (i: minimum mass variation to be detected or 
measured. It results from a thickness variation 
fld, a density variation '1e or from a combina
tion of both Ad and Ae; 

t: time interval available to collect significant 
signal information [sJ. 

The radiometric solution of such a problem involves 
the choice of: 

µ/e: a suitable radioisotope characterized by its 
mass-attenuation coefficient [g-1 cm2} as defined 

by the attenuation law N" = N0 exp (-; ed) 
(symbols N ef. below); 

a source of sufficient activity to warrant significant 
signal variation; 

the kind of detector; 

source-detector geometry. 

The last three data together with t determine the 
magnitude of the basic signal. The object reduces the 
basic signal to the standard average signal and the 
measurement of mass differences finally involves the 
registration of signal variations and/or sometimes 

• Central Laboratory T.N.O., Delft. 

triggering of servo-mechanisms as soon as a pre
determined change of the standard value occurs. In 
any case, significant signal changes have to be dis
tinguished against a background of inevitable statis
tical fluctuations limiting the effect of signal .amplifica
tion or compensation. To facilitate the calculation of 
signal difference over noise ratios, signals are pn;feren
tially defined as: 

N: total count or count•rate X time, 

since v N represents the standard deviation of the 
statistical noise. Also, the important parameter of 
measuring time is taken into account by this proce
dure. 

Derived symbols to be applied in the course of this 
paper read a follows: 

j x = ed] [gcm-2] 

Ax: mass variation to be detected 

[i µ/e ! [g-1 cm2J 
N0 : detector signal without presence of object 

Nx: idem after passage through standard object 

AN: signal variation caused by /).x = Nx 
- Nx+ Ax= N,, _ "°"-N" 

The following sections will try to show that: 

(a) the average object mass x alone determines the 
choice of the most suitable radiation characterized by 

mot>\; 
(b) at given x and m, a postulated /:,.x determines the 

requirement of a minimum signal Nx (or No) to be 
effected by choosing a sufficient source.strength 
depending on source-detector geometry and detector 
efficiency; experimental evidence will be given; 

(c) a diagram can show the interdependence of all 
variables and serve to read the signals required in cases 
of optimum as well as of non-optimum conditions; 

(d) these considerations hold for both gamma and 
beta emitters whenever representative attenuation 
coefficients can be taken into account. 
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The results of this investigation are considered to be 
of practical interest, since they facilitate a quick orien
tation evaluation of gauging problems. This is why 
EURATOM's Bureau Eurisotophad readily sponsored 
this experimental work to back up and to refine the 
existing presentation. 

OPTIMUM RADIATION CONDITIONS 

The absorbing mass-ranges in which different 
gamma and beta energies can favourably be applied 
are empiricaHy well-established and listed in literature 
[l-5J. They can easily be predicted on the ground of 
the exponential attenuation Jaw and of attenuation 
coefficient data. These ranges are relatively broad, 
but there is a true optimum absorbing mass for each 
attenuation-coefficient, the position of the optimum 
depending on the postulated optimizing conditions. 

There are authors [6, 7] claiming m
0
»i = !_ as result 

X 

of their optimizing procedure· which starts from the 
fl.N tu . 

assumption that -- /- should be maximum. Other 
N0 x 

papers [8-IIJ are aware of the necessity to maximize 
d.N Ax 

--:-r- / - , since the significance of a reading and 
V N,, X 

hence the accuracy of its result primarily depends 
AN tu 

on the ratio ~ . For small mass-differences -
vNx X 

P. PLATZEK and A. C. MEYER 475 

up to about 0.1, this condition leads to the result 

X • mopl = 2 * (I) 

Since mass attenuation-coefficients m for gammas 
and ·betas are spread over four orders of magnitude, 
it might be argued that both optimum values are 
more or less equivalent. For exact sensitivity consi
derations, however, the latter derivation deserves 
preference, as will be shown in due course. Theory 
predicts a maximum signal difference over noise ratio 

2 
for any case where radiation of m = - is available. 

X 

1.2 3 
Since the maximum is rather flat, - < m < - is re-

x X 

commended by the present authors. 

Table I lists mass attenuation-coefficients of some 
practical kinds of radiation together with the corres
ponding mass-ranges. 

CHOICE OF A SIGNAL OF SUFFICIENT MAGNITUDE 

In practically all gauging problems a standard 
signal can be correlated to the standard mass to be 
monitored for the occurrence of variations. The 
meaning of the variation should be carefully de• 
fined, before discussing its influence on signal re
quirements. 

• See Appendix to this paper. 

Table 1. Typical mass attenuation-coefficients and corresponding approximate object mass-ranges 

Isotope and Mass attenuation-principal (casu 
coefficient Mass-ranges References 

quo maximum) 
m (i,1 cm') (g cni-') 

energie, (MeV) 

it•pm 160 - lIO 0.00] - 0.02 11, 2, 4] 
fJ; 0.22 250 - 175 (Al) 0.006 - 0.018 This paper (Fig. 4, § 2) 

uKr 28 (Al) 0.002 - 0.10 fl] 
fJ; 0.69 25 (Al) 0.45 - 0.12 This paper (Fig. 4, § 2) 

20•Tl ,25 0.005 - 0,17 [l-4, 6] 
P:0.11 

90Sr-"'Y 5 0,02 0.7 [1-4, 6] 
{J: 0.61; 2.2 S (Al) 0.2 0.6 This paper (Fig. 4, § 2) 

H"fm 
0.19 - 0.29 (Al) o.s [ll P: 0.97; o'.ss 10 

')I: 0.084; X = 0.052 0.20 - 0.40 {Fe) 

u•1r 0.092 (Al) 
fJ: 0.67 0.091 (Fe) 8 - 30 (1, 2] 

y: 0.31; 0.47; 0.60 0.175 (Pb) 

ti•cs 0.066 (Al) 
70 (I, 2, SJ fJ: 0.52; 1.18 0,064 ((Fe) 10 -

y: 0.66 0.088 (Pb) 

"'Co 0.050 (Al) 
- 100 [], 2, SJ {J: 0.31 0.046 (Fe) 20 

y: 1.17; 1.35 0.05f (Pb) 
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Let us consider the case of a moving sheet, where 
1 % of variation is acceptable. It is then necessary to 
state the surplus of variation which must at any rate 
be indicated or rejected. This could be > 0.5 %, in 

which case ~ > 0.005. The standard signal would 
X 

be a band between N0 , 99;r and N 1 _01 ., dilf usely widened 
at both limits by about 2.5 VNx• tlN corresponding 

Ax . 
to -- = 0.005 must be significantly distinguished 

X 

against this unsharpness notwithstanding its own 
1-- r-

uncertainty of ± ~ 2.5} Nx+~ ~ ± 2.5 } N.,. For 

smaH values of p.x the following conditions must in 
X 

genera\ be fulfilled: 

N., + .1.o: + 2.5 a < N., - 2.S a } ,... · 
µ.N > 5 J 

Nz-AJc - 2.5 <1 > Nx + 2.5 a 
(2) 

The consequence of such a condition is that in the 

example chosen al\ signals exceeding N0 • 99,.+ 2.S(Nx 
or Jess than N1.ov, - 2.5 (N..- will be outside the 
alarm thresholds. Then I % variation is not observed 
in 98 % (corresponding to 2.5 a) of its occurrence, 
1.5% variation or more is indicated in all cases but 
2 % of the 1.5 % limit (again corresponding to 2.5 e1) 
and variations in the range l.O-l.5% are sometimes 
indicated. 

This example illustrates the necessity of being fully 
aware of the accuracy wanted. A statement like 
.. measuring± 1 % deviation" would actually postulate 
the significant monitoring of all 1% deviations or 
more, whilst smaller deviations as well would often 
give rise to an alarm signal increase or decrease. 

When applying the preceding considerations to 
thickness and density gauging, little difficulty is 
encountered in attributing standard signals to the band 
of allowed mass-values, nor in defining the size of the 
minimum mass-variation to be found *. In level
gauging as well, the situation can be very easy in cases 
of "black or white" measurements, where tens to 
hundreds per cent of mass-difference can occur. In 
cases, however, where the position of a level must be 
ascertained with an accuracy corresponding to part 
of the detector cross section, an exact analysis of x as 
a function of level position is essential to correlate 

value of ax- with small shifts in level. 
X 

As soon as a justified value of the relative mass 

. ax- d a·. 
difference of interest, - , has been efine , 1t is pos

x 

• Environmental influences can, of course, broaden secondarily 
the standard band and thus, together with the limitations of a!I 
measuring equipment, set a limit to extreme accuracy requi-
rements. 

sible to predict the minimum signal required for 
significant detection of ll.x, in correlation to any kind 
of radiation chosen. The minimum signal can be 
calculated in terms of N., or of Nw Both values are, 
of course, connected by the attenuation law, but both 
have their merits in determining the required source 
strength in dependence of the measuring time (-= 2 RC 
in the case of count-rate or chamber-current measure
ments). N,; will point to the kind of detector abk 
to follow the necessary signal rate, whereas N0 together 
with the detector data and general geometry will allow 
for calculation of the source-strength required. 

A simple derivation shown in the Appendix lead, 
to the formul~ 

AN -nn ( 6.,.) -_- = v'iv exp-·- (1- exp - mx. -
V Nx O 2 . X 

- ( 6.,.) = v N" ( 1 - exp - mx. -;-

displaying the interdependence of five variables: 

signal difference/noise ratio 

tJ,.x : relative mass difference to be found 
X 

: } : occurring as the product mx 

N : either N0 or Nx 

(Ja) 

(Jb) 

In a previous publication [10], a nomogram has been 
presented on the basis of Eq. 3a to facilitate the calcu
lation of one variable as a function of four data, 

~x 
mostly N

0 
as a function of m, x, -;- and a value of 

llN . ( /J,.N ) 
- ,- adapted to the required accuracy -:1N = 3 to 6 · 
V~ V ,r 

It is now preferred to define 
11."!. = S following the 
../Nx 

considerations above and to modify Equations 3 

accordingly: 

tJ,.x 
for smaU

x 

25 e-

25 

(4a) 

( llx) -2 

N,, = 25 (1- exp-mx-;- = wx2 (~) ~ 

tix 
for small

x 
(4b) 
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Since in Eq. 4 both N0 and Nx are functions of mx 
tu . 

and - • it is possible to display both signals as parax 

t . d" Ax me ers m a 1agram mx versus-, as has been done 
X 

logarithmically in Fig. 1. A simple monogram to 
compute mx from its constituting factors has been 
added. Thus the former general nomogram has now 
been replaced by a simpler graph based on the 

~N . 
postulate v'Nx = 5. 

DISCUSSION OF MINIMUM SIGNAL DIAGRAM 
(Fig. 1) 

If one could always work with the optimum kind 
of photons or particles defined according to Eq. 1, 
Eq. 4 would further reduce to show the two signals 

l. · f · f ~x · as an exp 1c1t unction o - . These minimum values 
X 

of N0 appear in Fig. 1 at mx = 2. Larger basic signals 
are obviously needed both at higher and at lower 
values of m, if xis fixed. 

The fact that N0 does not change very much in the 
neighbourhood of mx = 2, is stressed by shading a 
region on the mx ax.is which can be interpreted as 
equivalent for the evaluation of m-x combinations by 
means of the left-hand nomogram. 

Well-known facts with respect to detector choice 
are obvious from Fig. I. 

GM tubes, even in a multiple arrangement, cannot 
produce more than about N,, = 3.103 cps, which 
means that their application is restricted to 4 % of 
mass-variation or more at optimum conditions 
(No= 3.10'), unless much more than 1 s measuring 
time is available. In level-detection, where mostly 
large mass variations are involved, GM tubes are 
preferred. 

In order to detect small mass variations of0.5-1 %, 
N" = 5.10'1-3.105 is required at optimum conditions. 
At measuring times (or RC constants) of the order of 
seconds, only scintillation detectors or ionization 
chambers can do the job. 

A few words have still to be said about the concept 
of optimum conditions. It is characterized by the fact 
that a significant signal difference over noise ratio is 
effected at as Jow a basic signal N0 as possible. In 
theory it does not seem attractive to achieve the same 
sensitivity at the cost of more millicuries than strictly 
necessary. In practice, the ideal radioisotope is not 
available in all cases and analysis using Fig. I can 
reveal interesting possibilities. Suppose an attenua
tion coefficient m = 3 moot can be chosen to make 
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mx = 6, well outside the optimum range. This would 
bring Nx down by a factor of 10, which could be 
advantageous. To maintain optimum sensitivity, _ 
however, N0 must be raised about 5 times. In view of 
the easier shielding of weaker radiation, these cases 
should be evaluated with care, since higher radio
isotope cost can be more than compensated by specific 
activity advantages. Figure 1 enables one to weigh all 
these factors against each other and to deviate from 
optimum conditions only as far as safety and cost 
would justify. 

The calculation of the number of millicuries to 
achieve the required basic signal N0 must be based 
on data such as detector cross section ( or window 
surface), detector efficiency and general geometry. A 
formula for such calculations can be given {JO, 11 ], but 
is omitted here as trivial. 

It remains to give experimental evidence to the sensi
tivity considerations given earlier and further to show 
to what extent valid attenuation coefficients can be 
ascribed to beta radiation as has been done in Fig. I. 

EXPERIMENTS SHOWING THE IMPORTANCE 
OF SUFFICIENT N0 

A 137Cs source of 25 me placed in a lead container 
with a .small opening was positioned opposite a GM
tube to give a count-rate of 1 000 cps. Dead-time 
corrections have been duly applied. By scaler-counting 

· for 100 s and 1 000 s, N0 values of 105 and 106 were 
obtained. Suitable brass absorbers served to obtain 
absorption curves which are shown in semilogarithmic 
plot in Fig. 2. The upper full lines represent the 
attenuation of N0 = 105 in Fig. 2a and of N0 = 106 in 
Fig. 2b. At certain x values, extra brass-absorbers of 

mass 2/ 3 %ofthosex values(~ =0.0067) were added 

and the corresponding signals were counted IO times. 
The points in Fig. 2a and 3b represent the average 
signal differences ~N as found by subtracting N,,+,1i 
from N,, = N0 e-mx where m = 0.064. The size of 
observed deviations is indicated. 

Keeping in mind that the lower full lines in Figs. 2. 
represent the standard deviation o = -vNx as a 
function of x, while the dotted lines correspond 
to 2.5 vNx accordingly, two noteworthy facts can 
be stated: 

(a) Figure la shows ~N values to be generally 
lower than 2.5 a, which means that N0 = 106 can never 

lead to the significant detection of Llx = OJ)()67. In 
X 

Fig. 2/J, however, AN uncertainty ranges just exceed 
2.5 a at x = 26 and 35 g cm-!. For these latter objects 
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1117c • I · s ssgna s, 1. e., N0 = 106, are just sufficient to detect 
i1x 
- = 0.0067. Both facts can be read from Fig. J as 

X 

well, which is obvious, since the 'attenuation of 
131Cs gammas follows the exponential law. 

(b) The meaning of the proposed optimization pro
cedure can be illustrated by drawing the function 

llx 
/).N = N0 - mx e-mx (5) 

X 

which is valid for small values of AX as shown in the 
X 

Appendix to this paper, sub 2. The maximum of this 

function is found at x = _!___ = l6gcm-2 in the examples . 
m 

of Fig. 2. 

I_t is obvious, however, that significant ax determi
nations are found in Fig. 2b at x ~ 30 g cm-2 • This 

x value corresponds to x.,,. = ~, the position of the 
m 

maximum in the function 

6.N _ Ax -~ 
--~~- = vN0 -mx e 2 

VNx . X 
(6) 

Function (6) is represented in Figs. 2 by the differ
ence between the curves and the lower full lines, which 
has been shaded in Fig. 2a. This difference of loga-

. llN 
rithms corresponding to ---=- has its maximum at 

../N 
2 

x.P, = - . Experimental , points in Fig. 2 tend to 
m 

become significant just around this latter maximum 

and not at x = __!__ , which is in concordance with the 
m 

prediction of Fig. 1. 

While Figs. 2 hold for scaler counting, Figs. 3 
demonstrate similar results obtained by ratemeter and 
ionization chamber measurements. 

Two series of ratemeter measurements have been 
carried out in analogy to the scaler experiments just 
mentioned. Larger relative mass-differences of 9.5 % 
were applied, however, in view of the limited accuracy 
of the available ratemer. In order to avoid the compli
cation of long time-constants, a scintillation detector 
was applied giving rise to a basic signal rate of 
N'0 = 13000 s-1. Time constants of 0.I s and l s 
were chosen, leading to basic signals N0 = 2 600 and 
26 000 respectively, as calculated according to Eq. 7 
[IO, 12} 

N= 2 RC·.N' (7) 

The drawn lines in Fig. 3a correspond to the strictly 
exponential attenuation confirmed by experiment, 
whereas the dotted lines represent the calculated values 

of 2.5 rJ. The registered points again correspond to the· 
average signal differences ~N found when extra 

· llx . 
absorbers of - = 0.095 were added to the abscissae 

X 

of the points. The ranges drawn indicate the uncer
tainty of the signaJ differences _as found by experiment. 
The conclusion of Fig. 3a is, that N0 ~ 3.104 is amply 

sufficient to detect ~x =9.5 % in a broad range at 
X . 

both sides of x =~,whereas N0 :::. 3.103 just would 
m -

not do. This state of affairs can immediately be read 
from Fig. I. 

An example of a series evaluated by ionization 
chamber+ electrometer measurements is illustrated in 
Fig. 3b in analogy to the ratemeter series. The same 

137Cs source, as in all preceding experiments, has been 
applied.. Here the geometry had been precalculated 
to yield N0 ~ 3.105 (photons to interfere with the 
chamber filling) during 2 RC = 34 s. This basic signal 
would, according to Fig. 2, be insufficient to detect 
L\.x . 
- = 2/ 3 %, which had to be shown. 

X 

Experiments yield readings of small currents, 
pA = fix), which are plotted in Fig. 3h. 

The largest current fluctuations as read by the 
efectrometer were taken to represent 2.5 a. Their 
decrease as a function of x is shown by the dotted line . 

. tu 
The signal differences belonging to - = 0.0067 are 

X 

found to be larger than 2.5 a on average, but not to a 
sufficient extent, which was excepted when choosing 
N0<106. 

One can try to correlate N values to the measured 
electrometer currents. This means that the current 
scale of Fig. 3b has to be shifted with respect to the 
N scale of Fig. 3 a, .until the dotted line corresponds 
to 2.5 ,FNx- Since this has been done in Fig. 3, the 
ordinates of Fig. '3b can be read as N values as well 
by means of the ordinate of Fig. 3a. The experimental 
value of N

0 
thus equals 5. 105, nearly a factor 2 more 

than the precalculated one. This can be understood, 
sjnce the scattering of secondary electrons within the 
chamber had necessarily to be neglected in the calcu

lation. 

APPLICABILITY OF OPTIMUM CONSIDERATIONS 
AND FIG. 1 IN BET A GAUGING 

Betas obey the exponential attenuation law in 
more or less rough approximation depending on the 
kind of detector and on geometry. Figure 4 compares 
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the semilog plots of 137Cs attenuation as measured by 
means of different detectors and absorbing materials, 
to three beta attenuation lines. In the case of 137Cs, 
m values show relatively slight variations in dependence 
on measuring conditions and the known increase with 
the atomic number of the absorber. The beta emitters 
measured were as follows: · 

••sr-••y. ioniiation chamber 

~Kr. . . . ioni:i:ation chamber 

mpm ..• GM tube 

large absorber sheets f 
large absorber sheets .

1 absorbers 2.5 cm 0 

distance 

source
detector 

8cm 

It may be concluded that these three nuclides can 
for practical purposes, be characterized by significan; 
attenuation coefficients, indicated in Fig. I and 
Table I. . 

In _o_rder to demonstrate to what ex.tent measuring 
c~nd1t1ons can influence p-attenuation behaviour, 
F,g. 5 has been added. The three ff-lines from Fig. 4 

f 

0.005 

o.os 
0.5 9Ds,. 90y . 

Figure 5. ~-attenuation by Al-absorbtrs 

have been reproduced there together with two other 
series on 90Sr-90Yand 58Kr determined by GM counting 
at 35 cm and 20 cm distances respectively. The same 
small absorbers mounted in a thick perspex plate, as 
used above with 147Pm, have been applied. 

Since the latter measuring geometries are not 
characteristic for· practical circumstances, Fig. 1 can 
be recommended for the evaluation of the most suitable 
nuclide and. the required source-strength in the cases 
of both y and ft-gauging. 
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APPENDIX 

A 1. General expressions 

!!N = N"- Nx+t.• (A JaJ 

= Noe-mx (l = e-m"1 
!A loJ 

/'J.N = N,,_tu _ N" [A IbJ 

ll.N - -""'( _,nr~)' 11.N _ -~( -~ ) _,- =VN0 e 2 1-e • '-=--=v'N0e ~ e z-1 
V Nx \INx 

[A 3aJ {A JbJ 

= vNx ( 1-e --~) 

[A 4a] IA 4h] 

Both series of formula: are equivalent for the consi
derations of the paper. Series (a) has been chosen as 
a basis for Fig. I. 

A 2. Expressions and optimizations 
for small m 11.x ( < ~ 0.3) 

~.I' ...-m~ 

b.N.'."- N
0 
mAxe-u _....,_ N 0 mxxe [A SJ 

6.N .1.x -mx 
---/ --:::' mx e '--= f (mx) 
N

0 
x --

d f(mx) -mX -mx 
--- = e - mx e = 0 -+ mx upt = I [A 6) 
dmx 

Ax -nu 
/J.N N

0 
-:x- mx e - /J.x =!!!= 

--~ -- -_c_.-- --- -""- v N0 - mx e z IA 
7! 

vNx - v' No e-mx/Z - X 

AN Ax -mx 
__ f-:---_mxe_2_ = f~(mx) 

vNxNo X -

d f* (mx) =-"'~ mx ~ ----·-= e 2 ---e 2 ~0-+mXQpt=2 (AS} 
d mx 2 -

Close around mx = 2 the approximation sub A 2. 

is valid if Llx < ~ 0.15. At larger mass differences, 
X 

Fig. I shows a noticeable shift of the optimum towards 
lower mx values. The correct optimization starts from 

In (2~ +I) 
A 3a instead of A 7 and leads to mx0p1 = Ax 

X 

to which A 8 is a practicable approximation. 
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ABSTRACT-RESUM~_:_AHHOTAL.("1.R-RESUMEN 

A/828 Pa15-Ba.s 

Choix des caracterlstiques de rayonnement 
les plus adequates pour tout probleme 
de jaugeage 

par P. Platzek et A. C. Meyer 

. Le jaugeage vise le plus souvent a detecter ou a 
mesurer des differences de masse plutot qu'a deter
miner une masse moyenne elle-meme. A cet egard, 
l'indication de niveaux. doit etre consideree comme 
un probleme de jaugeage tout autant que la determi
nation de differences d·epaisseur ou de densite, 

Une variation de masse Ax de la masse moyenne x 
doit etre detectee ou rnesuree a l'aide d'une difference 
de signal AN plus grande de fa~on significative que 
Jes fluctuations statistiques eventuelles du signal. II 
faut que ce but soit atteint dans un intervalle de 
temps maximal donne t. Les moyens disponibles sont 
des sources d'isotopes caracterisees notamment par 
leur coefficient d'attenuation et Jeur activite. 

En negligeant les effets secondaires, comme l'hete
rogeneite du rayonnement, la diffusion, les dimen
sions de la source, l'influence du detecteur, etc., on 
peut admettre en premiere approximation que le 
rayonnement p ainsi que le rayonnement y obeissent 
a Ja meme loi d'attenuation exponentielle. Des consi
derations theoriques simples montrent que seule la 
masse moyenne de l 'objet determine le choix du 
radioisotope (c'est-a-dire du coefficient d'attenuation 
massique du rayonnement principal) optimal. 

ll en resulte que l'activite que doit avoir la source 
depend de: 

a) La difference de masse minimale a detecter (6.x); 

b) La precision requise (!iN/V N/C); 
c) Le temps de mesure (t); 
d) La geometrie et I'efficacite du detecteur. 

En admettant que AN/V Nx devrait etre au moins 
egal a 5, on a construit un nomogramme permettant 

de lire les signawc. voulus (comptage total = taux de 
comptage x temps de mesure) a la fois pour des 
conditions optimales et des conditions non optimates. 

Des donnees experimentales montrent dans quelle 
mesure Jes hypotheses de simplification sont valables. 
Elles justifient l'idee selon laquelle tous les jaugeages 
de differences de masse a l'aide de rayonnements de 
grande energie peuvent etre consideres comme un 
probleme general que, malgre la grande variation 
d'objectif, ii est toujours possible d'aborder dans la 
pratique en utilisant essentiellement la meme methode. 

A/828 HK.ir,epnaHAbl 

8bl6op HaH6onee nOAXOAffU.lf-lX xapaK
repHCTHK H3nyYeHHff AnR onpeAeneH
HblX npo6neM KanH6pOBKH 

HanuopoBKa HMeeT n;eJu,10 rJiaunLIH oopaaov 
CKopee o6napymeuue HJIH 11awepes11e pa3.11u11aii B 
Maccax, 11eM onpe]leJieHHe cpe;\Heii u:acCLl Ra~ 
T3ROBOU. B 3TOM OTHomeunu yxaaaHH0 ypoBIIJI 
MomeT paccMaTpHBaTLCJI B paunoii cTeneuu KaK 
npo6J1eMa 1<am16pOBKR B JJ.OllOJIReHHe l( H.3Kepeaa:
.JlM paaHOCTH TOJilll;HHLI HJIH UJIOTHOCTH. 

0TKJIOH0HH0 M8CCLI AX OT cpe)l)lero 3B3'10HIIJI 
D )l.OJDIUIO 6b1TL ).l,eTCRTUpo»aHO HJIH ff3MepeBO Jl() 

paamrn;e u c»ruanax tJ.N, aHa'IHTCJU,HO npeouma
rom;eu D03MO}l(Hble CTaTJfCTH'10CKR0 !pJIYKTyaqnH 

cnrnana. ~ho MmJrnT 6blTL oc~ecTBJrnno aa Aan
Hhlii MaKCHM8JlhHhIH HHTepBaJI upeMeHII t. .Uo
CTYDHblMH cpe,llCTBaMH flBJIJUOTCH H30TOIJBLW HC

TO'IHHKH C paaJIR'IHLIMH xapaRTCpBCTHKaMH B3Jly

'ICHRH, HallpHMep MaCCOBblM Koa<{lcpuuneBTOM 

OCJia6JieHHJJ n MOlll;BOCTLIO HCTO'IBHKa. 
Ecnn npeue6peq1, BTOpH'IHLIMH :,4'4'eRT8lllf, 

nanpHMCp HCO]l,HOpO]!,HOCThlO ifaJiy,ICBHJI, pac
CCHHHCM, paaMepaMH HCTO'IHHKa, cpa6aTblB3llJIICJ,( 

;(CTCKTopa .ff T. ,LI., MO'KHO C'lUT8TL, 'IT() ~- H 1-lf;J- . 
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.1y11emu1 n nepnoM npll6JUfiKCIBHJ JJ0;J.'IHHHIOTCH 

o;'.{HoMy a1<cnoneHI\U8JihH0MY aammy norno~emrn. 
B noM c.ny•1ae upocrhle TeopeTJf'JeCKHO coo6-
pamemrn llOJ<a3hrnaIOT, 'ITO TOJihK0 CpC;J,HRH Macca 

o6'bCKTa onpe;i,e.JJHCT Bhl6op OIITltMaJibHOfO pa;a,Ho

;lRTJrnuorn H3<>Tona ( AfaCCOIHdif 1waq,cfiHI\Il8HT oc
;ia6Jie}lffJl ocuoBnoro nanyqeana). CJieJl.OBaTeJih
HO, ueo6xo;i,uMaH MO~HOCTI, HCTO'JHllKa aaBHClfT 
OT CJieJ);YIO~kX qiaKTOpon: 

1) MHH1tMan1,uoii paaHlf~hl B Macce, 1wTopyl() 
neoGxo;urno 1,ernnupoaaTL ( Ax); 

2) Tpe6yeMoii TO'IHOCTH (.lN/VNx} 
3) apeMe.nu H:mepe111u1 t; 
4) reoMeTp.un n a,Pcf,eKTHBHOCTII ;,;eTeKTOpa. 
Ha ocuonc ;::i.onyl.l.l,emrn o ToM, 'ITO oTuoruemTC' 

(AN/ VN.r)AoJJmHo 6hITL no 1<paiineii Mcpe paBHo 

5 ,oi.ma uocTpoena HOMorpaMMa ;i_;rn onpe/l,eJiemrn 
rpe6yeMLIX CHfH3JlOB ( o6m;Jtii c•rnT = c1wpocT11 
cqera X spet.rn H3Mepe1rnH) l-lJIH onTHMaJibHLix: 
I( HCOIITHMaJlbHUX YCJIOlllllf, 

3ncnep1111enTa1ILHble ~aHHLle IIOKaaLIBaIOT, }I 

J.aRoii: cTeneHH cTpaac~mlBhl ynpo~eum,.ie npe,:\-
110JtomeHH.11. OHH onpan~hlBalOT IlOIIblTMy paccMO
TpeTL nee H3MepeHHH pa:rnH'-rnii B Maccc npn 

IlOMOIIl;H H3Jiy11eJJJJH BhJCOROH 3Hepn1H Rall'. o6m;yio 
npo6J1eMy, KOTOpaH, HCCMnrpa Ha 60J1bllIOC paauo
o6paaue 3a)'l,a 11, MomeT paccMaTpnBaTI,C.H no cy
iqecTBy o~uHmmaoii. 

A/828 Paises Bajos 

Elecci6n de las caracterfsticas de la radiaci6n 
mas adecuadas para un problema dado 
de calibraci6n 

por P. Platzek y A. C. Meyer 

Con la calibraci6n se intenta sobre todo detectar 
o medir diferencias de masa en vez de determinar la 
masa media. Desde este punto de vista, la indicaci6n 
de nivcles se puede considerar tambien como pcoblema 
de calibraci6n, ademas de las medidas d·e espesores o 
de densidad (por diferencia). 
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Una desviaci6n Ax de la masa media x se debe 
detectar o medir por medio de una diferencia de senal 
J.N considerablemente mayor que las posibles 
fluctuaciones estadisticas de Ia serial. Esta medida 

. se debe conseguir en un intervalo de tiempo maximo t. 
Los instrumentos disponibles son fuentes de is6topos 
de caracter:isticas de radiaci6n diferentes. Tales como 
coeficiente de atenuacion de masa e intensidad de 
la fuente. 

Cuando se desprecian efectos secundarios, como 
heterogeneidad de la radiaci6n, dispersion, dimensiones 
de la fuente, respuesta de1 detector, etc., se puede 
suponer en primera aproximaci6n que tanto Ja radia
ci6n p como la y obedecen la misma ley exponencial 
de atenuaci6n. Simples consideraciones te6ricas mues
tran entonces que solamcnte la masa media del cuerpo 
determina la deccion del radioisotopo 6ptimo (c.q. 
coeficiente de atenuaci6n de masa de la radiacion 
principal). La intensidad de la fuente requerida 
depende, por lo tanto, de: 

1) La minima diferencia de masa, (Ax), que debe 
ser detectada; · 

2) Precision que se desea (AN/VNx); 

3) Tiempo de medida (t); 

4) Geometria y eficiencia del detector. 

Suponiendo que ti.N/V Nx debe ser al menos igual 
a 5 se ha representado graficamente una curva que 
permite leer las sen.ales necesarias (contaje total = 
velocidad de contaje x tiempo de medida) tanto para 
condiciones 6ptimas como no optirnas. 

Datos experimentales muestran hasta que punto 
son validas las hip6tesis simplificadoras y justifican 
el intento de considerar todas las medidas de diferencia 
de masa mediante radiacion de alta energia camo un 
probiema general que, a pcsar de grandes variaciones 
en su objetivo, en la practica puede abordarse siempre 
de la misma forma. 
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Determination of certain trace impurities 
lead and aluminium by neutron-activation 

• 1n pure 
analysis 

By H.K. EI-Shamy, A. A. Abdel-Rassoul and T. Z. Bishay* 

The presence of microquantities of certain metallic 
impurities in lead usually limits its industrial applica
tion. Similarly. impurities present. even in trace quan
tities. in aluminium may also prevent its use as a 
reactor material. The conventional analytical methods 
for both metals are subject. to numerous substantial 
limitations. In this respect. activation-analysis is 
generally used with considerable accuracy for the 
determination of several elements in different mate
rials. particularly if present in concentrations far below 
detection with other micro-analytical techniques [I]. 
The principles of activation-analysis have been reviewed 
by various authors [2-7] and numerous publications 
dealing with the experimental techniques involved 
and various applications for specific analytical prob
lems have appeared [8-10]. 

Notable among the work so far reported on lead, 
Ruzicka et al. [1 IJ recently determined trace silver 
impurities in · neutron-irradiated samples by a pro
cedure based on a sotvent ex.traction technique. Adams 
and Hoste [12, 13] applied non-destructive gamma
spectrometry for the simultaneous determination of 
trace antimony and arsenic concentrations in lead. 
after a careful consideration of the necessary correc
tions for the interference of gamma rays with 
similar energies emitted from the induced radio
isotopes in pile-irradiated samples. Some other publi
cations dealing with the determination of a limited 
number of metallic impurities in lead have also 
appeared {14]. 

Aluminium. on the other hand, is generally used 
in reactor technology due to its· low neutron ab
sorption cross section (a = 0.23 b) and to the rapid 
decay of the induced activities in pile-irradiated 
samples. It has been intensively analysed by radio
activation and several schemes for the separation 
of the elements determined have been developed 
{lS-23]. 

The general use of ion-exchange chromatography 
as a possible ~oute for several separation schemes of 

• Nuclear Chemistry Department, Atomic Energy Establish
ment, lnshass, and Chemical Department, Ministry of Industry, 
Cairo. 
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different elements analysed by radioactivation has been 
recommended [24]. by Jervis and Mackintosh [25}, 
and later Girardi and Pietra [26] determined numerous 
metallic impurities in reactor-grade aluminium by this 
technique. The scheme proposed by the latter authors 
for the systematic determination of 13 trace metallic 
impurities in aluminium is mainly based on the group 
separation of induced carrier-free activities in irra
diated samples by ion-exchange chromatography. 
followed by the careful analysis of the gamma ray 
scintillation spectrum of each. This method neces
sitates a complete knowledge of the decay schemes of 
the various radionuclides expected, and is also subject 
to the interferance action of gamma rays having the 
same energies emitted from some radioisotopes 
separated together. Moreover; the gamma spectro
metric assembly needed must be of high sensitivity and 
good resohition for the easy identification and pos
sible determination of low concentrations from several 
elements investigated. 

In the present work, a systematic determination ofa 
considerable number of elements present as trace 
impurities in lead and aluminium samples of different 
purity grades is described. A separation scheme based 
on co-precipitation and ion-ex.change techniques has 
been worked out. The samples analysed were irra
diated in the UA-RR-1, 2 MW(th) research reactor at 
lnshass together with various standards of the elements 
to be determined. Both lead and aluminium are 
readily separable as chlorides in excess HCI. The no~
precipitable chlorides in concentrated hydrochloric 
acid are subsequently passed through a column of the 
strongly basic anionite, Dowex-1, and the metallic 
ions present successively fractionated with_ diffe~ent 
HCI-H F eluant concentrations. The rad1onucl1des 
concerned collected in the individual fractions are 
further purified by chemical precipitation before bei.ng 
compared with processed samples of the respec!lve 
similarly irradiated standards. The addition of earners 
favours the possible purification of the separated 
radionuclides and is better than fractionation by 
·other methods. Successive ion exchange separation
chemical precipitation techniques ensure complete 
decontamination from extraneous activities. 
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NUCLEAR DATA 

In the present investigation, the metaJlic impurities 
determined so far are those of certain elements which, 
upon irradiation by thermal neutrons, produce long
lived radioactive isotopes and give further information 
on the hazardous effects to be expected after prolonged 
irradiation. Some useful nuclear data for the elements 
considered are listed in Table 1. 

EXPERIMENTAL 

Materials 

Four lead samples have been analysed so far 
(Pb--1 to Pb--4). These were of different purity grades 
including; the sample Pb-1 of British Drug Houses, 
Ltd., A.R. grade and Pb-2 of Hopkins and Williams, 
Ltd., A.R. purity, together with two other pure 
samples, Pb-3 and Pb--4, respectively. The first two 
samples were finely powdered, whilst both Pb--3 and 
Pb-4 were supplied as very thin foils. 

On the other hand, the aluminium samples subjected 
to analysis were representative samples from both 
small and large aluminium cans used for pile irradia
tions, Al-1 and Al-3, respectively. Other duplicate 
samples taken from the a]uminium caps of .each can, 
Al-2 and Al-4, were also analysed. 
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Reference standards 

The chemicals chosen as standards for irradiation 
with both lead and aluminium samples are of high 
analytical purity, Analar grade, including iron powder, 
tin granules, zinc powder, cadmium carbonate, 
chromic oxide, and cobalt oxide. 

Carriers 

Whenever possible, solutions of the carriers needed 
in the present work were prepared from weighed quan
tities of the respective chemicaJs dissolved in dilute 
nitric acid and subsequently standardised with suitable 
analytical methods in each case [27J. In analysing lead 
samples, however, an excess of CI- ions is to be avoided 
to ensure that PbC]z is not precipitated in the early 
stages of adding the carriers. Tin carrier, is therefore 
prepared from A.R. granulated tin dissolved in con
centrated hydrochloric acid and the solution carefully 
evaporated to dryness before being dissolved in a few 
drops of cooled I : I nitric acid solution and sub
sequently diluted. 

The standard carriers are those prepared from 
cadmium carbonate, tin, iron, zinc and chromic chlo
rjde. Other carriers prepared for common use as 
scavengers are those of iron and antimony. 

Table 1. Some nuclear data of the elements Investigated 

Element 

Lead •••• 

Aluminium c. 

Chromium 

Cobalt 

Iron 

Tin. 

Zinc ••. 

Cadmium. 

Stable4 
isotope 

SoBPh 

l>AJ 

'"Cr 

''Co 

58Fe 

lltSn 
11•sn 
n•sn 

n•sn 

"Zn 

lUCd 

Abundance Isotopic <ross 
(%) aec!ionb 

52.30 0.0006 

100.0 0.23 

4.31 17.0 

100.0 J9.0 

0.33 1.0 

0.96 0.9 
24.03 O.Ol 

4.72 0.001 

5.94 0.004 

48.89 0.47 

28.86 0.14 

1.l 

Isotope Half-life 
ltadiations It 

• produ<:cd (energy in MeV) 

MPb 3.3 h /3 0.635 

..Al 2.3 min r, 2.67 
y l.78 

'1Cr 27.8 d y 0.32 (e-, K) 

l<ICo 5.21 yr /3 0.31 
r 1.11; t.JJ 

"Fe 45.0 d /J 0.27; 0.46 
y 1.JO; 1.30; 0.19 

111Sn 118.0 d y 0.26 (K) 
0 •sn 2SO.O d y 0.024 cc-) 
111Sn 125.0 d /3 1.42 

y 1.08 
11•sn 9.4 d /3 2.4 

y 1.07; 0.23 

NZn 245.0 d /3 0.33 
y 1.11 

wed 43.0 d 13 1.63 
y 0.9S; 0.4S-I.3 

2.3 d /3 1.1 
y O.S2 

4 Other stable isotopes of the elements tabulated are not included in this table due to their minor nuclear interest in the present worlc. 
b The radiations indicated are those mainly emitted by the radioisotopes co~. . . . . . . . 
c Bo_th 11Mg (T ½ = 9.3 min) and "Na (T % = u h) are produced J,y the (n. p) and (n, a} reacuons 111 pile-ttradiated alunumum, 

respeclJvely. 
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lgure 1• Schematic diagram fol" the chemical sepal"ltion of elements determined In lead 

and aluminium samples 

Ion exchange resin 

,:ne. resin used is the strongly basic quaternary 
anune polystyrene divinyl-benzene (Dowex-1) 8X 
100 to 200 i:nesh, which has been freed from pa~icle; 
o( s~lle~ size by the repeated decantation of its sus
pension m water. It was successively washed with 
al~hol, ~ncentrated hydrochloric acid and water to · 
activate tt and convert it to the chloride form. 

Pile Irradiations 

The thin lead foils used were freed from grease by 
repeated washing with acetone and water before being 
dried. Aluminium samples were pre-treated with cold 
dilute nitric acid and washed with water before a similar 
treatment. 

Suitable quantities of both samples (in duplicates) 
and representative quantities of standards were care
fully wrapped in thin aluminium foils and irradiated 
under identical conditions in the UA-RR-1, 2 MW(th) 
research reactor at Inchass for 48 hours in a neutron 
flux of approximately 1.3 x 1013 n/cm' s. Both irra
diated samples and standards were left to cool for at 
least 7 days to allow most of the short-lived activities 
to decay before chemical treatment. 

Chemical procedure 

Separate duplicate weights of the irradiated lead 
samples were dissolved in 15 ml nitric acid (1 : 2) and 

S ml portions of each standardised carrier solution 
were added. The solution was concentrated by careful 
evaporation before following the general method of 
fractional separation of the elements to be determined. 

Suitable portions of irradiated aluminium, on the 
other hand, were dissolved in 5 ml concentrated 
hydrochloric acid solution and few drops of concen
trated nitric acid together with 5 ml portions of each 
standardised carrier solution were also added. 

Fractional separation of elements 

The fractional separation of the elements to be 
determined from the sample solution by ion exchange 
chromatography is schematically represented in Fig. I. 
The ultimate separation of macroquantities of both 
lead and aluminium as PbC12 and AlCl3, respectively, 
was readily achieved from a cooled (0 °C) sample 
solution subjected to the prolonged action of hydrogen 
chloride gas. The precipitated chlorides were filtered 
through a G4 sintered glass disc and washed with two 
successive 1 ml portions of ice-cold concentrated hydro
chloric acid. The collected filtrate and washings, after 
being adjusted to a total volume of60 ml and 11 - 12M 
with respect to HCl, were passed through a column 
(1 cm diameter) of 20 g resin previously equilibrated 
with concentrated HCI. The flow rate ranged between 
0.2 - 0.3 ml/min. The charged column was subse-

-quently eluted with different HCl-HF concentrations 
and the respective eluates separately collected. The 
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elem_e~ts pre~ent in different fractions were chemically 
prec1p1tated m a form suitable for activity measure
ment. 

!raction I: This fraction included the hydrochloric 
acid effluents together with the successive washings of 
~one: HCI <! >< 10 ml portions). The elements present 
m this fraction are mainly those forming non-adsorb
able m_etal chlorides in concentrated HCI, particularly 
~hromium (28J. However, if lead is originally present 
m macroquantities, its presence is also expected [29]. 

Separation of chromium 

The collected fraction of non-adsorbable chlorides 
including chromium, was concentrated to 20 ml. In the 
presence of lead, any PbCI:!. separated on cooling was 
removed: and the solution diluted, slightly warmed 
and subJect~d to the action of hydrogen sulphide. 
Lead sulphide precipitated was separated and the 
sol~tion freed from excess hydrogen sulphide. I ml 
30% H:?Ot was added together with sufficient 6M 
Na_O_H solution to pH S.5 and the mixture was gently 
boiled to effect the complete oxidation of the chro
mium. A few drops of iron carrier were added to act 
as a scavenger for most of the extraneous activities 
li~ely to_ be present, and Fe(OH)a was precipitated 
with a slight excess of NaOH solution. The acidity of 
t~e ~ltrate was adjusted with acetic acid before preci
p1tatmg chromium as BaCrO with 5 % barium 
chloride reagent_ [30). The preci;itate was ~•eparated. 
washed. dried at I IO °C and weighed. 

Fraction 2: The charged column was subsequently 
eluted with 75 ml ofHCI-HF mixture (12M - 0.5M), 
and the collected eluates containing traces of cadmium · 
[26]. and lead if present. together with some other 
foreign activities were passed to the radioactive liquid 
waste. 

Fraction 3: Cobalt is quantitatively separated from 
several other metallic ions adsorbed on the anion 
exchanger. Dowex-1. with 4M hydrochloric acid solu
tion [3 l-34J_ Accordingly, the column containing the 
residual elements was treated with 75 ml of 4M HCI 
to elute cobalt completely together with other eluable 
ions. 

Separation of cobalt 

The collected eluates were concentrated by evapora
tion, diluted and 10 drops of iron carrier added. After 
the precipitation of Fe(OHh with l: I ammonia, the 
filtrate was slightly acidified with dilute HCI 
(pH = 5.5). saturated with NH1CNS and the cobalt 
was extracted with an equal volume of ether. It was 
subsequently recovered from the organic layer with 
6N NH10H. and its solution acidified with HCl and 
re-extracted {35, 36]. Finally. the cobalt was pre
cipitated with H.,S from its ammoniacal solution, as 
Cos. separated, ~ashed and dried. 
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Fraction 4: A mixture of HC!-HF (2M - 3M) was 
used as suitable eluant for both iron and tin [26]. and 
accordingly, ISO ml of mixed eluants were passed 
through the column and the collected eluates were 
subjected to the fractional separation of both elements. 

'separation of tin 

To the dilute warm solution of iron. tin and the 
other e:draneous elements separated with the mixture 
of acids used, saturated boric acid solution was added 
(5 ml) and tin was. separated as SnS.1 by the action 
of hydrogen sulphide. The solution containing non
precipitable ions was reserved for the isolation of 
iron. 

The precipitated SnS2 was dissolved in cone. HCI, 
aJew drops of antimony carrier added and the solu- -
tion made 1 N with respect to both HCI and HF. 
Antimony sulphide was precipitated on warming by 
passing H2S while the tin remained in solution due to 
the complexing action of the fluoride ions. Most of · 
the ions precipitated as sulphides under these condi
tions are separated with Sb:1Sj. Tin, on the other hand, 
was precipitated from the warm solution after the 
addition of saturated boric acid solution and the 
subsequent action of hydrogen sulphide. The separ
ated SnS2 was dissolved in cone. HCI. antimony 
carrier added and the fractionation of both antimony 
and tin repeated. The purified SnS2 was dissolved in 
a small volume of HCI0-1 and the solution heated 
until fuming took place, whereby tin is converted to 
the less soluble Sn02 form. On dilution the solution 
was boiled to coagulate the Sn02• which could be then 
separated, washed, dried and weighed [37). 

Separation of iron 

The filtrate collected after the removal of tin was 
boiled to expel hydrogen sulphide and subsequently 
concetrated to 25 ml before being adjusted to 9M 
with respect to HCl. Iron present was repeatedly 
extracted with ether and the collected organic layers 
shaken with two successive 20 ml portions of double
distilled water to extract iron in the aqueous phase. 
Traces of ether were removed by carefully boiling the 
solution containing the iron, and Fe(OH)3 was pre· 
cipitated with l : I ammonia solution, washed with I% 
hot NH .. N03 solution. dissolved in 9M HCI before 
being re-extracted and finally separated as purified 
Fe(OH)3, dried, ignited and weighed as Fe,P3• 

Fraction 5: Zinc is among the metallic ions readily 
eluted with dilute hydrochloric acid solutions from 
the anionic exchangers used {38-40}. 75 ml of 0.02M 
HCI were, therefore, passed through the column 
containing lhe residual elements, whence zinc was 
found to be quantitatively eluted. 
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Figure 2. Gamma ray spectrum of irradiated aluminium sample 
Al-1 

Separation of zinc 

The collected eluates were concentrated to about 
20 ml. 5 g NH~CI were then added together with 
10 ml of 2N sodium acetate solution and carefully 
adjusted to pH 6.5. On heating, !0~1,; (NHi>tHPO4 

reagent was added dropwise and the mixture heated 
for a further 3 hours. The precipitated zinc ammonium 
phosphate was separated. washed. dissolved in dilute 
HCI and reprecipitated. The washed precipitate was 
dried at 105 °C and weighed as Zn(NH1)PO,. 

Fraction 6: Cadmium was eluted from the anion 
exchange resins with very dilute hydrochlric acid 
[41--42]. In washing the column with 75 ml double
distilled water. the last traces of HCI present in the 
resin are sufficient to elute cadmium quantitatively. 
The presence of lead in this fraction is also expected 
due to its incomplete separation as PbCl2• or in the 
concentrated HCl effluents in fraction I. This can be 
attributed to the low distribution-coefficient values of 
Pb- ions on the strongly basic anionite, both in very 
dilute HCI. as well as in HCl concentrations exceeding 
8M [29}. 

Separation of cadmium 

To the eluate concentrates of this fraction. 7 to 
10 drops of iron carrier were added and cadmium 
complexed as Cd(NH,1)4 with excess 4M NH~OH, 
leaving the separated gelatinous Fe(OH):i precipilate 
to act as a scavenger for most extraneous elements. 
including traces of lead if present. The separated solu
tion was warmed. slightly acidified and saturated with 
H2S to precipitate CdS. The precipitate separated was 
dissolved in a few drops of cone. HCI, iron carrier was 
added and reprecipitated as Fe(OH>:i· The filtrate was 
evaporated to dryness and the residue taken up in 
20 ml hot water, and treated with 3M NH~Cl solu
tion followed by I.SM (l'·-IH 4)~HPO4 reagent with sub
sequent boiling. The cadmium ammonium phosphate 
precipitated was separated, dissolved in a few drops of 
cone. HCI and reprecipitated. The washed precipitate 
was dried at 110 °C and weighed as Cd(NH~)PO~- H20. 

PROCESSING OF REFERENCE STANDARDS 

Irradiated standards of the elements determined 
were used to obtain a relation b~tween activity and 
mass for each. A weighed quantity was dissolved in 
the appropriate acid and brought to a standard 
volume. Suitable quantities of an inactive compound 
of the element concerned were added to equal dupli
cate aliquots of the irradiated standard solution and 
separated chemically in the same precipitable form as 
those respectively described. 

ACTIVITY MEASUREMENTS 

Activity measurements were carried out mainly 
with a shielded GM counter having a mica end window 
of a thickness less than 2 mg/cm2 together with a 
Philips· scaler. For comparison, activities in the 
samples and their respective standards were deter
mined under identical geometry. 

The gamma scintillation-spectrum of an irradiated 
aluminium sample (Fig. 2), after a suitable cooling 
period (3 weeks) was measured with a 100 channel 
pulse height analyser having a printing-out facility 
and a Nal (Tl) crystal ( l.5 >-'. 1 in). 

Whenever possible, decay curves were also measured 
to ensure the absence of short-lived activities, and 
aluminium absorption curves of the standards and 
samples were prepared and used to check the identity 
of the isotopes counted. 

RESULTS AND DISCUSSION 

The results of the analyses carried out are sum
marised in Table 2. The lead samples analysed were 
found to contain iron, zinc, tin and chromium as 
common trace impurities in concentration ranges 
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Table l. Assay of certain metallic Impurities in lead and aluminium samples by neutron-activation analysis 

Sarnplo Weight Elements detcnnincd (ppm)• 
{g) 

Iroo. Zinc Cbr<>mium Cobalt Tin Cadmium 

Lead: 

(A.R.) B.D.H., Pb-1 . . . . 2.8466 8.7 b.d.1> 5.7 0.020 30.2 b.d • 
4.3425 7.7 0.23 4.2 0.028 

8.2 0.23 4.95 0.024 30.2 b.d.av. 
(A.R.) Hopkins & Williams, Pb-2 · . • . 3.2853 16.2 4.80 30.5 0.014 59.3 b.d_, 

3.4626 29.1 35.5 21.0 0.020 62.8 
'22.6 20.15 25.75 0.017 60.55 b.d. av: 

Pure lead, Pb-3 . 4.0463 105.8 61.3 30.5 0.044 141.8 0.27 
3.4434 77.1 54.2 . s.o 0.02 

91.5 57.75 17.75 0.032 141.8 0.27av. 
Pure lead, Pb-4 . . 2.5638 208.2 128.0 86.0 0.160 166.5 10.4 

2.0120 355.8 136.5 0.045 

Aluminium: 
281.5 132.25 86.0 0.102 166.5 10.4 av. 

Small inner can, Al- I . 0.6798 950.1 · 51.0 14.3 0.180 b.d. b.d. 
0.6673 960.7 51.8 67.4 0.150 -

955.4 51.4 40.8 0.165 b.d. b.d. av. 
Respective cap, Al-2 0.5214 825.6 96.2 59.0 0.21 b.d. 1.19 

0.4354 836.6 100.4 53.8 0.39 b.d. 1.03 
831.1 98,3 56.4 0.30 b.d. 1.1 t av. 

Large inner can, Al-3 0,6560 911.1 66.S 3.2 0.20 b.d. b.d. 
0.7000 l 092.0 63.3 2,8 0.24 

1 001.5 64.9 3.0 0.22 b.d. b.d. av. 
Respective cap, Al-4 • . . 0.3112 1094.4 126.6 0.14 b,d . b.d. 

0.2714 964.2 134.8 85.8 0.15 
I 029.3 130.7 85.8 0.145 b.d. b.d. av. 

4 The concentrations determined are based on the induced activity in the respective standards irradiated under idcnti-cal conditions and 
counted in the same chemical form. 

b b. d. represents concentrations beyond detection under the conditions specified. 

from 0.2 X J0-4 % to 350.0 x 104 %, whiist cobalt is 
only present in not more than 0.16 x 10-4%, Cad
mium, however, is present only in concentrations 
necessitating long irradiations to be detectable with 
any appreciable accuracy. 

On the other hand, the aluminium samples con
tained iron as the major metallic impurity in concen
trations of about 0.1 %- This has been separated as 
the 45 d 69Fe radioisotope and preliminarily identified 
by gamma-ray spectrometry through the 0.19, 1.10 
and 1.30 Me V photopeaks of the corresponding 
gamma-ray lines in the compound scintillation spec
trum . of the irradiated sample (Fig. 2). Zinc is also 
present in concentrations from 50 x JO-' to 150 
X 104 %, whereas the other metals determined were 
found to be of lower concentrations. Both tin and 
cadmium impurities in the samples analysed were 
beyond detection. -The presence of sizeable quantities 
of cadmium (CT= 2 450 b) in aluminium limits its use 
as a reactor material. 

Within the accuracy of the measurements carried 
out, the precision of these determinations was illus-

trated by duplicate analyses, wherein the mean devi
ation was ± 10-12 % in most cases. The sensitivity, 
however, can be appreciably increased by longer irra
diation periods, due to the Jong half-lives of the 
majority of the isotopes separated, as well as by using 
a higher flux and increased weights of samples analysed. 

Gamma-ray spectrometry as a possible route for the 
quantitative detennination of the elements concerned 
[261 was tried and the low counting-rate of the samples 
investigated limited its application. The present tech
nique is, therefore, satisfactory and no interference 
by extraneous activities was detected in any case. The 
scheme worked out for the fractional separation of 
metallic ions with a decreased HCl acidity in the 
eluents used was preliminarily tested with trace activ
ities to control the optimum conditions recommended 
for the non-overlapping of the ions separated in sue-. 
cessive fractions. 

The method is now used for the routine analysis of 
both metals with good reproducibility and further 
work to determine metallic impurities other than 
those investigated is being carried out at present. 
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ABSTRACT-RESUMt-AHHOTALtl/lJI-RESUMEN 

A/829 Rfpublique arabe unie 

Determination de certaines traces d'impuretes 
dans le plomb et !'aluminium purs au moyen 
de !'analyse par activation neutronique 

par H. K. EI-Shamy et ol. 

Le memoire decrit la methode de determination 
systematique d'un nombre considerable d'elements 
presents sous forme de traces dans des echantillons 
de plomb et d'alwninium de differente purete. Un 
schema de separation fonde sur Jes techniques de 
precipitation et d'echange ionique a ete mis au point. 

Les radionucleides en question sont, apres addition 
d'entraineurs appropries, separes des -echantillons 
irradies en pile, et la purete radiochimique de chaque 
radionudeide est controlee pour permettre la compa
raison avec ceux induits dans Jes etalons correspon· 
dants irradies dans Ies memes conditions: L'addition 
d 'entraineurs facilite la purification des radionucleides 
separes, et dans ce cas le procede employe de separa
tion par echange ionique suivie d 'une precipitation 
chimique assure une decontamination complete des 
activites etrangeres. Les procedes decrits peuvent etre 
utilises pour !'analyse courante avec une bonne repro-
ductibilite. 
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A/829 OAP 

Onpel'-eneHHe HeHoropblx cneAOB npH
MeceH B 'iHCTOM CBHHl(e H amoMHHHH 
MeTOAOM H8HTp0HHOH aKTHBa4HH 

X. H. Snb•WaMH et al. 

Ormcano CHCTeMaTH'lec1>oe onpe:x.enemw aHa'rn
T('J1hHoro 'HfCJia ,JJieMCHTOB, rrpncyYCTBYIOll(II.\' 
n BH;W CJle]t;OB B oopaa~ax CBHHl{a U aJUOMIIRJUI 

pa3Jl)l'HIOii CTenettu 'IHCTOThl. Paapa60Taea CXN,ta 

pa3~eJH.'H1111, OCHOBaHHa.R Ha ocam;:i;eHHH H MeTo
~llKC IIOHHOl'O o6MeHa. llrcJJe~yeMl,10 pa~uoaKTHB
IIIJe naoToJJl>l Bbl,.'temuoT Ha o6JJy'l.eHHblX B pea1,-
Tope n6pa3J.\OU IIOCJJC ~u6anJieHJrn: COOTUCTCTBYI0-
1'.IJJX Jll)CJfTe»eii: Jl pallJfOXHMH'IflCKy.ro lfHCTOTY 
i-am,,oru naoTona nponepmoT, npemAe 'ICM cpan
HKBaTb C HaBe;:i;emroii: 3KTHBHOCTJ,IO B 06J1y'leH

JlLIX Ulli\JIOrJl'IHLlM 06pa30M .}TaJIOHaX. ,Il;ooaB,i'J('

IlllC UOCHTe.Jieii cnoco6cTByeT OlJHCTKe pa3~emie
Ml>lX pa;\H03KTHBHblX H30TOIIOB, ll B :)TOM cny•rne 
llCIIOJIL3YeMhte MeTO/].l,I ll0CJIC)l,oBaTCJII,H0ro paa;tc
JH'Hl1R upu llOMO~H l-fOHHoro o6!1leHa H XHMJl'leC

l(OfO ocam;lemrn 06e('.ne•mea10T noJJHYIO 01JHCT1..v 
oT npJIMPCl•ji. OnucaHHa.ll MeTO)lD-Ka MomeT OhlTi. 
nc11om,a0Ba11a ;\JIR cepn.iiHoro .rnanuaa n xap,rn
T<'l)lf3)'('TCR xopomeir. BOC11poll3B0,1JIMOCT1:.JO. 

A/829 Republica Arabe Unida 

Determinacion de trazas de ciertas impurezas 
en plomo puro y aluminio por analisis por 
activacion con neutrones 

por H. K. EI-Shamy et al. 

Se describe una determinacion sistematica de un 
considerable numero de eJementos presentes oomo 
impurezas en el orden de trazas en muestras de plorno 
y aluminio de diferentes grados de pureza. Se desa
rrolla un esquema de separaci6n basado en tecnicas 
de precipitaci6n e intercambio i6nico. Los nudidos 
radiactivos de que se trate se separan de las muestras 
irradiadas en el reactor despues de agregar portadores 
convenientes y se comprueba la pureza radioqtumica 
de los respectivos nuclidos radiactivos antes de 
compararla con Ia actividad inducida en los respectivos 
patrones irradiados de un modo similar. A este 
respecto, la adici6n de portadores favorece la l)()sible 
purificaci6n de los radionuclidos separados, en cuyo 
caso, Jos metodos utilizados de separaci6n por inter
cambio ionico y precipitaci6n quimica sucesiva 
asegura una completa descontaminaci6n de activi
dades extraiias. Los procedimientos descritos se 
pueden utilizar para amilisis rutinarios con buena 
reproductibilidad. 
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Gas-phase methods operating at atmospheric pressure 
for the analysis of soft beta-emitting isotopes 

By S. Mlinko • and T. Szarvas ** 

For the measurement of the radioactivity of organic 
compounds labelled with soft .B-emitting isotopes 
(3H, HC, 35S) gas counting and/or liquid scintillation 
methods are almost exclusively employed at present. 
The most exact analysis can be carried out in the 
proportional region by an internal gas counter 
reported by Bernstein and Ballentine [I]. However, 
the filling of such counters requires cumbersome 
vacuum systems. A further complication may also 
arise if the analysis of the carbon content of com
pounds is necessary. Such determinations are generally 
undertaken by manometric methods in a carefully 
calibrated volume of the vacuum system. · 

In our laboratory, an effort has been made to elim
inate these difficulties which accompany the tradi
tional analysis of radionuclides of labelled organic 
compounds by elaborating simple new methods operat
ing exclusively at atmospheric pressure instead of using 
difficult vacuum lines. This could be achieved by adapt
ing suitably constructed counter systems to the classical 
combustion methods of organic microchemical ana
lysis. To obtain precise activity results, the method of 

· choice must meet the following conditions: 

(a) Radionuclides to be anatysed must be trans
formed into simple, chemically inert gaseous com• 
pounds possessing favourable properties for propor
tional counting; 

(b) Any loss of activity owing to incomplete trans
formations, isotope effects, isotopic exchange or any 
kind of cross-contaminations between samples must 
. be avoided; 

(c) Activity results must be referred to weighed 
quantities of original compounds instead of to the 
volume of gas being measured. 

On the basis of these general principles simple, new 
methods have been developed for the quantitative 
determination of : -

radio-carbon in the form of methane•14C [2]; 

• Central Research Institute for Chemistry of the Hungarian 
Academy of Sciences, Budapest. 

• • National Atomic Energy Commission Institute of Isotopes, 
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radio-carbon in the form of carbon-14C dioxide [3]; 
tritium in the form of ethane-3H [4]; 
radiosulfur in the form of hydrogen sulfide-35S [5]. 

The performing of analyses requires only some 
practice in organic micro-analysis. In this paper, the 
principles of these methods are briefly described. In 
the original papers cited above, more detailed descrip
tions are given. 

ANALYSIS OF RADIO-CARBON 
IN THE FORM OF METHANE-14C 

For determinations, the apparatus shown in Fig. 1. 
has been employed. 

The sample being investigated is weighed into a 
platinum boat and placed into the comb1:1stion tube. 
The trap C is cooled by liquid air. The active ~ample 
is combusted over cobalt oxide catalysts by air at a 
flow-rate of 5 ml/min then flushed with nitrogen for 
15 min at a flow-rate of 10 ml/min. The carbon dioxide 
formed is frozen out in the trap. The levelling flask D 
is filled with hydrogen to a mark, the carbon di~xide 
expanded and converted into methane over the ~•ck~I 
catalyst. The flow-rate of hydrogen during flushing 1s 
10 ml/min and takes 20 min to sweep the system. 
Palladium-asbestos reduces the oxygen contents of 
the hydrogen gas at 450 °C to water without the 
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figure 1. Analysis of radio-carbon in the form of me.th~ne--" C 

A,, A,: Absorbers; B: Combustion tube; C: Trap; D; Levelling 
flask;£; Purification tube; F: Catalyst tube; G: Counter 
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Table 1. Results of the analysis by dry combustion of 14C labelfed organic 
compounds measured in the form of methane-"C 

Substance 
Sample ¼C Specific activily cpm .Deviation weight ¼ rel. mg Found Cale, found Cale. a 

Benzoic acid 1.952 68.70 68.84 20352 20500 +0.)5 
1.730 68.65 68.84 20 514 20500 · +0.05 

Acetanilide . 3.959 71.40 71.11 4 325 4 335 -0.25 
6.640 71.44 71.11 4 311 4 335 -0.60 

DiacetyI-naphthylamine 1.285 74.21 73.99 28 570 28 600 -0.10 
1.237 74.35 73.99 28 640 28 600 +0.14 

Acetone-dinitrophenyl-hydrazone 2.930 45.10 45.37 13112 13 110 +0.02 
2.698 45.19 45.37 13 140 13 110 +0.30 

Trimethyl-,,-chloro-aniliniodide 1.970 35.64 35.72 1691.5 16 950 -0.21 
3.143 35.88 35.72 16 980 16950 +0.18 

a Mean value of series measurements on vacuum apparatus with proportional counter. 

partial reduction of carbon dioxide. The methane 
formed is frozen out in the trap of the counter. As the 
pressure of methane amounts to 10 tor~ at the tem
perature of liquid nitrogen, its complete freezing-out 
could only be achieved by evaporating a part of the 
liquid air at a reduced pressure, thus lowering its 
temperature by evaporation heat. In this way freezing 
temperatures of -215 °C could be obtained. At 
-215 ~C, the methane pressure amounts to only 
0.1 torr, which means that using a counter with a 
volume of JO ml filled at nearly atmospheric pressure 
and using 150 ml of hydrogen gas to sweep out the 
methane, the losses caused by partial pressure are less 
than 0.3 % that is, the error is less than the deviation 
of the most exact activity measurement known. 

After terminating the conversion, the counter and 
the trap are partially evacuated, cooling interrupted 
and the methane expanded into the counter. The 
counter is completely filled, if necessary, with inactive 
methane to atmospheric pressure. With the aid of the 
two-way trap, combustion and hydrogenation can be 
performed alternately, thus the duration of a deter
mination lasts 35-40 minutes. Decontamination of 
the counter in a gas stream takes 5 minutes. 

For wet combustion, Van Slyke's reagent is used 
and the apparatus is connected to the combustion 
tube. 

The effective volume of the counter and the pro
bability of count in the volume of counter are deter
mined by a standard preparation of known activity. 
For background determinations, the counters are 
filled with inactive methane. The background of the 
tubes without shielding was 50 cpm. Activity deter
minations carried out by dry combustion together with 
carbon determination are shown in Table 1, and by 
wet combustion in· Table 2. The error of determina
tions is le~s than ±0,3 % relative. 

Activity measurement in the form of methane 
shows in addition a number of advantages. If the 
methane formed during conversion fills the counters 
to nearly atmospheric pressure, activity measurement 
can be carried out directly or otherwise the counters 
can be filled with inactive methane. Thus the working 
conditions of the counters are independent of gas 
volumes, up to volumes corresponding to their own. 
The methane formed in the conversion insures favour
able counting characteristics by virtue of its high 
purity. The plateau of the counters extends over 

Table 2. Results of the analysis of 14C labelled organic compounds measured in 
form of methane-UC by wet combustion 

Sample Inactive Sr,rei6c 1ctivily, cpm Deviation 
Substance Weight benzoi.c 

Cale." ¾ reL 
mg acid mg found 

Benzoic acid . 2.080 5.1 20 433 20 500 -0.33 

2.265 4.9 20440 20500 -0.30 

Acetanilide. 4.220 2.9 4351 4 335 +0.40 
4.134 2.9 4 347 4 335 +0.28 

Diacetyl-naphthylamine 3.757 3.0 28430 28 600 -0.60 

3.691 3.0 28445 28600 -0.55 

Acetone-dinitrophenyl-hydrazone . 3.517 4.9 13 162 13 110 +0.38 

3.864 5.0 13 150 13 110 +0.30 

a Mean value of series measurements on vacuum apparatus with proponional counter. 
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Figure 2, Analysis of radio-carbon In the form of carbon-14 C dioxide 

A: Combustion tube; B, D: Absorbers; C: Counters; E: Bubble counter 

350 V with a slope ofless than 1 %/100 V. The working 
voltage of the counters is 2 700 V. A smaller counter 
volume brings about a reduced X-ray sensitivity and 
a shorter dead time. As methane is chemically inert, 
there is practically no memory effect after conversion. 

RAPID ANALYSIS OF RADIO-CARSON 
IN THE FORM OF CAP.BON-UC DIOXIDE 

For series determinations it seemed to be more 
expedient to measure the activity as carbon dioxide 
instead of methane. However, carbon dioxide shows 
rather unfavourable counting properties. Therefore, 
the counting of a carbon-ICC dioxide and methane 
mixture is more convenient, but the partial pressure 
of carbon dioxide must not exceed 100-160 torr. 
This means that, for the activity measurement of 
equivalent quantities of labelled organic compounds, 
a counter volume about 5-10 times larger is necessary 
if the measurement is done as carbon-He dioxide 
instead of as methane-14C. In spite of these disadvan
tages, carbon dioxide is frequently employed because 

it can be filled directly into the counters after com
bustion. 

In our experiments in contrast to others, the carbon 
dioxide is frozen out from the flushing nitrogen gas 
at atmospheric pressure. By employing catalysts of 
high oxidizing activity, it is possible to insure the 
combustion of organic compounds also in air f6]._ 

Principle of the determination 

The apparatus is shown in Fig. 2. The saTnple is 
weighed into a platinum boat, and combusted in air 
at a flow rate of 5 ml/min over a Co11-m oxide 
catalyst. When the combustion is completed, the rate 
is increased to 10 ml/min and the combustion tube 
flushed with nitrogen for 20 minutes. The excess of 
oxygen and nitrogen oxide is eliminated by copper. 
Water formed during combustion is quantitatively 
absorbed by an anhydron tube. The carbon dioxide is 
frozen out in the trap of the counter. After flushing. 
the counter and the trap are partially evacuated, carbon 
dioxide is expanded, and flushed quantitatively with 
methane into the sensitive volume of the counter. The 

Table 3. Activity results of 1•C labelled organic compounds 
measured in form of 14CO, 

Sample Specific activi1y 
Substance weight 

µ.c/mg ms cpm/mg 

Benzoic acid-7-HC 3 008 20670 9.31 
4150 20608 9.28 

Acetanilide-{acety!-2-14C). 2 609 24120 l0.86 
3 516 24188 10.90 

Diecetyl-a-naphthy!amine•{acety!-1-"C) 4055 11 429 5.15 
4 330 11 370 5.12 

Acetone.2-uc dinitrophenylhydrazone . 3 190 12 700 5.12 
5049 12563 5.66 

3-phenyl-ouzolid-2-14C-one 1 229 164 510 74.ll 

2001 164 000 73.87 

DL-valine-J.l'C. . 1 247 206 900 93.20 

2 831 206 845 93.17 

DlAeucine-1-uC 1 750 176 820 79.65 

2100 176 542 79.52 

Glycine.1-HC. • 2916 44450 20.02 
3280 44570 20.07 

DL-serylgtycine- l-14C 1 941 88 500 39.87 

4 121 88 650 39.93 
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activity is measured in the proportional region. For 
wet combustion, Van Slyke's reagent is used and the 
apparatus is connected to the combustion tube. The 
error of determination is less than ± 0.3 % relative. 
Data are shown in Table 3. The background of the 
counters without shielding is JOO counts/min. The 
counting efficiency is about 96%. The plateau of the 
counter extends over 350 V with a slope of less than 
0.5%/100 V. The working voltage is about 3 000 V, 
and memory effects do not arise. 

By this method the usual quantitative carbon and 
hydrogen analysis can also be undertaken. If neces• 
sary, carbon dioxide from the counter can be com• 
pfetely flushed by nitrogen into an absorber and 
weighed gravimetrically. Similarly, the hydrogen ·can 
be analysed by measuring the anhydron tube. 

DETERMINATION OF TRITIUM IN THE FORM 
OF ETHANE•3H 

The advantages of gas-counting in the form of 
hydrocarbons are well known. Tritium incorporated 
into hydrocarbons is not subject to isotopic exchange. 
Activity measurements of tritium in the form of 
hydrocarbons have the drawback that the wet methods 
of water decomposition leading to the formation of 
hydrocarbons do not give quantitative yields. Incom
plete reactions may cause isotopic fractionations. In 
our experiments, both the hydrogen atoms of a water 
molecule can be transferred into the hydrocarbon 
with quantitative yields. 

D 
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Table 4. Activity results of 3H labelled organic 
compounds measured in the form of ethane.3H 

S..mple Afemo,y Spo:;ilic 
Errors weight cpm effect activity rel.¾ ms ,d. ¾ cpm 

3.079 37590 2.6 13840 -0.09 
3.936 46820 2.8 J3 850 -0.0J 
3.992 47667 2.9 13 910 +0.41 
4.000 48932 2.8 13840 -0.09 
5.181 61 645 2.6 J3 820 -0.23 
6.645 79 276 2.6 13840 -0.09 
6.990 83400 2.9 13 900 +0.34 
7.267 86204 2.9 J3 820 -0.23 
7.609 90500 2.9 13860 +o.06 
8.983 107 290 2.5 13 860 +0.06 

Principle of the method 

The labelled compound is combusted in a stream 
of oxygen over a platinum catalyst, and the resultant 
water is first frozen out, then reduced over zinc metal 
to hydrogen, which is then mixed with ethylene and ca
talytically reduced to ethane over a platinum catalyst. 

The ethylene~thane mixture is frozen out in a trap 
permanently connected to the counter and the activity 
of the gases is measured in the proportional region. 
The apparatus used is shown in Fig. 3. To reduc:: 
memory effects, the combustion tube, the reducer and 
the catalyst tube have been made entirely of quartz. 

Activity values are related to sample weights and 
results are corrected for the memory effect of inactive 
combustions. A reproducibility of ± 0.3 % relative 
can be achieved, as shown in Table 4. 

T . 

t 
K 

Ag 

B 

Figure 3, Determination of tritium 

A• Combustion tube; B: Water trap; C: Reducer; D: Catalyst tube; T: Press~re regulator; 
· E: Ethylene purification tube; F: Gas flow regulator; G .. 0,: Absorption tubes 
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Figure 4. Analysis of radi0--sulfur 

A: Combustion tube; B: Reaction and absorption tube_; C: Counter 

The ethylene gas used for hydrogenation must 
be completely free from oxygen. otherwise water 
may form again on the surface of the platinum 
catalyst. 

The ethane-ethylene mixture has satisfactory charac
te:istics. The plateau is found to be about 850 V long 
with a s!ope of le~s than 0.3 %/100 V and an operating 
voltage in the region of 3 600 V subject to fluctuation 
due to pressure differences. The background obtained 
was 140 cpm without shielding. The effective volume 
of the counter is 88 %-

The occurrence of considerable memory effects 
seems t~ be an unavoidable sequel to tritium assays. 
According to data reported in the literature, the 
memory effect can not be eliminated from the appa-

, ratus. The mean value of a number of measurements 
showed a 2.8 % memory effect. In each component 
of the apparatus the memory effect was determined 
separately, and the mean of 2.8 % was found to be 
uniformly distributed between the combustion tube, the 
trap, the reducer and the catalyst tube, each being 
represented by 0.7%. No contamination was observed 
in the counter. The standard memory effect may be 
used as a correction factor allowing comparative 
measurements to be carried out by the combustion 
of radioactive compounds alone. Decontamination of 
the apparatus by combustions with unlabelled com~ 
pounds must be performed, even if the results are 
evaluated without taking the memory effect into con-
sideration. · 

By these methods, discussed so far, separate activity 
measurements of tritium and radio-carbon from 
double labelled organic compounds can also be 
achieved. In such cases, tritiated water and labelled 
carbon dioxide formed during combustion are sepa
rately frozen out in two successive traps cooled re
spectively with dry ice and liquid nitrogen. Their 
further transformation for measurement is carried out 
as described above. 

ANALYSIS OF RADIO-SULFUR IN THE FORM 
OF HYDROGEN SULFIDE-35S 

For the analysis of radio-sulfur at atmospheric 
pressure, the counting of hydrogen sulfide in the 
proportional region has been chosen. Organic sulfur 
compounds can be transformed quantitatively into 
hydrogen sulfide by hydrogen gas over a platinum 
catalyst at 900 °C. Although hydrogen sulfide has 
rather less favourable counting characteristics than 
carbon dioxide, yet about 12% of the total volume 
may be filled into the counters as hydrogen sulfide 
without any loss in counting efficiency. The working 
voltage of the counters is about 3 000 V. The plateau 
extends over400 Vwith a slope of less than 0.5%/lOOV. 

As hydrogen sulfide can be filled quantitatively into 
the sensitive volume of the counter, counting efficiency 
as high. as 96 % can be obtained. 

The apparatus employed for the analysis of radio
sulfur is shown in Fig. 4. 

Principle of the determination 

A platinum catalyst placed in a quartz combustion 
tube is heated to 900 °C in a flowing hydrogen 
atmosphere. The organic sulfur compound being mea
sured is weighed into a small platinum boat, placed 
in the combustion tube, then pyrolised in the hydrogen 
atmosphere at a flow rate of 5 ml/min. When the 
pyrolisis is complete the flow rate is increased to 
lO mt/min and the hydrogen sulfide formed is frozen 
out by liquid nitrogen in the trap of the counter. 
Halogens, if present in the compound being analysed, 
can be removed in an absorber containing calcium 
hydrosulfide and calcium chloride. This absorber is 

· placed . between the combustion tube and counter. 
After flushing the system for 20 min with hydrogen, 
the counter and the trap are evacuated and the 
hydrogen sulfide expanded and flushed quantitatively 
with methane into the sensitive volume of the counter. 
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Figure 5. Gas counters 

A: Counter; B: Trap; C: Spring support 

Results are shown in Table 5. The error of deter
minatio~s is less than :r: 0.3 \'•;, relative. 

GAS COUNTERS 

For the analysis of soft {)-emitting isotopes operating 
at atmospheric pressure, gases are frozen in a trap 
permanently connected to the counter (Fig. 5). 

The cathodes of counters for the analysis of radio
carbon and tritium are polished brass and stainless 
steel cylinders. and polished aluminium for the ana
lysis of radio-suffur. The anodes consist of a tungsten 
wire of 15-80 /f diam connected by a short nicketwire 
to a thicker tungsten exit. The anode wire is kept 
under tension by a steel spring at its far end. The elec
tr~des are insulated with Teflon or bakelitf plugs. 
W1th Teflon insulation counters are connected mecha
nically; bakelite plugs are secured with Araldite. The 

Table S. Activity results of 35S labelled methionine 
measured in form of H/55 

Sample 
"eight 

ms 

3.823 
3.362 
3.865 
4.514 
J.510 
4.282" 
4.130" 
3.352" 
3.861" 
1.935" 

cpm 

42 540 
37 480 
43130 
50285 
39 130 
95 830 
92 260 
74 950 
86480 
68680 

Specific 
a~Cj\·icy 

cpm 

11 130 
II 154 
11 168 
11140 
II 149 
22380 
22 349 
22 360 
22400 
22385 

Errors 
rel. ~~ 

-O.Z5 
-0.03 
--'-0.11 
-0.16 
-0.08 
+0.049 
-0.09 
-0.04 
+0.14 
..J-0,07 

a Measured in the presence of added tribromo-aniline. 

effective volume of the counters in the case of an 
analysis of radio-carbon in the form of methane is 
about 10 ml, but in the cases of HC02, C2H,/JH and 
H/5S, the effective volume is about 50 mL 

Jn the case of the measurement of uco., and 
Hi5S. the filling gas is quantitatively swilled into the 
sensitive volume of the counter which gives about a 
96-98 },; counting efficiency. However, in case of the 
measurement of methane-14C and ethane~3H and 
ethylene mixture, the fil!ing gas is divided between 
the sensitive volume of the counter and the volume 
of the trap. Therefore, these counters are operating 
with a somewhat lower counting efficiency of 86-
88 ~{,. 

By comparing the absolute counting rate data with 
the counting rates of international standards, excellent 
agreements have been obtained. 

The counters can easily be decontaminated by 
flushing with flowing gas over a time of about 5 minutes. 
No increase in background or other memory effects 
has been observed. 
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ABSTRACT-RESUM~-AHHOTALU1R-RESUMEN 

A/8S5 Hongrie 

Methodes en phase gazeuse 
a la pression atmospherique pour !'analyse 
des Isotopes emetteurs de betas mous 

par S. Mlinko et T. Svervas 

. La mesure .de la radioactivite des composes orga
mques marques avec des isotopes emetteurs de f3 mous 
('H; HC, 3$S) s•etrectue presque exclusivement par des 
mcthodes de compteurs a gaz et/ou par scintillation 
en phase liquide. On obtient les resultats les plus 
exacts dans, la region proportionnelle avec un comp
teur a gaz mterne. Cependant le remplissage de ces 
compteurs necessite des banes a vide co0teux et 
compliques. 

No~ avons, dans notre laboratoire, essaye d'eviter 
les d1ffi.cultes liees a la mesure traditionnelle des 
radionuc1eides de composes organiques marques en 
m~t,tant au point ~e nouveltes methodes simples, 
utiltsables a la press1on atmospherique exclusivement 
au lieu de necessiter des banes a vide. Ce resultat 
a etc obtenu ~ar I 'adaptation de systemes de comp
teurs appropries aux methodes de combustion clas
siques. de l'analyse en microchimie organique. Pour 
obtemr une mesure tres precise de l 'activite la methode 
choisie doit repondre aux conditions sui;antes: 

a) Les radionucleides a analyser doivent etre trans
formes en composes gazeux simples possedant des 
proprietes convenant au comptage proportionnel; 

. b} Les gaz com~tes doivent etre chimiquement 
mertes et leurs conslltuants radioactifs ne doivent pas 
donner lieu a des echanges isotopiques dans les condi
tions de la mesure; 

c) Pour eviter des pertes d'activite par effet isoto
pique, ou des contaminations entre echantillons, ii 
faut utiliser des reactions quantitatives pour toutes 
les transformations chimiques; 

d) L'activite mesuree doit etre rapportee a un 
poids donne des composes initiaux, et non pas au 
volume de gaz mesure. 

A partir de ces principes generaux, on a mis au 
point de nouvelles methodes simples de dosage des 
radionucleides suivants: 

a) Tritium sous forme d'ethane-3H; 

b) Carbone radioactif sous forme de gaz carbo
nique-14C et/ou de methane-14C; 

c) Soufre radioactif sous fonne d'hydrogene sul
fure-:iss. 

Ces analyses ne necessitent qu'une certaine pn
tique de la. microanalyse organique. 

Da~s toutes ces methodes les gaz a mesurer son: 
condenses dans un petit piege incorpore au comptem. 
Le volume efficace des compteurs est de 50 ml environ. 

Pour la mesure de uco2 et/ou de H2
35S, le gaz d: 

remplissage est quantitativernent transfere dans k 
volume sensible du compteur, donnant un rendernem 
de comptage de 96 a 98 %- Cependant, pour la mesurt 
de methane-uc et/ou de melange ethane-3H-ethylene. 
le gaz de remplissage est distribue entre le volume 
sensible du compteur et le volume du piege. Les comp
teurs ont done alors un rendement de comptage 1lll 

peu plus faible (environ 86-88 %). Dans tous les cas, 
on a obtenu d 'excellentes courbes caracteristiques. 
L'erreur de reproductibilite est inferieure a ±0,5~~ 

Des mesures absolues peuvent aussi etre faites a\·ec j 

des compteurs de construction appropriee .. 
Les compteurs peuvent facitement etre deconta- I 

mines par balayage avec un gaz pendant 5 minutes I 
environ. On n 'a pas observe d 'augmentation du mou
vement propre ni d'effet de memoire. 

D'autres details sur cette technique de comptage 
sont donnes dans le memoire. 

A/855 Be Hr PMJI 

AHaJ1H3 MRrKHX J-Hsny4alOLUHX H30TO• 
nos a raaosoH qiaae npH anmccflepHOM 
AaBneH~H 

. W. MnHHHO, T. Capeaw 

B 1wcToHHJ,t'e BpCMII jl,JJH H3MCPl'HlUI J>a;:\noai,

T1rnnocTu opnllintJeCKHX coe;tttHennii, Meqcuu1,1:it. 
.\Utrl01Mll ?-ll3JJY'tal0lll,11MII naoTollaMH (Ha, C14

, 

S35), HpllM<'HHIOTCR IlO'lTII HCKJIIO'UITC.'11,IIO Jlf(>TO,:\ 

raaonoii <!>aabl H Cll,HHTJl.'JJIHl~HOJillblii MCTO,'.(- Ca
.\lhl ii TO'IHU ii ,¾H,1JIJl3 JH'JI.CTC.II C IIOMOI.U;hlO nponop
,OHJHaJILIUJX C'fCTlJflKOH C HHYTJlf'IIHIIM uauoJJHC

HIWM. 0:~11:rno AJHI HttnOJIIICHJUl c•ieT•JHKa T3nllrlt 

TIIJHl 11eo6so,111Mo Jl~CTL ' CJIO)J;IIYIO u ;i.opoTYIO 

Bi1Kyy11,rny10 CHCTllMy. • 
n J1a6op.nop1rn. anTopon 11pone/ll.'Ra pa6oTa 110 

ycTpaHemuo TpynuocTcii, BoarmKaIOI.U;HX op11 

IUlaCCH'lCCIHIX a1ta.'1Haax M(''l('JUJX opraonqecJ>'IIX 
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('l)(',JJlH('J111ii, H paap.tUOTiHll,I llOllhl<' t1pOCThlC ll!'

TO,'{bl, }WTopt.1c MC/iKHO HClftJ.'IL:lOliilTb npu aBIO<'

/fwpm)!f l(ilH.H)IHtlJ 0(.'3 C.i10il<IIWX. BftKYY~IHJ.IX CII· 

rrnM. ,hrt y;(,1.10CL OCYII\E.'CTBIIT!,, ll(HIMNUHI ClJ(?

f~H11JlhH() CK0Hcrpy11poaa11m,w 11pucran.1rn co 
r.tteT•Hmat.111 ;u1a nJ1acc11•1C'c1wro 'l1>nc1111Tem,noro 

lteTo1'a Mlrnpoana.:rnaa oprann'lt'1·io1x ne1rterTn. 
;];Jil1 TO'Hll,JX H3McpuHnic al\TltBHOt:Tl'ii Ml•TO.[l l\11.'l· 
iKl'lf Y..lOBJlt'THOJ)RTh CJlt';-').'IOU\ltM TJWOoBamuui: 

'~) neofixn;~m,10 ananna11pycMwii pa;uwa1;T1rn. 
111,111 113()TC)II lll'J}Clll'CTJI R l'il,JOOGp.i:uwu COC,J.11111'

HIIC, l<Ol"OJ)OH 06.'!a,'.(ill'T o.rnroltpHHTIIl,IMH napaM<•
rpaMH ;p111 uc110J11,:w1Jam,n H 11p1mop1vwmwr,m,1x 
t' 11i?T1llfli1lX; 

b) ra3 ,'{tla'Hi<t'll Ob{TL XH.\Hllfl'CKH rrnepTHLIM 11 

ll('>f(~y J}cl.'(lfOcll,TllHHMMn .h'.0MIT0lfl'lt!aMII HC l(0:1-

;,Kl'U npo11cx11;urn, IC30TOITllblii o6~t>H; 
c) no 11aul'ma1111c mofioro YMCHblllCUJUI aRTnI1-

1wcreii CBIJ:Janm,,x C H30TOlllfhlM: OoMeUOM lfJII[ 

R3aHMllhJM aarpH:IHClllll'M 06pa:n,1rm, BCC XHMJl'll'

c1me pca1ul_m1 ;,1ommn,1 npoTeHaTL Mem.ri;y Be~ecT
na~tu, ll:lHThlMU Jl 311U'H1TCJH,HLIX J-.OJIJ:PlCCTBaX; 

d) }mJyJJhTaTLI HaMcpC'nttii aKTnanoc ru ~o.:1-

;+;111,1 tpuBIIIIBilThCH' C nepnona•rnJlLHLIM BCCOM R\'-

11.,ICCTR, a }lC C Jl3MC'pCHHLIM OU'bt'l,fOM raaa. 
C y•teToM ;)TJtx o6u~nx npnmi1111oa obl.JJH pa:1-

patioTaHbl HOULIC npOCTLIC MCTOl\hl ;{mr 1'0,lJJf'fl'CT

Rt'IIIILIX oupo,.:,1c:1e1rnii {'JIC,1YJOl~HX ll30TOTIOB: 
~Jrn oupt>i-1C,1Jemrn TPHTH». H3, nxo~H~ero n 

<'OCTau aTaua; 
AJIJI Ollpl.'~CJICHUJI pa,11,1roaKTH/UlOfO 'yrJiepo

;ut C14, 1Jxo,11,11n~C'ro n cocran nnyo1mcn yr,nepo;~a 
JJJIU M('Tatta; 

;.(JIH Ol1[1C'i(<'.1WliflH pa;'(noat.TH8Hoii cepLI 535, 
HXOJ(Rll~cii H C'OCTan cym,qm,:,.a BOj~npo;,;a. 

flpoaqcmrn a1rn;1113a Tpe6'ycT 11cero .1Jmn1, He
liom,woro otthJTa IJ ~u11,pua11a.TIHTH1,('. 

Bo ncex HL1meyKaaaH11hix MeTo;tax ra3
1 

aI<T11B-

11ocTL K0T0poro neouxo,'.J.HMO H3MepHTJ,, BhlMopa

)JmBaeTCJI n Heuom,moii Jionymi-e. npucoe;:umeu
uoii K Clfl'T'IHKy. 3qiqmRTIIBHIJ:1[ OQ'b('M C'leT'IUJ>a 
l'OCTaBJUICT OROJIO 50 .lt.lt. 

fipn aHaJmae C 14O2 n H2S35 nee· Kom1'1ecyao 
1·aaa BBO,'.l,ltTCJI B ll3MepttTCJILHLiii o6neM C•leT•IH
i.a, 'ITO II03BOJIJleT no.rty•tnTb aq11fiel,TIIBHOCTJ,, pae-

11yso !l!i-98 % . · ITpu anaJ1Jrae MeTana-C14, · ara-
11a-ll3 n c;,11ecu :JTH,Wlrn ra3 paCH}ll'.:.lC'.1eH Mem;u,· 
1t:n.u.,pure,1hULIM o(n,CMOlll C'ICT'lll!ia Jl OO'hCllW:\1 

.'tony1111m. Tio:noMy ;)(fH}JefiTJIBIIOCTJ, 3TIIX ClfCT'Bl-

1.on COCTiUIJUJeT OJW.10 8G-88%, TO CCTI, JICC}W.'lh
l;f) .\ ya;r ;)fpipeHTJl13JIOCTlf yxaaamtLIX Bhmle C'lCT

'Jllh'.()H. fk<> Clf PTlfHf>H ll~H.'!OT ::rnpom11e :rnpaHrepu

('Tl1Jm. To•IIWCTb J}OCllpOUJRO,J.M)lOCTH JIJMepennii: 
01iaa21Jwcr • • 1y•1mc :_{:0,5 % . C iro>fOU(l,JO cne.qua.111,-
1w 11,1/'0TOJlllCHUI,IX C'lerq1moa lfO>KIIO 6bIJlO onpt•
.w:111n. H auco.,IOTHYf() aftTURlWCTI, Ml"WHLlX oprn.
lHl'ICCJ,:JIX coe:i;mrcmric. 

3arpsiafft'RJte clfeT•mi-on .,er1-o y,'laJJ11ertH rrpo
-1.YAafHJ{'M ra3a n n"H~mce 5 MUH. H1mamJ!'t1 rw
llWT!lt'mrn qioua mm ;wynix (:l<fJ1J1C'lffOff naMflTlrit 

»e nafiJJJOJ(anon. 
0oC'ymAl\JOTCH :l<'TaJIII, lWClllOll~IH'C1I Jl3l!CfHl~ 

Tl'.'11,ltoii 1't'Xlllllm. 
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. A/855 Hr,,ngria 

Metodos de analisis de radiois6topos emisores 
de radiaci6n beta blanda en fase gaseosa, 
a presi6n atmosferica 

por S. Mlinko y T. Szarvas 

Para la medida de la radiactividad de compuestos 
organicos marcados con radiois6toJ)Os emisores de 
r~diacion fJ blanda (3H, 14C, 35S) se 'ut~Hzan en la 
actualidad, casi de modo exclusivo, me'tOdos de 
recuento de gases y de centeileo de liquidos. El ana• 
lisis mas exacto puede reaiizarse en Ia region de pro
porcionalidad con ayuda de un contador intemo 
para gases. Sin embargo, el llenado de tales contadores 
necesita la utilizaci6n de sistemas de vacio molestos 
y costosos, 

En nuestro laboratorio se ha tratado de resolver 
estas dificultades que acompafian el anafisis clasico 
de radionuclidos de compuestos orginicos marcados, 
mediante la elaboraci6n de nuevos metodos sencillos 
que funcionan unicamente a presion atmosferica en 
1ugar de uti!izar vacio. Este objetivo podrla conse
guirse adaptando a Ios metodos clasicos de combus
tion para el analisis organico microquimico equipos 
de contadores convenientemente construidos. Para 
obtener resultados de gran precision en la medida 
de la actividad, el metodo debe reunir las siguientes 
condiciones: 

a) Los radionuclidos a anafizar tienen que trans
formarse en compuestos gaseosos sencillos con pro• 
piedades adecuadas al recuento de tipo proporcional; 

b J Los gases que se van a con tar tienen que ser 
quimicamente inactivos y sus constituyentes radiac
tivos estar exentos de intercambio isot6pico en las 
condiciones empleadas; 

c) Pueden utilizarse procesos cuantitativos para 
todas las transformaciones quimicas para evitar cual
quier perdida de actividad por efectos isotopicos o 

· cruce de contaminaci6n entre las muestras; 

d) Los resultados de Ja rnedici6n de la actividad 
tienen que referirse a cantidades en peso de los 
compuestos organicos en lugar de medir el volumen 
gaseoso. 

Basandose en estos princ1p1os generales se ban 
desarrollado metodos sencillos y nuevos para la 
determinacion cuantitativa de: 

tritio en forma de etano-3H 
radiocarbono en forma de dioxido de carbono-HC 

o metano-11C 
radioazufre en forma de sulfuro de hidrQgeno-35$ 

La rea!izaci6n de los analisis requiere unicamente 
cierta practica en microanalisis organico. 

En todos estos procesos los gases a medir se con• 
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densan en -un pequeno deposito convenientemente 
fijado e incorporado al contador. El volumen eficaz 
de Jos contadores es de unos 50 ml. 

Para ta medicion de 14CO2 o 35SH2, el gas de Henado 
se .hace pasar cuantitativamente al volumen sensible 
del contador, lo cual pennite una eficacia de recuento 
de 96-98 %- Sin embargo, en el caso de rnedir meta
no-14C o mezcla de etano-3H-etileno, el gas de lle
nado se distribuye entre el volumen sensible del 
contador y el volumen del dep6sito-trampa. Por con
siguiente, estos contadores funcionan con una eficacia 
de recuento algo mas baja (de 86-88 %)- En todos 

los casos pueden obtenerse excelentes curvas carac
teristicas. El error relativo de reproduccion de J.15 
medidas fue menor que ±0,5 %-

Pueden conseguirse tambien valores absolutos de la 
velocidad de recuento con contadores de construcci6n 
apropiada. 

La descontaminaci6n de los contadores puede reali-
zarse facilmente por lavado con corriente de gas 
durante unos 5 minutes. No se ha observado ningful 
aumento dd fondo ni otros « efectos de memoria ». 

Se ex.aminan tambien otros detalles de nuestra 
tecnica de medicion. 
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Biological disposition of anti-bilharzial antimony drugs: 
Estimation of antimony in body fluids 
and parasites by activation analysis 

By A. A. Abdel-Rassoul, * M. F. Abdel-Wahab, * A. R. Schulert, ** H. G. Browne** 
and M. M. Mansour ** a 

Bilharziasis represents a major medical problem in 
Egypt; the great majority of farmers living in the Nile 
valley and Delta region arc infected with the Schisto
some.- parasite. The current treatment of choice for 
bilharziasis is a series of injections with antimony 
drugs, the most common being potassium antimony 
tartrate (tartar emetic), others being sodium antimony 
dimercaptosuccinate (Astiban) and antimony gluco
nate (Triostam). It is generally agreed that the admin
istration of antimony, which after all is a heavy metal 
poison, is not ideal. It can be demonstrated that a 
portion of the antimony so administered remains in 
the body for a long period oftimc; traces undoubtedly 
remain for years. However, non-antimonials, though 
many are under investigation and some show promise, 
have heretofore not proved to have the effectiveness of 
the antimony preparations. 

Because of the prevalence of this disease in Egypt, 
and the fundamental toxicity of the heavy metal anti
mony, it is particularly important to elucidate the 
biological fate of such antimony administered thera
peutically. lt is axiomatic that for any treatment for 
parasites the airn is to eradicate the offending organism 
with the least possible damage or toxic reaction to the 
patient. This seems particularly a propos in the case 
of a heavy metal in which a residue will remain in the 
body for ·a long period of lime. To take the axiom a 
step further, we would like to get the maximum con
centration of antimony in the parasite with the mini
mum possible concentration in the patient. 

With such considerations in mind the present work 
on a sensitive assay procedure for use in biological 
investigations, particularly in patients, has been 
initiated. 

• Atomic Energy Establishment, Inshas. 

"'* U.S. Naval Medical Research Unit No. 3, Cairo. 

a This paper represents work done by M. M .. Mans?ur in 
partial fulti!rnent of the degree of Mas_ter '!f Science m the 
Department of Chemistry, .A.merican University m Carro. 
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HISTORICAL BACKGROUND 

Hassan [I] in 1938 gave· a broad picture of the bio
logical distribution of antimony when he administered 
sodium antimony bis-pyrocatechol-3: 5 disutfonate to 
dogs and monkeys. He found that after repeated intra
muscular injections, the liver had the highest antimony 
concentration of any organ, being five times that ?f 
the kidney, and over ten times greater than that of any 
other organ. He noted that in patients IO% of the 
antimony was excreted in 24 hours, and this_ was 
slightly reduced in patients with disturbed kidney 
functions. ' 

Barttcr et al. [21 in 1947 using 124Sb labelled tartar 
emetic found 12 % of the administered antimony 

0 % estimated in 24 hours, 30% in a week and about 75 o 

in four weeks. They noted that of the amount excreted, 
following an intravenous injection, 80 % is eliminated 
via the kidney and 20 ~~ via the gastrointestinal tract 

Fairley [3] reported that trivalent antimony com
pounds have a higher affinity for red blood cells than 
pentavalent compounds and suggests that since the 
schistosomes normally feed on blood corpuscles, the 
affinity of the trivalent compounds for the re~ cells 
explains the therapeutic superiority of the trivalent 
over the pentavalent compounds in the treatm~nt of 
bilharziasis. Otto et al. (4J also noted the affinity of 
red blood cells- for trivalent antimony. . 

Goodwin and Page JS] in 1943 using a number of 
antimony compounds, noted that excretion by mice 
in 24 hours of the trivalent ion was about 25 %, whereas 
for the pentavalent ion it was about 75%. , . 

One of the few early reports dealing with the anti• 
mony uptake in parasites is that of Brady et al._ (~l
These investigators, using radioactive tartar emetic in 

dogs infected with Dirrofilaria immilis, found !hat the 
concentration of antimony in the adult parasite after 
administration of the drug was greater than in any 
tissue except liver and thyroid. 
· Using 1usb labelled "Astiban", Browne and Schu
!ert [7] studied the antimony disposition in infected 
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hamsters, including the parasites, noting that the 
female Schistosoma mansoni worm had approximately 
the same concentration of antimony as the hamster 
liver while the male worm had somewhat less. The 
ova, however, were found to have about ten times the 
antimony concentration of that in the female worm. 
Schulert, Browne, and Salem [8] conducted studies 
in patients infected with S. hematobium also noting 
the very high concentration of antimony in ova 
excreted in the urine. 

Clearly the use of radioactively labelled drugs are 
useful and ideal in animal experimentation where 
radiation to the organism is of no concern. However, 
the use in patients is much more restrictive, as the 
above report illustrates, due to the fact that the per
missible radiation to the patient is strictly limited. 
Thus Schulert, Browne, and Salem were able to assay 
the antimony-124 in blood of patients over 24 hours 
and also that in the excreted ova. However, in order 
to assay the excreted ova over the course of a week, 
it was necessary to pool the excreted ova from 24 h 
urine collections from several patients. 

Thus, as win be noted subsequently, the neutron
activation assay is exceedingly more sensitive for use 
in patient studies, and indeed involves no radiation to 
the patient whatsoever. The neutron activation assay 
procedure has the further advantage that it can be 
used for any antimonial compound including those 
that are not readily available in a radioactive form. 

EXPERIMENTAL 

Suitable samples of reagent grade Sb20 3 are simi
larly packed in aluminum and used as reference 
standard for analysis. 

Both the samples and antimony standards weR 
irradiated under identical conditions in the UA-RR-t, 
2MW research reactor at lnshas for 48 hours with a 
neutron flux of approximately l.3 x 1013 n/cm2s. For 
convenience in handling, the samples irradiated are 
left to cool 7-10 days before being subjected to any 
treatment to allow for the decay of the short-lived 
extraneous activities, particularly 24Na (T¼ = 15 h) 
induced in both the aluminum and magnesia used. 

Processlng of irradiated samples 

The radioisotopes of antimony induced in neutron
irradiated samples containing antimony are the result 
of the following nuclear reactions: 

msb (n,y) 122Sb (T½ = 2.8 d); 
a = 57.25 %; a = 6.8 ± 1.5 b 
123Sb (n,y) 124Sb (TY.= 60 d); 
a=42.75%; a= 2.5±0,Sb 

The determinations are therefore carried out on the 
bases of both 122Sb and 124Sb activities. From the 
various methods so far reported for t.he detennina
tion of antimony by activation analysis, the technique 
recently proposed by Love [11 J for the separation of 
antimony activities from fission products has been 
used with some modification for the kind of samples 
analyzed. The apparatus used (Fig. 1) is set up in a 
suitably shielded and well ventilated fume hood. 

The biological samples assayed include plasma, red . _, 1 
d S'. h b

. lrracl1otea scon...:.P_•_..-
b\ood cells, urine, and ex.crete . emato 1um ova ._1 . • .,,, .,. H so .,,., 111,on ,n .,., ,. 2 4 
from patients. S. mansoni ova, as well as male and 
female worms from infected hamsters have also been 
assayed. The Schistosome ova are collected by the 
method of Browne and Thomas [9], whereas the worms 

1
, 

from infected hamsters were isolated by a modification -
of the technique reported by Voiles et al. [10]. 

Preparation of samples for irradiation 

The samples of plasma, red blood cells, and urine 
were carefully ashed in platinum crucibles in a muffle 
furnace, before being wrapped in thin alumi~um 
sheets and ready • for pile irradiation. The purified 
samples of parasites investigated, on the other hand, 
were placed between two layers of 250 mg portions of 
magnesia of A. R. purity in thin aluminum tubes (of 
about 4 mm diameter) left open at one end. The 
samples were then dried at 110 °C for a prol~nged 
period, kept overnight in an efficient vacuum dess1cator 
before being tightly closed at both ends and ready for 
irradiation. In such a case, blank duplicates of magne
sia are also irradiated and subsequently analyzed for 

antimonv. 

CaCl,:tube il 
(polyethyl.,,•l 

Bum« 

Granulot.d zinc 

000° 

figure ·1. Apparitus for a~cimony determination in biological 
samples 

Each of the irradiated samples is_ weigh~d an~ then 
brought to a homogeneous solution ~•th _suitable 
weights of Sb

2
Oz. carrier by careful heating with 3 ml 

concentrated sulfuric acid in the presence of 1 g of 
potassium pyrosulfate. It is then cooled and su~se
quently diluted to 30 % H2SO,. The sample solution 

r. 
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is dropped graduaily onto finely divided zinc (40 mesh) 
previously heated to about 100 °C in the reaction 
flask. The SbH3 together with the H2 formed are · 
allowed to pass through a CaCl2 drying tube and then 
through a quartz (or pyrex.) tube of small diameter. 
The SbH3 is readily converted to antimony metal 
deposited as a mirro~ on the cool portion of the glass 
tube. The exhaust gases are ignited and the resulting 
oxidation product removed by careful suction. 

The metal deposited is dissolved with warm sulfuric 
acid and subjected to activity measurements. 

The chemical yield of antimony separated was 
determined colorimetrically by the iodide method fl2J. 

Calibration of the method 

A calibration curve showing the reproducibility and 
sensitivity of this method (Fig. 2) was determined by 
adding different concentrations of antimony in the 

0. JD 
"D • C: 

'! • 1i 
"D ,.. 
C 
0 
.!§ 

i 
0 . 0.05 

l 
2 ., 
:i 

o+-_.__.___.__..__...__..._....___. ____ __ 

0 0.05 0,10 

Micrograms of antimony added 

Figure 2. Reproducibility of neutron-activation assay 

range between 0.005 and 0.1 µg antimony to equal · 
samples of human blood and urine, together witha 
blank of each and determining the antimony by the 
techniques described. As currently used, this technique 
can assay 0.005 µg antimony in the biological ash and 
ova samples investigated with an accuracy of± 10%. 

DISCUSSION 

As noted earlier, a principal advantage of the 
neutron-activation assay is gained in its use in human 
investigations in which radioactive tracer studies are· 
limited by the accompanying radiation to the patient. 
In investigational studies using radioisotopes in patients 

it is desirable to stay within the maximum permissible 
concentration as stated by the International Committee 
on Radiation Protection. For 124Sb this value is 10 pc 
to the whole body or approximately 0.2 µc/kg. This 
means that whatever the quantity of antimony admin
istered to the patient it will be labelled with a maximum 
of 0.2 µc/kg. 

Using a Nuclear Chicago model 132A counter with 
_a well-type sodium iodide crystal detector, the limit 
of assay is about 30 disintegrations per minute or 
1.4 x 10-s µc. (This is about JO counts per minute 
since counting efficiency is approximately 35 per cent.) 
With more refined ]ow-level counting equipment, the 
detection limit could be improved to much Jess than 
JO counts per minute; this same improvement would 
accrue as well in the neutron-activation procedure, 
since this also ultimately involves counting the sepa
rated antimony. In other words the relative sensitivities 
of the two procedures will not be changed by a more 
sensitive counter. The same value of 10 counts per 
minute is used in establishing the sensitivity for the 
neutron activation procedure at 0.005 µg. 

With this information we can now readily compare 
the relative sensitivities of neutron activation assay 
and radiotracer assay for investigations in man as 
follows: 

I 
. . . . Tracer assay 

Re atzve sens,tmty ----- = 
NA assay 

µg Sb represented by J.4 x J0-5 µc 

0.005 

A normal therapeutic dose of" Astiban" is g mg/kg, 
i.e .• 2 mg antimony per kg. Thus 0.2 µc represents 
2 mg antimony or I.4 x 10-5 µc equals 0.14 µg and 
the equation above becomes: 

Tracer assay 0.14 
Relative sensitivity' A = 

0 005 = 28. 
N assay . 

The samples shown in Table J are from patients 
who received only 3. l mg/kg of Astiban, with a 
similar radioactive dose. In this case the relative sen
sitivity factor is 1 I. This dose is approximately equ!· 
valent in antimony to a single injection of tartar emetic 
in a therapeutic course of treatment. . 

In the foregoing examples, a single dose of Ast1ban 
or tartar emetic is considered rather than a full thera
peutic course. A full therapeutic ~urse of Astiban !s 
5 injections at the 8 mg/kg level,_1.e., th~ total dose ,s 
40 mg/kg Astiban or JO mg/kg of ~ntm~~ny. If w_e 
wish to follow the entire long~term d1spos1t1on of th,s 
therapeutic course, as is currently underway, and were 
to do this using 121Sb, the same 0.2 µc/kg represents 
the total JO mg of antimony. (In this case each dose 
would be 0.04 µc/kg.} Under these conditions it is 
readily seen that the relative sensitivity factor between 
the two methods is 140. 
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Table 1. ~ssay of antimony in the blood of a patient who received 3.1 mg/kg Astiban 

Sample Time Ash Antimony a<:livily • 
/'II Sh per g per unt 11gSbl)CTI weight art~r do"' mg Recovered Total per g ash ashb ash wet weight 

Plasma 24 h 13.8 174 1200 17 391 7.08 1.19 0.0845 
Plasma 48 h 45.3 163 950 4 194 l.71 1.08 0.0185 
Plasma 9d 26.4 140 700 5 303 2.16 1.17 0.0225 
RBC 24 h 22.8 636 3 600 31 754 12.94 1.13 0.1465 
RBC 4S h 27.4 576 3630 26500 t0.80 0.98 0.1060 
RBC 9d 28.6 340 I 700 l 1 880 4.84 1.19 0.0575 

0 The acti-..ity of all samples is measured under the same goometrical conditions and eitpressed in cpm. 
b T

2
he amoui:t or antimony per g ash ana_lyzed is calculated on the basis of antimony activily in 1he standard used, namely: 

0.43 i,g or anumony compound correspond 10 S 300 cpm. 

Table l. Assay of antimony in ova and worms from infected hamsters given 135 mg/kg Astiban 

Sample Time Number Antimony activity 
1<g Sb• 

,,g Sb 

of ova per sing\e o-.·\lffl. 
after dose or worms Found Total Tolal or worm x U)•1 

Mature ova from liver .. 2h 4 300 700 22 895 l.36 3.15 

Immature ova from intestine. 2h 34 500 5 950 49055 3.00 8.50 

Macure ova from intestine . 2h 49 500 8170 52905 3.21 6.45 

Mi"ture of ova from intestine 2h 20 000 l 600 19215 1.14 5.70 

Mature ova from liver ... 24 h 56 700 I 630 70 700 4.30 1.55 

Jmmature ova from intestine. 24 h 20 700 2 910 23000 1.36 6.55 

Mature ova rrom intestine . 24 h 68 500 7 620 so 235 3.05 4.40 

Mi"ture of ova from intestine 24 h 21000 2610 18 250 1.08 5.10 

Male worms. . 24 h 65 860 5 960 0.31 480 

Female worms . .. 24 h 125 445 6 360 0.34 280 

a The amount of antimony analyzed in each case is calculated on the basis of the antimony activity in the standard used, namel}·: 
0.481 µg Sb correspond to 7 800 cpm. 

As seen from the data in Tables 1 and 2, the method 
as currently used permits an easy assay of red blood 
cells and plasma from patients 9 days after a single 
dose of Astiban as well as the assay of antimony in 
Schistosome worms and ova. In all cases the activity 
of the antimony counted is well above 100 counts per 
minute, i.e .• the sensitivity limit has not been nearly 
approached. However, should the experimental situa
tion so require, the sensitivity could be still further 
increased by a considerable factor through minor 
modifications in the procedure. 

It is noted that antimony recovered after addition 
of the carrier averages about 15 per cent. Using this 
procedure gives us a very clean antimony sample. 
However, were it necessary, this recovery could readily 
be increased by a factor of 4 to 5. 

Furthermore, the sensitivity could be increased 
merely by employing a longer irradiation period or by 
processing the samples more quickly after irradiation 
is completed. As noted the conditions thus far employed 
have been to irradiate for 2 days and allow samples 
to cool 7 to JO days. Under these conditions the 122Sb 
activity is approximately 3 to 6 % of its maximum 
limit and the 124Sb about 2% of its !flaximum. Thus 

another factor of 5 to 10 could easily be obtained here, 
although the concomitant radioactivity from other 
sources would make handling of the samples less con
venient and would require further recourse to remote 
control manipulation in the processing. 

Clearly none of the above measures were necessary 
in investigations conducted thus far, since the sen
sitivity is abundantly adequate for all types of samples 
heretofore assayed. 
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ABSTRACT-RESUM't-AHHOT AL\l-1il-RESU MEN 

A/841 Republique arabe unie 

Le sort biologique des medicaments 
a base d'antimoine employes 
contre la bilharziose: 
determination de l'antimoine dans les fluides 
du corps et les parasites par !'analyse 
par activation 

par A. A. Abdel-Rassoul et al. 

Une methodc d'activation neutronique a ete appli
quee pour determiner l'antimoine dans Jes fluides du 
corps et dans Ies parasites du genre schistosome. 
Apres irradiation simultanee d'etalons d'antimoine 
et de specimens biologiques calcines, les echantillons 
sont dissous, de l'entraineur est ajoute, et une portion 
de l'antimoine est isolee et determinee avec un detec
teur a scintillation. Le pourcentage de recuperation 
est oontrole par analyse chimique. 

La methode peut deceler jusqu'a 0,005 µg de Sb 
avec une sensibilite de ±10%, Cette precision est 
environ 30 fois plus grande que celle obtenue dans 
les etudes sur le corps humain a l'aide de produits 
marques par 124-Sb. Si necessaire, une sensibilite plus 
grande peut etre obtenue. 

A/841 OAP 

6Honorn4eCKoe pacnpe,qeneHHe cypb
MYCOA8p)f{all.\HX neKapcTB OT 6Hnrap-
4f103a: onpeAe/JeHHe cypbMbl B Jf<HA• 
KOCTflX Tena H napaaHTax M6TOAOM 
aKTHBa~HOHHoro aHanH38 

1-(JHI oµpe~eJiemur cypLMhl B iKll.l.NOCTJIX Tua II 
n napaa11Tax Schistosome 6LlJI ncnoJ11>aooaR ueii

Tpouawu a«TnoannoHnLiii a11am1a. JlocJie o;,.ao
npeMenuoro 06J1y'iett1111 CTaH~apruux o6paa[\on 
cypLMbl II 030JH!HBLlX OHOJIOfll'iCCKHX o6paanon, 
oopaanLl paCTBOpJIIOT, )\06asmnOT IIOCHTPJlb, BLIJ.e
:rnIOT 'laCTJ> cyp1>MLl n auamraupyroT cnn«TBJIJtfl-
1\lfOHHbn.t C'IeT'IIU.OM. ITponeHTHOe co~cpmaHlle 
Jl3BJle'leHHOU cyp1>MLI K0HTp0mtpyIOT C D0M0lQbIO 

x11Mu11ecKoro aHaJJHaa. 
3toT MeTo,J. D03BOJIJleT onpe;J,P.illlTb 0,005 .ll1'l 

cypbMLl c TO'lHOCTl,JO +10%. TaKa,J 'f)'BCTBHTeJJi,
HOCTb np,mepHO B 30 paa 60J11>me, 'leM 11,0CTH>Kn

ltaR 11 JfCCJJeJ{0B8HJfRX, D l<OTOPLIX ncno.;u,ayIOTCR 
Me11eHHLie Sb124 seJ.QecTBa .. BoaMomnu, eca11 ato 
HC'Ooxo~1mo, ;,.aJU,Heriume 3tr.t'lrtTeJJbHble yoe.1u
•ren1111 •ryBCTBIITeJIJ,HOCTH. 
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A/841 Rep{lbllca Arabe Unida 

Oistribuci6n biol6gica de los medicamentos · 
antimoniales anti-bilarzi6sicos: Determinaci6n 
del antimonio en los 1£quidos organicos y en 
los parisltos mediante el analisis por activaci6n 

por A. A. Abdel-Rassoul et ol. 

Se aplica el analisis por activacion con neutrones a 
la determinaci6n del antimonio en los liquidos orga
nicos y en los parasitos Schistosome. Despues de la 
irradiaci6n simultanea de un patron de antimonio y 

A. A. ABDEL-RASSOUL et al. 

de una muestra de cenizas de materia bio16gica, se 
disuelven las muestras, se agrega un portador, Y se 
separa y determina una parte del antimonio con lln 

contador de centelleo. El porcentaje de recuperacion 
se deterrnina por analisis quimico. 

El procedimiento permite determinar 0,005 µg de 
antimonio con una precision de ± 10%. Esta sensi
bilidad es unas 30 veces mayor que la obtenida en 
estudios de distribuci6n en el hombre utilizando 
sustancias que contienen 124Sb marcado. Si fuese 
necesario, se puede aumentar la sensibilidad de 
manera bastante apreciable. 



P/850 Brazil 

The effect of liming on the availability of phosphate in 
"cerrado" soils of Brazil* 

By E. Malavolta, O.J. Crocomo and R. G. Andrade** 

It is well known that the so-called "cerrado" soils 
represent approximately 25 per cent of the total 
surface of Brazil, which is 8.5 million square kilo
meters. "Cerrado" soils are usually very sandy, low 
in organic matter, very acid, with poor exchange 
capacity. The concentrations of bases in these soils 
are, as a rule, so low that routine methods of analysis 
fail to estimate the proportion in which they are 
present. In many cases "cerrado" soils show very good 
topographic conditions, being crossed by highways 
and located very close to large centers of consumption. 
The interest in their agricultural utilization is there
fore easy to understand. For several years, it was 
thought that lack of water would be the limiting 
factor in growing cash and forage crops in "cerrado" 
soils; Ferri [8] has, however, demonstrated that this 
is not the case. Alvim and Araujo [I] put forward the 
hypothesis that mineral deficiencies were mainly res• 
ponsible for the presence of characteristic plant species 
in these soils. Lack of plant food was, therefore, the 
limiting factor for growing crops of economic interest. 
Arens (2, 3] presented another hypothesis suggesting 
that plant species growing naturally in "cerrado" soils 
show a considerable degree of adaptation to the pre
vailing conditions, in so far as the lack of certain 
macro and micronutrients is concerned. 

REVIEW OF THE LITERATURE 

Several field trials carried out in "cerrado" soils 
[5, 7] have shown quite conclusively the possibility 
of growing cash and forage crops thereon, so long as 
limestone and/or phosphatic fertilizers are used. In 
certain areas the need for micronutrients such as zinc 
and boron was also indicated, As a rule, however, 
responses to liming and to phosphatic fertilizers are 
the most outstanding. 

• With the aid of the Funda~ao de Amparo a Pesquisa and 
of the Rockefeller Foundation. 

•• Centro Nacional de Energia Nuclear na Agricultura, 
Escola Superior de Agricultura Luiz de Queiro:z, University of 
Sao Paulo, Piracicaba, Silo Paulo. 
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The interaction between liming and phosphatic fer
tilizers was observed by Freitas et al. [71 in field trials 
carried out both in Pirassununga and Orlandia, coun
ties of the State of Sao Paulo. In the first region, when 
the pH was raised from 4.9 to 6.0, yields in the pres
ence of added phosphate were also raised. In Orlandia 
County, however, liming did not affect the n:sponse 
to phosphatic fertilizers. 

The effect of added limestone on soil phosphorus 
availability is a well-known subject [12J. It is believed 
that in acid soils the following reaction between phos• 
phate ions and hydrous iron oxide takes place: · 

Fe(O + H3 P04 - Fe(O + H20. 
OH ,H2P04 

Liming would set free the phosphate ion through the 
reaction: 

2 Fe(O + 2 Ca(OH)2 --+ 2 Fe<~H 
,H2P04 

+ Ca2HiP04) 2 + H20 .. 

In acid soils a high proportion of the natural phos
phorus is alcali-soluble; this suggests that iron and 
aluminium phosphates are the prevailing forms of 
occurrence [9, IOJ. So long as the soil reserve is su.f• 
ficiently high, the use of limestone would cause the 
liberation of phosphate ions in such quantities as to 
obviate the need for phosphatic fertilization. 

Several approaches have been tried to study the 
effect of liming on the availability of natural phos
phorus. Mention should be made in the first place of 
field experiments in which the response to phosphorus 
was studied in the presence and in the absence of 
previously added limestone wherein the chemical ana
lysis of plants gives useful infonnation. Under labo-
ratory conditions this subject has been studied in 
several ways. One way consists of determining the 
amount of phosphorus remaining in solution, not 
necessarily in equilibrium, when soil samples are left 
in contact with a solution containing phosphate {4]. 

According to Fried and Dean ·[6], the method of 
jsotopic dilution permits the detennination of the 
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quantity of available phosphorus in soils. To do so 
the following equation is used: 

A= B(l-y), 

y 
wherein A = amount of available phosphorus in the 

soil 
B = amount of applied phosphorus 
y = proportion of plant phosphorus derived 

from source B. 

It follows, therefore, that so long as liming raises the 
level of available phosphorus, the A value of a treated 
soil should be higher than that found in the one 
unlimed. The aim of this paper was to check the correct• 
ness of this hypothesis by using "cerrado" soils pre
viously submitted to different doses of limestone under 
field conditions. 

MATERIAL AND METHODS 

The most important chemical characteristics of the 
soils studied in this paper, appear in Table J. The 
analyses were carried out before limestone was applied. 

Table 1. Chemical characteristics of "cerrado" 
soils used in this work 

Re1ion 

Orlandia 
Mallo . 
Pirassununga 

H Organic Exchangeable, ion,, eq. mg/100 g 
P matter ¾ Ca-• Mg-• K- Po,-• 

4.9 2.57 0.35 0.03 0.04 2.21 
4.9 0.86 · 0.35 0.03 0.04 0.15 
4.9 0.63 0.16 0.o3 0.03 0.03 

1n 1960, several doses of limestone were applied on 
plots installed in the three regions under study [7). 
This caused changes in pH, as shown in Table 2. 

A values were determined with aid of rice seedlings, 
to which a solution of KHl2P04 and soil samples 
were provided as sources of phosphorus; the tech• 
nique of Menard and Malavolta [I IJ was used. 

Table l. pH of the soil samples used in this work 

Limestone pH applied, tons/h«\arc 

Orlandia 0.0 5.0 
2.0 5.1 
4.0 5.S 
8.0 5.7 

Pirassununga . . • • . . . 0.0 4.9 
0.5 
1.0 5.5 
2.0 

Matao o.o 4.9 
1.0 
2.0 
4.0 S.2 

E. MALAVOLTA et o/. 

Table 3. Mean results, average of two replicates, of A 
values as a function of locality and dose of limestone 

applied 

Region 

0rlandia ..... 

Pirassununga . . . 

Matao ..... . 

Limestone 
appli•d• 

tons/hectare 

o.o 
2.0 
4.0 
8.0 

0.0 
0.5 
1.0 
2.0 

0.0 
1.0 
2.0 
4.0 

RESULTS 

A \'alue, 
mgl'IJOOg 

24.2 
28.0 
41.6 
34.3 

12.2 
13.5 
20.0 
39.8 
11.2 
14.6 
16.4 
18.2 

Least 
significant 
ditrcreRCC 

for ,f val..,.. 
S¼levd 

4.0 

12.2 

10.0 

Table 3 gives the results obtained in the determina
tion of the A values, as means of two replicates. Since 
the experimental error for the three soils was very 
different, it was not possible to carry out a joint sta-

- tistical analysis. The coefficient of variation for the 
samples from Pirassununga and Matao (12.8 and 9.5 
respectively) were much higher than that correspond
ing to Orlandia (2.8 %). 

DISCUSSION 

Statistical analysis has shown in the three kinds of 
soils a highly significant effect of added limestone on 
the availability of soil phosphorus. The concentration 
of available phosphate in the samples collected at 
Pirassununga and Matao has increased linearly as a 
result of liming. The effect of liming in the case of 
samples from Otlandia was somewhat different where 
the level of phosphate in the soil increased as a result 

· of the application of limestone up to a dose of 4 tons/ 
hectare. The higher rate of liming (8 tons/hectare) 
decreased the available phosphorus content relatively 
to the amount found when the next lower dose was 
applied. . 

The amount of naturally available phosphorus 1n 
the three regions is different, as shown by the A 
values which correspond to the control plots. It should 
be pointed out in this respect that the chemical ana
lyses of samples collected before the application of 
limestone (Table 1) had already revealed a_ marked 
difference in phosphorus content. The extraction solu
tion which was used for this purpose, namely 0.05N 
H So showed however differences in phosphate 

2 4:, , ' • • 
concentration much higher than those indicated by 
the A values. This suggests that rice seedlings, under 
the experimental conditions, were able to absorb 
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forms of phosphorus whjch 0.05N H2S04 could not 
extract. 

As mentioned before, Freitas et al. [7J verified that 
liming had affected differentially the response to 
phosphatic fertilization in Orlandia and Pirassununga. 
In the second of these regions, yields in the presence 
of a given amount of applied phosphorus were pro
portional to the rate of liming. The application of 
limestone in Orlandia, on the other hand, did not 
increase the magnitude of the response to fertilizer 
phosphorus. An examination of Table 3 provides an 
explanation for this fact, namely, that the amount of 
naturally available phosphorus in the samples from 
Orlandia is twice as much as that in the soil from 
Pirassununga. Under these circumstances, before 
applying limestone, the soil from Orlandia already 
had enough phosphorus to meet the demand of the 
crops. This did not occur in Pirassununga, where 
liming either added phosphorus to that applied, or 
prevented the fixation of the latter. 

SUMMARY AND CONCLUSIONS 

The method of isotopic dilution was successfully 
used to study the influence of limestone in the avaiJa
bility of natural phosphorus. 

A values were determined by a simplified technique 
using samples of "cerrado" soils previously submitted 
in the field to treatment with different quantities of 
limestone. 

It has been found that: 
(a) The three types of "cerrado" soils had different 

available phosphorus contents; 
(b) Liming increased linearly the A values in the case 

of two of the soils under study; in the third one, how
ever, the response was linear also up to a point 
wherefrom a further increase in the amount of 

E. MALA VOLT A et al. 509 

limestone applied caused a significant drop in avai
lable phosphorus. 
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ABSTRACT-RESUME-AHHOTAU"1J1-RESUMEN 

A/850 Bresil 

Effet du chaulage sur l'assimilabilite 
du phosphore des ·sols « cerrado» du Bresil 

par E. Malavolta et al. 

La methode de Ia dilution isotopique a ete utilisee 
avec beaucoup de succes pour etudier ]'influence du 
chaulage sur l'assimiJabilite du phosphore originaire 
du sol. 

Sur des echantillons de sols preleves en plein champ 

et auxquels on avait apporte au prealable des doses 
differentes de chaux, Jes valeurs << A » ont ete deter
rninees par une technique rnodifiee. 

Les resultats indiquent: 
a) Que Jes trois types de sols « cerrado » possedent 

des quantites differentes de phosphore assimilable; 
b) Que le chaulage a fait augmenter d'une facon 

Jineaire Jes valeurs (<A» dans deux de ces soJs; dans 
le troisieme, cependant, la reponse etait lineaire 
jusqu'a un certain point, a partir duquel la forte dose 
de chaux apportee a provoque une diminution 
sensible du phosphore assimilable. 
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A/8~0 6pa3HJIHR 

8/lH~HHe H3B0CTKOBaHHH Ha AOCTyn
HOCTb qiocqiaTa B ceppaAO-nOlfBax 
6pa3H11HH 

3. ManaeonbTa et al. 

A.:111 11ay'leH1111 emrnHnR u3eecTHR«a Ha ~ocTyn
uoCTL npnpo;tuoro «f1ocq>0pa (To ccTb cnoco6nocn, 
4,octf>opa ycsa11eaTLCJ1 pacTen1111M11) 6u.11 ycnem
uo ncnoJ11>aoBaH MeTo;t uaoTonHoro paa6aaJ1emrn. 

Be.1u11nn1,1 ;tocTynuocTH (A-oe.1111JHHbl) 61,1:m 
onpe~e.:ieuw npocTLIM cnocoooM ua o6pa:n~ax cep
pa~o-no'lB, no;tBepraeMblX o6pa6oTKe paaJIJl'IHLl-
1111 KOJJH'feCTBaMU 113BCCTHRKa. 

YcTanoB..1e110, 'ITO 

a) Tpn TJrrta ceppa;to-no'!B co;.tepmaJm paa:i11'l
n1,1e K0.11t'ICCTBa ;i,oCTynHoro <J,oc(~opa; 

b) n c:iy'lae lBYX o6paaqoe ncc.,e;tyel\fblX no•rn 
113BeCTKOBanue npHBO;J,HJJO I( yneJIJf'ICllfflO A-BeJJlf
'UIHl,l no ;urneiinoii. aaBUCIIMOCT1t; O~HaRo B_ TpeTh..: 
Clt CJJy'lae .'IHHeirHa.lt 33BIICIDIOCTL JJaoJJIO,laJiaCL 
m1m1, ;to onpe,:leJJennoro npe~ena, noc.:ie :r..oTopo
ro ;ta:11,Hl'iimee yBemt'femrc KOJJH'll'CTBa H3BCCTHSI
Ka npneo;:ur.:to I{ aua•UlTCJtbHOMY CHlUl{l'llllIO C0-
,1,ep>K3HIIJI ,10CTynHoro cf>oclf,opa. 

E. MALAVOLTA et al. 

A/850 Snsil 

El efecto del encalado en la disponibilidad 
de fosfato en suelos « cerrados» def Brasil 

por E. Malavolta et al. 

Se ha aplicado con ex.ito el metodo de dilucion 
isot6pica para estudiar Ia influencia de la cal en I.a 
disponibilidad de f6sforo natural. 

Los valores de A fueron determinados por una 
tecnica simplificada utilizando muestras de suelos 
« cerrados » sometidos previamente en el campo a un 
tratamiento con distintas cantidades de cal. 

Se ha encontrado que: 
a) Los tres tipos de suelos « cerrados >> tenian 

cantidades diferentes de f6sforo disponible; 
b) El encalado aumentaba linealmente los valores 

de A en el caso de dos de los suelos estudiados; en el 
tercero, sin embargo, la respuesta era lineal solo hasu 
un punto determinado, a partir del cual el aumento de 
la cantidad de cal aplicada producia uita disminuci6n 
considerable del f 6sforo disponible. 



P/853 South Africa 

Radioisotope studies of adaptation to residence 
at high altitudes and to heat stress* -

By J. Metz and C. Wyndham** 

Man's adaptation to environment may involve many 
physiologic processes, among the most important of 
which are changes in the body's fluid compartments. 
These changes fo fluid compartments are often com
plex, and lend themselves particularly to study with 
radioisotopes. The present paper reports the results 
of such studies of adaptation to two aspects of environ
mental stress: residence at high altitude, and physical 
labour under conditions of extreme heat. 

STUDIES ON SUBJECTS RESIDENT 
AT 5 740 FEET (1 750 m) 

While extensive studies of blood volume and total 
body water at altitudes above 16 000 ft (4 900 m) have 
been reported [l], there is relatively little published on 
subjects resident at moderate altitudes at which large 
numbers of people reside. The present studies were 
carried·out on normal healthy subjects resident at an 
altitude of approximately one mile (5 740 ft) above 
sea-level, and the results compared with those for 
subjects resident at sea-level. 

Conventional hrematocrit and biochemical tech
niques have revealed differences in some parameters 
in subjects resident at 5 740 ft as compared with 
those in similar subjects resident at sea-level. At the 
higher altitude the hremoglobin value, hrematocrit, 
red cell count and serum chloride concentration are 
elevated, while the plasma carbon dioxide content and 
serum sodium concentrations are lower {2,3]. These 
observations are of considerable interest to the 
physiologist, but little is known of the underlying 
mechanisms involved. It is in the elucidation of 
these mechanisms by the measurement of total red 
cell mass, plasma volume, body water, sodium and 
potassium that radioisotope techniques are of great 
value, · 

• Supported in part by a research grant from the Atomic 
Energy Board, Pretoria. 

** South African Institute for Medical Research and Applied 
Physiology Laboratory, Chamber of Mines, Johannesburg. 
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Blood volume 

In order to elucidate the blood volume changes 
responsible for the elevated hremoglobin concentra
tion and hrematocrit values, studies were undertaken 
in normal healthy adult males resident at sea-level 
and at 5 740 ft. Red cell volume was measured with 
51Cr, plasma volume with radioiodinated human serum 
albumin and total body water with tritiated water. The 
tritium was assayed following the vacuum sublimation 
of plasma and urine samples. The blood volume 
measurements were expressed as ml/I total body water. 
Studies were carried out on 60 healthy young males, 
made up of a group of laboratory employees and 
medical students. Thirty-eight were resident at 5 740 ft 
and 22 at sea-level. 

The results showed that at 5 740 ft there was a 
2.5 ml)l increase in red cell volume and a 2.6 ml/l 
decrease in plasma volume. The total blood volumes 
at the two altitudes were similar. The differences in 
red cell volume and in plasma volume are statistically 
significant. 

All authors who have studied the effect of altitude 
on blood volume agree that there is a contraction of 
the plasma volume at high altitude. Elevation of red 
cell mass has been reported in subjects resident at 
14 900 ft (4 540 m) fl), but not in subjects resident 
at altitude 7 309 ft (2 230 m) [4]. The present study 
however, suggests that even at an altitude of 5 740 ft 
above sea-level, a significant increase in red cell mass 
may occur. 

Radio1sotope studies thus indicate that the homeop 
static mechanism responsible for the increased con
centratjon of hremoglobin at high altitude involves 
both an expansion- of red cell volume and a contrac
tion of plasma volume, resulting in little significant 
change in the total blood volume. It would appear 
from these studies and from those of other workers 
that altitude is the most important environmental 
factor determining the physiologic limits of blood 
volume in man. 
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Total body water 

Possible changes in total body water associated 
with residence at high altitude have received scant 
at.tenti~~- Si~i et al: [5] measured total body water 
Wlth tnt1um m medical students resident at sea-level 
and in mine workers resident at 16 400 ft (5 000 m). 
The average total body water in the high altitude 
group was 5% greater than at sea-level, but the 
authors suggested that this difference was due to the 
different occupations of the groups rather than to an 
effect of altitude. In the present study, total body 
water averaged 60.6 % of body weight in subjects 
resident at S 740 ft, and 60.9% of body weight in 
subjects resident at sea-level. The results thus confirm 
the suggestion of Siri et al. that residence at higher 
altitude .does not affect total body water, and that 
changes m total body water are probably not involved 
in man's adaptation to residence at high altitude. 

CHANGES IN BODY FLUID SPACES ON EXPOSURE 
OF MAN TO HEAT 

Up to now the experimental procedures used in 
these studies have placed certain limitations upon the 
information one could obtain on the dynamics of 
fluid exchange between these spaces under stress 
situations. The substances used were restricted to those 
which do not enter the metabolic processes of the 
body and which diffuse, selectively, in the different body 
fluid spaces within a reasonable period of time. The 
subst~nces commonly used to estimate the various 
fluid spaces are the dye T-1824 for plasma volume, 
thiocyanate for the extra-cellular fluid compartment, 
and antipyrene for total body water. Estimation of the 
concentrations in blood of these substances is made 
by absorption of light in selected ranges of the light 
spectrum. The order of accuracy of these methods is 
not good but perhaps the greater limitation is that 
changes in fluid spaces could only be followed, with 
any accuracy, after Jong intervals of the order of 
hours, so that no clear picture has emerged of the 
changes in body fluid spaces with time when a man 
is placed under the stress of exercise or of heat. It is 
often the changes which occur within the first few 
minutes or the first hour which are the most signi
ficant in determining the degree of circulatory stress 
the individual will experience. 

The development of experimental techniques in 
which normal constituents of the body are labelled 
radioactively brings a new order of precision to these 
measurements and also opens up the possibility of 
studying the dynamics, over short intervals of time, 
of the exchange of fluids and electrolytes between the 
body fluid spaces under conditions of stress where 
these exchanges can be expected to be accelerated. 
Exercise and heat are two such stress conditions. There 
is considerable literature on the question of the effects 
of heat and of exercise and heat upon the body fluid 
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spaces, but all the results reported were determined by 
the older limited techniques. It relates to the influence 
of season, of short severe exposure to heat and to 
repeated daily exposures to heat which results in the 
phenomenon of acclimatisation to heat. The informa
tion available under two of these headings will be 
discussed and will be related to the results of certain 
preliminary studies of plasma volume and total body 
water in which the newer radioactive labelling tech• 
niques were employed. 

Seasonal effects 

The first study reported [6J on this subject was 
made by the late Sir Joseph Barcroft, F.R.S., during 
a voyage from Britain to Peru. Using the carbon 
monoxide inhalation method, he showed a 17% 
increase in blood volume in three subjects in tropical 
latitudes compared with their blood volumes when in 
Britain. However, on returning to Britain one of the 
two subjects studied showed a decrease and the other 
did not. The Harvard Fatigue Laboratory (7] research 
workers were unable to confirm the findings of 
Barcroft et al. [6J. Using T-1824 on 10 subjects who 
went from Boston to the hot, humid tropics of the 
Mississippi delta they could show no change. Using 
the same technique, Bazett (8] claims to have shov.n 
a 15 .to 40 % increase in blood volume in three subjects 
between winter and summer in Philadelphia. 

Little work has 1,een done on the other fluid spaces. 
The Harvard Fatigue Laboratory workers reported a 
decrease of 7 % in thiocyanate space and l I % in 
interstitial fluid volume in the men going from Boston 
to Mississippi. This was not confirmed in a similar 
study by Doupe [9]. 

This information reveals a surprising gap in our 
knowledge. It is well known to the clinician.that the 
time of the change of season, especially from winter 
to summer, is the period when the cardiac, the hyper
tensive and the cerebral athersclerotic patient may 
show a rapid deterioration in condition. The possible 
association with changes in blood volume has not 
been explored. Burch {IO] in a monograph on the effect 
of hot climates on cardiac patients does not mention 
the possible influence of the increase in btood volume 
in causing cardiac decompensation. 

The effect of a single acute exposure to severe heat 

The major reactions of the body to heat stress are, 
firstly, the dilatation of blood vessels in the skin and 
subcutaneous regions of the body and, secondly, the 
production of sweat. The first of these two reactions 
leads to marked changes in circulatory dynamics. 
Cardiac output is increased and blood flow is shunted 
from the splanchnic area to the skin. Sweating leads 
to a rapid turnover of water. These two effects can be 
expected to lead to marked transient alterations in 
the body fluid spaces. 
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Studies of blood solids, of hremoglobin and of 
plasma proteins have shown first a hremoditution in 
t~e first 30 minutes of exposure and then with con
tinued e.llposure and high rates of sweating the early 
hremodilution is reversed as a result of dehydration 
and hremoconcentration is observed. Assumptions 
have been made regarding changes in blood volume 
o_n the _basis of there being no loss or gain of total 
circulatmg protein or red ceJls. These assumptions are 
not valid in the circumstances of these marked cir
culatory alterations and fluid exchanges. 

As a first step in this study. we have recently carried 
out a series of investigations using tritiated water. 
The first study was carried out over a period of 12 days 
on two subjects. One was a control and the other was 
exposed to heat on the sixth day. There the subject 
worked at S kcal/min for 4 hours at 34.2 °C (with the 

, air saturated with water vapour), Both subjects were 
administered 700 µc of tritiated water intravenously 
on day I. Thereafter, a sample of blood and urine was 
taken in the post-prandial and resting state at the 
same time each morning for the ne.llt 12 days. In the 
control subject the concentration of tritiated water in 
both blood and urine showed the typical Jogarithmic 
decrease over the period. The concentration in the 
urine was a constant small amount below that in the 
blood. This indicates that the daily turnover of water 
in this subject, from day to day, is very constanL The 
biological half-life of tritiated water was 6.3 days. In 
the other subject the pattern of the decrease in the 
concentration curve of tritiated water in blood and 
urine was similar to that of the control until the sixth 
day. On the morning of the seventh day and the eighth 
day the concentrations fell below the line in the control 

Using T-1824, Glickman an'd his associates [llJ 
s!u~ied 10 men before and after they spent 1-3 hours 
s1ttmg at a dry-bulb temperature of 37 to 45 °c. Their 
results ~re equivocal In 14 instances, there was no 
~hange m plasma volumes, in 6 they increased, and 
m 4 they decreased. Subsequently Robinson [12) has 
reported an increase in blood volume' of 13 % during 
a 2 to 6 hour exposure to heat and exercise in a dry
bulb temperature of 50 °C in men who were fully 
hydrated. No details of Robinson's methods have 
been published, however. 

~~ h~ve rece~tly examined this question using 
rad1~1~dmat~d human serum albumin. A dose of 5 µc 
was lDJected mtravenously at 9 a.m. and three samples 
of blood were taken at 9.20, 9.30 and 9.40 a.m. to 
establish the rate of clearance of the labelled material 
from the circulation. Two subjects then entered a hot 
room at 34.2 °C (air saturated with water vapour) and 
worked at Skcal/min for 2 hours during which time 
repeated samples of blood were taken. The concentra
tions of radioiodine plotted exactly on the line of the 
extrapolation from the three control values before 
the men entered the climatic room. This was a clear 
indication that there was no change in plasma volume 
over this period. The average sweat losses in the period 
were 1.5 to 2.0 litres. 

No studies have been reported in the literature on 
changes in intra-cellular or extra-cellular fluid spaces 
during acute exposures to heat. Ladell [13], however, 
calculated changes in body water distribution in 3 men 
during 3 hours of heavy sweating. From water and 
chloride balances he estimated the changes in intra• 
and extra-cellular fluid spaces in accordance with the 
Darrow-Yanet concepts under conditions of adequate 
and inadequate salt and/or water replacement. He 
concluded that in the absence of salt there is an 
increase in intra-cellular space, irrespective of extent 
of water replacement. He postulated that when water 
is given without salt, the extra-cellular space becomes 
hypotonic and water enters the intra-cellular space 
until osmotic equilibrium is re-established. Conversely. 

· when salt is given in excess of water losses, then water 
leaves the intra-cellular spaces. These postulates have 
never been checked by direct study of the fluid spaces 
involved. 

. period, indicating a greater water turnover during the 
e.x,posure to heat the previous day. Thereafter, the 
curve continued parallel to that of the control period 
but displaced below it by an amount equal to the 
greater water turnover of the day of heat exposure. 
This is a clear indication that a single day of heat 
exposure altered the water turnover of the subject 
markedly on the day of exposure and possibly for one 
or two days thereafter but he then settled .down to the 
control rate of daily water turnover. It would, of. 
course, be of great interest to follow the dynamics of 
water turnover during a period of acclimatisation of, 
say, 12 days. There is some evidence in the literature 
that the rate of sweating is proportional to the rate 
of drinking and it may well be that one of the impor
tant phenomena of acclimatisation is the ability to 
drink· increasing quantities of water, thereby dimin
ishing the degree of dehydration and resulting in a 
greater sweat rate and better heat balance. Use of tri
tiated water would allow one to test this hypothesis. 

The second study was more ambitious. The aim was 
to measure the total body water before the subject 
entered the hot room, then expose him to severe heat 
stress, which would cause profuse sweating, and 
replace the sweat losses as they were incurred. The 
concentration of tritiated water was measured again, 
I hour after the subject left the hot room, to see 
whether the change in concentration correlated closely 
with the water turnover due to sweating and its replace
ment by drinking. Finally the measurement of total 
body water was made again after the hour's rest, 
after coming out of the hot room, to see whether the 
completely rehydrated subject, after a water turnover 
of about 2.0 litres in 4 hours, would show any 
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significant change in total body water compared with 
the control period. 

The procedure adopte·d ·-was to give an initial dose -
of 400 µc of tritiated water at 7 a.m., collect the total 
urine output over the next 3 hours, and then take a 
sample of blood (3 hours after the initial injection of 
tritiated water) for the first estimation of total body 
water. No water was drunk during the 3 hour period. 
The men then entered the hot room at 10 a.m. and 
worked at S kcal/min for 4 hours at 34.2 °C dry-bulb 
temperature (with the air saturated with water vapour). 
Their sweat and urine losses were replaced as they 
occurred so that their weights at the end of the exposure 
were the same as they were at the outset. They rested 
for 1 hour after coming out of the hot room during 
which time they did not drink. This interval was given 
in order to allow absorption of the water drunk in the 
hot room. Ar the end of the hour's rest a blood 
sample was taken and from the concentration it was 
hoped to estimate the total water turnover during the 
4 hours of heat exposure. A second dose of tritiated 
water was then injected and blood samples were takeri 
at hourly intervals to establish the curve of the decrease 
in concentration in order to make a direct estimate 
of total body water. In addition to these studies of 
work in heat on five subjects, a control study was 
made on four subjects in whom exactly the same 
procedure was carried out but they were not exposed 
to heat. 

In the. control subjects the results were much as 
expected. Their sweat and urine losses were small over 
the 4 hour period of work, about 500 ml. and con
sequently the tritiated water concentration after the 
work period was about the same as it was before. The 
graph of the decrease of tritiated water concentration 
after the second dose had the expected time constants 
which indicated that it was completely mixed with 
the total body water after 2 hours. The second estimate 
of total body water was 2.282 litres higher than that 
before exercise. This we are unable to account for 
because the water intake over the period was not 
greater than 500 ml. 

The results in heat were unexpected. The concen
trations oftritiated water in the samples taken one hour 
after leaving the hot room did not-reflect the large 
water turnovers in the hot room which were between 
J.160 and 2.400 litres. We expected the concentrations 
of tritiated water to be much lower than the pre-hot 
room concentrations because of the dilution of the 
total body water by the amounts, 1.0 to 2.4 litres, of 
water drunk. In fact, the concentrations were higher 
after leaving the hot room. Furthermore, the concen-, 
trations of tritiated water in the 3 hours after the 
second dose actually rose in all the subjects, instead 
of showing the usual curve of decreasing concentra
tion. These results indicate that there must have been 
a leak into the intravascular space of tritiated water 

from some source at a high concentration in both of 
these periods. The only explanation we can offer is 
that shortly after entering the hot room certain areas 
of the body are, virtually, shut off from the main 
blood flow. Tritiated water concentration in the intra· 
vascular fluid sf)ace will undoubtedly fall faster than 
normal during heat exposure because tritiated water 
is lost in sweat. But after leaving the hot room, blood 
flow to the regions shut off during heat exposure open 
up again and tritiated water in these regions is at a 
higher concentration and this would cause the con
centration of tritiated water in the blood to rise. 
Considerably more attention will have to be given to 
the possibility that the interchange of water between 
the intra vascular space· and the interstitial and cellular 
spaces is not free in stress conditions where the blood 
flows to _major areas of the body are decreased. We 
know that this is the case in heat exposure. Radigan 
and Robinson [14] have shown that blood fl.ow to the 
kidneys is decreased by about 70 % during work in 
severe heat. 

SUMMARY 
\ 

Aspects of man's adaptation to residence at an 
altitude of 5 740 ft and to heat stress have been 
investigated with radioisotopes. Elevation in the 
hremoglobin concentrations at altitude has been found 
to be the result of both contraction of the plasma 
volume and expansion of the red cell volume. 

The total body water at altitude has not been found 
to differ significantly from values at sea-level. 

Continuous measurement of the plasma volume 
during exposure to heat has failed to reveal any changes 
in this compartment. 

Changes in total body water as a result of exposure 
to heat have been found to be complex. The results 
of the present study suggest that areas withi? the 
tritiated water space may be shut off from the mtra
vascular fluid space during heat exposure. 

I 
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ABSTRACT-RESUM~-AHHOTAL\l-1.R-RESUMEN 

A/853 Afrlque du Sud 

Etudes au moyen de radioisotopes 
sur !'adaptation de l'homme a la vie 
a h~ute altitude et a l'agression de la chaleur 

par J. Metz et C. Wyndham 

. L'ada~tation de l'homme a son milieu peut faire · 
mten:emr de ?ombreux processus physiologiques; 
panru les plus 1mportants de ceux-ci sont les change
ments survenant dans les compartiments des humeurs 
de l'organisme. Ccs changements sont souvent com
plexes et se pretent particulierement bien a l 'etude au . 
moyen de radioisotopes. Le memoire rapporte Jes 
resultats de recherches sur !'adaptation a deux effets 
du milieu, a savoir ia residence a haute altitude et 
le travail physique dans des conditions de chaleur 
extreme. · 

Des etudes ont ete publiees sur le volume du sang, 
la teneur totale en eau du corps et le metabolisme 
du fer a des altitudes de plus de 16 000 ft (6 300 m) , 
dans les. Andes peruviennes; on dispose d'assez peu 
de rense1gnements pour des sujets residant aux alti
tudes moderees auxquelles habite un grand nombre 
de_ personnes_ On a done entrepris des etudes sur des 
suJets normaux et en bonne sante du sexe masculin 
residant a une altitude de un mille {l 609 m) environ 
a~-dessus du niveau de la mer, et on a compare les 
resultats avcc ceux obtenus pour des sujcts residant 
au niveau de la mer. On a employe des methodes a 
indicateurs multiples, notamment la mesure du volume 
de globules rouges avec 51Cr, du volume de plasma 
avec de l'albumine marquee a 1311, la teneur totale 
en eau du corps avec 3H20 et le sodium echangeable 
total avec 22Na. On a constate des modifications com
plexes liees a la residence a haute altitude. Le volume 
de globules rouges augmente et celui de plasma dimi
nue; ainsi le volume total du sang n 'est guere modifie. 
L'hematocrite veineux du corps est accru. La teneur 
totale en eau du corps' est identique en altitude et au 
niveau de la mer, mais le sodium echangeable total 
tend a etre moindre et la concentration du sodium dans 
le plasma est ainsi diminuee. 

Le travail physique et dans une ambiance de 
chaleur est necessaire dans de nombreuses industries, 
et une etude de ]'adaptation de l'honune a de telles 
conditions est d'un interet pratique pour eviter 
l'epuisement par la chaleur et le coup de chaleur: on a -
fait des etudes sur des sujets norm.aux volontaires qui 
ont eff ectue un travail physique dans une chambre ou 
regnaient des conditions de chakur et d'humidite 
extremes. On s'est servi de techniques a radioisotopes 
multiples pour mesurer le volume de plasma, la teneur 
totale en eau du corps et le sodium echangeable total. 
Les etudes ont porte sur les modificaµons provoquees 
par une exposition unique a une forte chaleur ainsi que 
sur les changements consecutifs a l'acclimatation a la 
chaleur lors d 'expositions successives. Alors que Jes 
changements subis par le volume de plasma n 'ttaient 
pas frappants, on a observe des modifications mar
quees de la teneur totaken eau du corps et du sodium 
echangeable total. 11 a tte particulierement interessant 
de relever qu'il faut un temps relativement long pour 
qu'un equilibre se retablisse dans les compartiments 
des humeurs du corps a 1a suite d 'une exposition a 
une chaleur extreme. Les resultats de ces etudes per
mettront, espere-t-on, d'aborderde maniere rationnelle 
le probleme de l'acclimatation a l'effort physique 
dans des conditions de chaleur extreme. 

A/8~3 IOAP 

HccneAOBaHHe C nOMOL.LlbtO paAHOaK
THBHblX H30TOOOB aAanra4HH ~enoae
Ka K 6onbWOA BblCOTe H TennOBblM 

yAapaM 

fO. Meni, H. 8HHAaM 

~anTaI~l111 'feJIOBeKa K 011:py1Kaf0ll(RH yCJIOBK
,n, MOll<eT BKJl10'13TI. pa3JlH'IRI,le IJ)H3HOJl()Tn'le

Cl{He npo~eccw; eauOOJiee Ba)f(HJJMD ua HHX JIB

JUIJOTCH H3MeHeBHJI )l(H~KOCTeii TeJia. 3re H3Mel!e

BHH HfH~l(OC7eii Te»a 31l'J8CT}'l0 JIBJUIJOTCR O'ICHb 

CJIO>KBLlMB, ff DO3TOMY 1.l.JJR 'HX HCCJlell,oBaBHJI npH-
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6eralOT K pa.ztH08KTHBHLIM H30TonaM. B HaCTOJl-

11\eM ,llOKJJai:te OOHCLIB8JOTCH peayJU,TaTLI T8KHX 

JfCCJle,llOBaHHH 8]:\80T8I\H_lf "leJJOBeJ(a R 0KpymaIO
ll\HM ycJJoe~.u111 B ABYX cJJy11a11x: npu npe6Lluamm 
Ha 6om,mo11 BLlCOTe H npH t}>uan11ecKoii pa6oTe o 
yCJtOBHHX ,i.eHCTBHJl BhlCOROH Tel,mepnypbl. 

IlpH HCCJle;t.OBaHHH 061>eMa RpoBH coo6~aJIOCh 
06 06w.e11 conepmaHHH BOAL! H MeTa6onnaMe me
neaa B TeJJe 11enoeeKa ua BLicoTe ce1,1me 4800 .w 
B IlepyancKux AH.ztax. B JJHTepnype HMeerc11 

Mano Jl311HLIX 06 a.ztaDT3I\HH 'leJJoBeKa K cpe.ztHHM 
BLICOTH(. Ha KOTOpLIX nponrnsaeT 6oJJLIOOe 'IHCJJO 
JJIOJleii. Ilo3ToMy 6LrJJH npoee.ztenLr HCCJJe.I(oJ3aHHJl 
H8Jl HOpMaJJLHLIMII B3POCJII.IMII a.ztopOBhlMH JJIO;'.lh
MH, npomnBalOJl\HMH Ha BhlCOTe OROJIO MHJJII 
(1750 M) Ha}\ ypoBHeM MOpst; peayJU,TaTLl OIILITOB 

cpaBHHB8JIHCL c_ peay.nbTaTaMH HCCJie]J.O"B3Hl1Jl 

rpynnw JIIO)l.eii, nponmua10w.ux Ha ypouHe MopH, 

J1c11on1,aoean11 M8TOJl MHOfOKOMilOHCHTHOH HH]I.H
K81.1Hlf, BKJJJOIJ81J H3MepeHJUI OO'LeMa apHTPOQHTOB 
C DOMOlU,LIO Cr51, OM>eMa TTJl83MLI C IlOMOlll;LJO 8Jlh-

6yMHHa, Me'leuuoro J 13.1, o6mero 061>eMa BO.t\LI Te
na c nolfoll.(LIO H3iO u o6m;ero o6Menuoro HaTpH11 
c noMOll\LlO Na22• YcraHoeneuo, 11To npH llccne]l.o
BanHH Jll0Jl8M Ha 6om,moii BLICOTe OTM8'1CH1.I 

enomm,1e H3MeHeHRR. O61.eM apHTpOU,RTOB yBeJIH

lfHB8JICJI, 061.eM DJl83MLI yMeHLIDaJJCH. TaKHM 
o6paaoM, o6muii 061.eM .Kpoun HaMeH11Jic11 neaua
'fHTe.111,no. BeJJH'IHH8 reM8TOKpHTa BeH03HOff 
1<pon11 ynenHqueaJiacL. O6m;ee coAepmaHue eo]l.1,1 

B TeJJe OAHH8KOBO KaK npa uaxo>Ki:teHHH Ha BIJCO
Te, TaK H npu uaxomAeHHH Ha ypouue MopH, 011-
HaKo o6m;ee 1'.0JU-l'leCTBO o6MeHHOrO H8TplUI YM8Hh
maeTCR npu naxo>KJS,eHJrn: lllOJJ.eil na 6om,moii BLl

coTe, o6w.ee COAep>K&HRe HaTpHH n CblBOponce 
T8K)l(8 yMeHLmaeTCR. 

cl>H3H11eCKRii TPYA B YCJJOBHIIX mapLI HCilOJIL-
3yeTCR BO MHOl'JIX OTpaCJUIX npoMLIWJI8HHOCTH, H 

HCCJJeAOB8HHe 8.lt8IlT8QHH qenoeeJ(a K T8KHM yc
~OBHffH BLl3B8HO npaKTRqecKOK ueo6xo,nHMOCTLIO 
npeA0TBpa~eHH.R Jl36LITK3 Tennoeoro B03,ll8HCTBHJI 
JI T8DJIOBWX moR0B. llccneAOBaBHH 6blJIH npoee]\e
Bl,I C BOpllaJlhBLIMH a~opoBhlMH JllO,J\hMll, A06po
BOJILHO K3'1>HBHBWHMII cor.nacKe {J>H3H'f8CRH pa6o

T3TL B TeDJIOBOR l(allepe B YCJJOBHJIX mapLI H BLI

COJ\OH BJJamB0CTH. /lJJII H3MepeHHJI o6'LeMa IlJta3-
, ... ,. OOlU,eH BOJlLI TeJia B o61I{ero o6MeHHOrO H3TpHR 
HCDOJJL30B3JICJI MffOfOKOMilOHeHTIILIH H30TODHLIH 
M81'0J(. HccneAOBaJIHCh H3MeHCHHR, B03HIIR3.IOU\H0 

npH 0_!\II0KpaTH0M .zteHCTBHH BWCOROH TeMnepa'Iy

pLl, a T3R'.l'KC lt3MeHeHml nocJie aKKJH'IM.3TltllJa1imt 

opraHH3J43 1( :I\CUCTMUO Tenna npu npo)].OJI110fTCJJb
HOM B03)].eikreHK mapLI. XoT.fl 11aMeHeHtt1t 06-i.e
Ma mtaaMLI 6unH Re3H3'1HTCJILJILIMU, Ha6JJio;~aJIHCL 

aaMeTHWe HaMeHeHHR o61I{ero 061:.eMa eo,n:1>1 TeJia 
H 06lI\Cl'O .KOJIH'IeCTBa o6Menuoro HaTpDR. Onre
'18JIC11 cpaBHHTCJlf>HO npo)].OJl>KHTCJILHLIH nepno)]., 
neo6xo~RMLIH J(JIR ycTaH0BJICHHR paDH0DeCIUl B 
>KH.I\KOCTRX Tt>JJa nocne B03J\CMCTBJUI R36hl'l'Ka Te
nna. Peaym,Ta'fbl aTHX nccJtenoeanuii 6YAYT cuo
co6cT»oBa1'h paaperueHHJO npo6J1eMbl aKKmntaTJt-
381\HH paOO'IHX B ycnoBHJfX BLJCOKHX TCMIIepaTyp. 

A/853 Sudafria 

Estudios radioisot6picos de adaptaci6n 
a la vida en altitudes elevadas 
y al trabajo fisico bajo calor extremado 

por J. Metz y C. Wyndham 

La adaptaci6n del hombre· al medio ambiente puede 
dar lugar a muchos procesos fisio16gicos. entre los 
que se encuentran como mas importantes Ios cambios 
en los ftuidos del cuerpo. Estos cambios en los fluidos 
son con frecuencia complejos y se prestan particular· 
mente a ser estudiados por medio de los isotopos 
radiactivos. Esta memoria informa sobre los res1ll
tados de los estudios llevados a cabo en dos casos 
extremos, a saber: de residencia en altitudes elevadas 
y de trabajo fisico en condiciones de· calor extremado. 

1 

Aunque se han publicado estudios sobre el volumen 
de sangre, contenido total de agua en el cuerpo Y 
rnetabolismo del hierro a altitudes superiores a los 
4 87S m en los Andes peruanos, hay pocos datos 
publicados sobre individuos residentes en altitudes 
rnoderadas en las que hay gran cantidad de poblaci6n.. 
Por tanto se han realizado estudios sobre varones 
de salud normal que residen en una ahitud aproximada 
a Jos 1 750 m sobre el nivel del mar y los resultadosse 
han comparado con los de los residentes al nivel del 
mar. Se han empleado diversas tecnicas de trazadores. 
incluyendo medidas del volumen de hematies con 

51Cr, 
volumen del plasma con albumina-1311, contenido total 
de agua en el cuerpo con 8H20 y cantidad total de sodio 
intercambiable con 22Na. Se han encontrado cambios 
complejos asociados con la residencia en altitudes 
elevadas. Aumenta el volumen de hematies Y dis
minuye el volumen del plasma; de este modo el 
volumen total de sangre no varia sensiblemente. 
Se eleva la relaci6n hematocritica venosa del cuerpo. 
El contenido total de agua en el cuerpo es similar a Ia 
altitud considerada y al nivel del mar, pero el inter
cambio total de sodio tiende a ser mas bajo en altitud 
elevada y asi se reduce la concentraci6n de sodio en 

el suero. 
El trabajo fisico realizado a temperatura elevada 

es ·necesario en muchas industrias, y el estudio de la 
adaptaci6n del hombre a tales condiciones es de 
importancia practica para impedir la fatiga por el 
calor o el golpe de calor. Se han realizado estudios 
con personas normales voluntarias que realizaron 
trabajo fisico en una camara de calor en condiciones 
extremas de calor y humedad. Se emplearon diversas 
tecnicas de is6topos radiactivos para medir el volu
men del plasma, el contenido total de agua en el 
cuerpo y el intercambio total de sodio. Los estudios 
trataron de Ios cambios que acompanaron a una 
sola exposici6n al calor fuerte asi como de los que 
siguieron a Ja aclimataci6n al calor despues de suce
sivas exposiciones. Aunque los cambios en el,volumen 
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del plasma no fueron muy extraordinarios, se obser• 
varon cambios notables en el contenido total de agua 
en el cuerpo y en el intercambio total de sodio. De par• 
ticular interes fue el periodo relativamente largo que 
se necesito para restablecer el equilibrio en los ftuidos 
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del cuerpo a continuaci6n de una exposici6n a un ·_ 
calor extremado. Se espera que los resultados de 
estos estudios permitiran abordar de una forma 
racional los problemas de aclimataci6n para trabajar 
en condiciones de calor extremado. 



P/856 Turkey 

The effect of tritiated thymidine and gamma-irradiation 
on the mortality of Drosopl,i/a me/anogaster larvae 

By E. Kent• 

It has been found that the sensitivity of Drosophila 
melanogaster larvae exposed to X-rays or fed with 
tritiated thymidine varies according to the age of the 
larvae. Elderly larvae are almost insensitive to small 
doses of X-rays or to high concentrations of tritiated 
thymidine. It is known that tritiated thymidine is a 
precursor of deoxyribonucleic acid (DNA) and X-rays 
have an effect on the synthesis of DNA. 1n elderly 
larvae tritiated thymidine and X-rays exert few harm
ful effects. Our aim is to find out whether irradiation 
increases or decreases the effects of tritiated thymidine 
mentioned above. 

Tritiated thymidine was administered ora11y to 72 h 
old larvae and total body irradiation was achieved by 
the use of 1.02 curies of 60Co. 

So far we have observed that when the larvae in the 
normal nutrient are irradiated, their life span does not 
differ from the controlled ones. Tritiated thymidine 
and irradiation, when applied simultaneously, cause an 
increase in the mortality rate of the larvae. But, 
tritiated thymidine administered to the larvae without 
the accompaniment of irradiation does not cause a 
comparable high mortality rate. So, these two factors, 
when given simultaneously at certain doses, do impose 
deleterious effects. 

A survey of current investigations indicates that 
there is a relation between the radiated object (such as 
species, age, or different tissues of the organism) and 
the radiating agent. This fact is extremely manifest in 
Drosophila me!anogaster larvae. The very young larvae 
are very sensitive even to small doses of radiating 
agents such as gamma rays [IJ. or tritiated thymi
dine (2}. On the other hand, the aged larvae are 
extremely resistant to those agents. 

The investigations of some research workers indicate 
that some tissues may be injured when exposed to 
labelling doses of tritiated thymidine (3]. others have 
shown that the synthesis of DNA is inhibited by 
X-irradiation [4] and by tritiated thymidine [5]. T~is 
fact may be responsible for the lethality of young 

• ('.ekmece Nuclear Research and Training Centre, 
P.O. Box J, Airport, Istanbul. 
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larvae, since the multiplication of the chromonemata 
occurs in young larvae and their DNA synthesis is 
more strongly expressed. However, DNA is synthe
sized in the salivary gland chromosomes of Drosophila 
melanogaster larvae, even in the pupae. Bllt, there are 
also some reasons to believe that the synthesis of ONA 
observed in prepupae and pupae is related to the 
metabolic DNA [6J which seems to be elaborated 
by the genetic DNA. 
· We have, therefore, decided to study the combined 

effect of gamma rays and tritiated thymidine on the 
mortality rate of Drosophila melanogaster larvae. Below, 
experiments p~rformcd on 72 h old larvae will be 
explained. 

MATERIALS AND METHODS 

Four experiments have been performed. In _e~ch 
case either the concentration of tritiated thym1dme 
or the intensity of irradiation was increased ~r 
decreased threefold. The amount of tritiated thytm
dine and irradiation used in each experiment was as 
follows: in (I} I 80 ,,c and 260 roentgens, in (II) 60 µc 
and 260 roentgens, in (III) 180 µc and 85 roentgens, 
and in (IV) 60 µc and 780 roentgens .. Each gro1:1p of 
experiments included four parallel senes: ln se~•~s l, 
tritiated thymidine and irradiation, in senes 2, tntiated 
thymidine, in series 3, irradiation, and in series 4~ only 
the normal nutrient was employed. Each experiment 
was repeated ten times. The exposure to radiation, 
i.e., two hours, was kept constant. 

Tririared thymidine: thymidine-(metyl-T), I me in 
I cm3 of specific activity 3.9 curies/mM was employed 
and obtained from the Radiochemical Centre, Amer
sham, England. 

Cobalt-60: 1.02 curies of 60Co radiating J.32 roent
gens from I meter was employed as the source of 
external irradiation. 

Larvae: jn the experiments, Drosophila melartogaster 
stock larvae from <;ekmece-Istanbul, cultivated under 
constant conditions were used. 

Nutrient; 3 g of banana, 20 mg of sugar. ~n~ 20 mg 
of dried yeast were added to a porcelain weighing-cup 
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of 4 cm in height and of 2 cm in diameter. Tritiated 
thymidine was added to the above mixture when 
necessary and all was mixed homogeneously. 

Collection and irradiation of Janae: the flies were 
transferred to an erlenmeyer. Three slices of banana 
were placed on a glass-slide and inserted in the erlen
meyer. The erlenmeyer was then kept in the dark at 
room temperature, in a tilted position, until an ade
quate number of eggs was left on the bananas by the 
flies. The larvae were collected as soon as they 
emerged from the eggs and used in the experiments 
when they were 72 hours old. 

Larvae, aged 72 hours, were placed in the above
mentioned nutrient and the cups were carried to the 
irradiation room as quickly as possible. Depending on 
the dosage of irradiation, the cups were placed at a 

specific distance from the source by trained operators. 
The irradiation lasted for two hours. From then on, 
at the third, fourth, fifth, sixth, seventh and twenty
fourth hour after the larvae had been pl.aced in the 
nutrient, the amount of larvae was counted and the 
deaths were recorded. 

OBSERVATIONS 

From Table l, it is quite apparent that tritiated 
thymidine (180 pc) and lll>Co irradiation (260 r) do not 
cause a high mortality rate when applied separately to 
the 72 h old larvae. On the other hand, when the two 
factors were applied to the larvae simultaneously, the 
mortality· rate increased immediately and the total 
death rate reached 55.95 %. One may think that these 

Table 1" 

Group I 

..,Co, 260 r - Tritiated thymidine, 180 µc . 

Tritiated thymidine, 180 µc 

.. Co, 260 r 

Control. 

Group JI 

"'Co, 260 r - Tritiated thymidine, 60 µc 

Tritiatcd !hymidine, 60 µc . 

""Co, 260 r . 

Control. 

Group Ill 

••co, 85 r - Tritiatcd thymidine, 180 µc 

Tritiated thymidine, 180 µc 

00Co, 85 r . 

Control. 

Group IY 
00Co, 780 r - Tritiated thymidine, 60 µc 

Tritiated thymidine, 60 µc . 

00Co, 780 r 

Control. 

No. of 
larvae 

% dead larvae, after following hours 

at beginning lh 

310 

310 

250 

250 

310 

3!0 

250 

250 

310 

310 

250 

250 

310 

310 

250 

250 

11.9 
(±0,0) 

2.28 
(::1:0.0) 

2.9 
(±0.4) 

3.4 
(:l:0.4) 

6.5 
(±0.0) 

3.5 
(±0.0) 

2.0 
{±0.0) 

3.1 
(±0.0) 

3.6 
(±0.0) 

6.2 
- ( ±0.0) 

1.0 
(±0.0) 

7.5 
( ±0.0) 

8.7 
(±0.0) 

3.5 
( ±0.0) 

J.6 
(±0.0) 

3.1 
(±0.0) 

4h 

6.9 
{±0.0) 

1.15 
(±0.13) 

2.0 
(±0.30) 

2.18 
(±0.30) 

4.8 
(±0.0) 

3.8 
(±0.0) 

2.2 
(±0.0) 

2.5 
(±0.13) 

2.5 
(::1:0.0) 

2.5 
(±0.0) 

1.5 
(±0,0) 

1.1 
(±0.0) 

5.3 
(±0.0) 

2.1 
(±0,25) 

1.2 
(±0.0) 

1.6 
(±0.0) 

7.4 
(±0.10) 

3.9 
(±0,0) 

1.04 
(±0.0) 

2.23 
(±0.0) 

2.9 
(±0.0) 

3.5 
(±0.0) 

2.8 
(±0.0) 

1.7 
(±0.0) 

4.3 
(±0.0) 

0.9 
(±0.0) 

1.5 
(±0.0) 

5.4 
(±0.0) 

5.2 
(±0.15) 

3.5 
(±0.0} 

2.S 
(±0.0) 

0.0 
(:±0.0) 

6h 

7.1 
(±0.12) 

3.6 
(::1:0.0) 

2.6 
(±0.0) 

3.64 
(±0.0) 

2.2 
(±0.0) 

2.5 
(±0.0) 

0.86 
(±0.25) 

2.6 
(±0.0) 

2.9 
(±0.0) 

2.2 
(±0.0) 

0.5 
(±0,0) 

2.2 
(±0.0) 

2.8 
(±0.0) 

1.4 
(±0.0) 

1,3 
(±0.0} 

0.8 
(±0.0) 

• Values in parentheses are standard deviations from the mean. 

7h 

7.65 
(±0.12) 

5.5 
(±0.13) 

2.I 
(±0.0} 

0.9 
(±0.0} 

3.4 
(±0.1} 

3,6 
(±0.0) 

J.3 
(±0.0) 

3.S 
(±0.0) 

0.4 
(±0.0) 

0.9 
(±0.0) 

0.5 
(±0.0) 

0.0 
(±0.0) 

3.9 
(±0.0) 

2.l 
{±0.0) 

J.8 
(.:1:0.0) 

0.4 
(.:1:0,0) 

24 h (¾} 

15.0 
(±0,73) 

5.7 
(±0.02) 

5.4 
(±0.l) 

3.7 
(±0,0) 

9.J 
(±0.0) 

6.8 
(±0A) 

5.0 
(:I: 1.35) 

2.3 
(±0.18) 

3.6 
(±0,45) 

2.6 
(±0.0) 

1.4 
(±0.0) 

0.7 
(±0.0) 

8.9 
{±0.0) 

0.8 
(±0.0) 

2.5 
(±0,0) 

0.4 
(±0.0) 

55.95 

22.JJ 

16.04 

16.67 

29.1 

23.7 

14.6 

15.7 

17.3 

15.3 

6.4 

16.9 

34.8 

U.4 

12.9 

3.3 
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two factors acting together increase the death rate 
additively. But, if there were an additive effect, 
the mortality rate would be 38.17 % instead of 
55.95 %. In order to understand the reason for this 
phenomenon, the experiments were repeated by 
changing the amounts of tritiated thymidine and 
gamma-irradiation. In Group II the irradiation dose 
was kept the same as in Group I. but the concentration 
of tritiated thymidine was dropped to one third 
(60 µc). The combined effect of the two factors gave 
a mortality rate of 29.1 %- Results obtained from 
tritiated thymidine, 60Co and the control series did not 
differ from those of Group I. In the third group, the 
dosage of toCo irradiation was dropped to 85 roentgens 
and the concentration of tritiated thymidine was the 
same as that of Group I, that is 180 µ,c. The total 
death per cent (15.3 %) caused by tritiated thymidine, 
when given to the larvae without the accompaniment 
of irradiation, showed a decrease in mortality rate in 
comparison with those in Group I (22.13 %) and 
Group II (23.7%), But a higher drop in the mortality 
rate of the 00Co series. (6.4 %) occurred, (in Group I 
16.04% and in Group II 14.6%). Since these results 
suggested that in the combined effect of tritiated 
thymidine and 60Co irradiation, the amount of 60Co 
might play a more important part, in Group IV, the 
lllCo dose was raised to 780 roentgens and the concen
tration of tritiated thymidine was dropped to one 
third of that in Group I. In this group, the separate 
effects imposed by the two factors were not very · 
different from those of the similar series of the other 
groups. On the other hand, the combined effects of 
the two factor-s, when given to the larvae simultane• 
ously, caused an apparent increase in the total death 
which was higher than an additive effect. But this 
total death per cent (34.8 %) is still quite lower than 
that in Group I (S3.9S%). · 

DISCUSSION 

The results obtained from our investigations show 
that we should perfonn more experiments to answer 
some questions that may come to our minds. To 
be able to study the combined effect of the two factors 
more critically. one group of larvae should be first 
irradiated and then introduced into the hot nutrient· 
and another group of larvae should be first given the 
hot nutrient and irradiated after a couple of hours. 
Work on these aspects is now being carried out in our 
laboratory. 

The results mentioned above show that the com-
. bined effect of tritiated thymidine and 60Co irradiation 
is larger than an additive one. A comparison of the 
four groups shows that the 60Co dosage is more 
influential in increasing the mortality of the larvae 
than the tritiated thymidine: But, 60Co when applied 
to the .larvae by itself, does not produce such an effect. 

It is the ratio of the two combined factors, which is 
responsible for this effect. This situation will be 
understood better after the completion of the above
mentioned experiments. 

It is an established fact that tritiated thymidine 
enters DNA synthesis directly. As a result of '°Co 
irradiation, tritiated thymidine (before or after it 
reaches the organism) may undergo some chemical 
alterations and enter the chromosomes in this state. 
This may be the cause of the increased mortality rate 
at certain doses when the two factors are given simul
taneously. If this postulation is true, then three 
factors influence the increase in mortality rate: (a) the 
effect of 60Co, (b) the effect of tritiated thymidine, and 
(c) the effect of irradiated (by 60Co) tritiated tbymidine 
(in and out of the organism). When the amounts of 
60Co irradiation and tritiated thymidine are dropped. 
the concentration of irradiated tritiated thymidine is 
also decreased and in this way, the effect of this third 
factor, namely, irradiated tritiated thymidine, is 
decreased. · Another factor which determines the 
doses of tritiated thymidine and 60Co irradiation is the 
feeding capacity of the larvae. In the experiments. 
tritiated thymidine was mixed with the nutrient an~ 
since the amount of nutrient that the larvae can eat 1s 
almost specific, the concentration oftritiated thymidine 
cannot be increased at will. 

In Experiments I, II and IV where the intensity of 
irradiation was high, right after irradiation (at the 
third hour of the experiment) the death per cent of the 
series where two factors were given simultaneously is 
quite high. Experiment I, 11.9 %, Experiment II, 6.5 % 
and Experiment III, 8. 7 %)- In Drosophila melano
gaster, after the tritiated thymidioe is taken up ~y the 
larvae, it is incorporated into the DNA of the mtes- · 
tinal chromosomes in five minutes. For this reason, 
in the organism the effect of the irradiated tritiat~ 
thymidine is higher at the beginning and then_~ 
effect decreases as the amount of irradiated thyuudme 
decreases with time. This fact is verified by our experi· 
mental results. In three of the abovementioned 
experiments, when the two factors were given sim.ulta
neously, at the third hour, the death rate was higher 
than the additive death rates of the two. factors when 
they were given to the larvae separately. The counts, 
made at the 6th, 7th, and 24th hour of the ~e 
experiments·, showed that there was not a ~rge differ
ence between the death rate with the combined effect 
of the two factors and the additive effect of each 
factor when given to the larvae by themselves. 

The results obtained from the experiments men
tioned above may be accordingly of practical value . 
When chemical materials, especially those whi.ch enter 
the ONA synthesis, are given to the orga~sm, the 
effect of radiation in the organism may be increased, 
Therefore under such conditions, it would be more 
advisable to use low radiation-dosages. • 
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SUMMARY 

It has , been found that tritiated thymidine (given 
orally) and total body gamma-irradiation (60Co) 
increased the mortality rate of Drosophila melanogaster 
larvae, aged 72 h, when applied simuitaneousJy at 
certain ratios to each other. When either of them 
was given to the larvae without the accompaniment of 
the other, a comparable mortality rate did not occur. 
The combined effect of the two factors was higher than 
their additive effect and 60Co irradiation was also 
found to be more influential in the production of this 
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effect. The reasons for these phenomena have been 
discussed. 
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A/856 Turquie 

Les effets de la thymidine tritiee 
et de !'irradiation gamma sur la mortalite 
de~ larves de Drosophila me/anogaster 
par E. Kent 

tritiee. Afin d'etudier l'effet structural de deux doses 
d 'irradiation differentes sur I 'incorporation de la 
thymidine tritiee dans I'ADN, on· preparera pour 
l'autoradiographie des echantillons de chromosomes 
geants des glandes salivaires de larves sou.mises aux 
experiences ci-dessus. · 

On avait observe que la sensibilite des Jarves de 
Drosophila melanogaster exposees a I 'irradiation OU - . 

nourries avec de la thymidine tritiee varie selon I'age 
des larves. Les larves agees ne sont presque pas sen-

. sibles aux petites doses de rayons X ou aux basses 
concentrations de thymidine tritiee. D'autre part, 
on sait que la thymidine tritiee est un precurseur de · 
l'ADN et que les rayons_ X influent sur la synthese 
de l'ADN. Chez les larves a.gees, la thymidine tritiee et 
les rayons X ne produisent que peu de dommages. 
Pour cette raison, on a voulu determiner si l'irradiation 
diminue ou augmente les effets ci-dessus mentionnes 
de la thymidine tritiee. 

Les resultats de ces experiences seront presentes et 
discutes en detail. . 

A/8156 Typl,\Ml'I -

On a administre de la thymidine tritiee a des Jarves 
ilgees de trois jours et on les a irradiees avec 1,02 Ci 
de cobalt 60. La thymidine tritiee a ete ajoutee a 
3 g de nourriture et on a administre une dose d 'irra
diation de 260 R. 

Jusqu'a present on a observeque quand on irradie Jes 
larves dans une nourriture normale, Ieur vie moyenne 
ne varie pas de celle de iarves- tenioins. Le taux 
de mortalite croit chez !es larves quand on leur admi
nistre en meme temps la thymidine tritiee et l'irra
diation. Mais Ja thymiiline tritiee administree aux 
larves en absence d 'irradiation n 'a pas cause une 
monalite comparablement forte. Ainsi, la thymidine 
tritiee et l'irradiation causent aux larves des effets 
nuisibles si on les administre ensemble. Si les expe~ 
riences futures confinnent lcs effets stimulants (cumu~ 
latifs?) de ces deux facteurs, c'est-a~dire de Ia thymidine 
tritiee ct de l'irradiation, ce fait pourra avoir un 
interet pratique et theorique. 

On contiouera les etudes en modifiant la dose d'ir~ 
radiation ainsi que la concentration de la thymidine 

6Honontl.feCK08 A8ACTBHe Mel.feHHOro 
TpHTKeM THMHAHHa H raMMa-o6nyl.feHHSI 
Ha nH\fHHKH Drosophila melanogaster 

S. HeHT 

, , Y CTaHOBJieHo, 'ITO 1JYBCTBJIT8.TllJIOCTL Jnl'IHHOK 

Drosophila melanogaster, no,1:tBeprBYTlil OWl}"le
HHIO peHTreHOBlil.VH JJ)"laJfJI BJl.H BClmpQeBmll 

Ha 11e1JeHHOM: TPHTHeM THMH~BHe, BaJJeBJieTCJJ B 
3aBBCHIIOCTH OT BoapacTa JIH'lBHOK. Bap-OCJD,le Jllf
q)IHJ{H IlO'ITH Be 'IYBCTBHTeJILHLl K OMf'ie..lJIX) 
MaJlldMH A03aMH peHTI'8HOBLIX JJY'leH 11./IK lC ue-
60J11,WBM J(OB:qeRTpaQBRM lfC'ICHHOro 1'pB:TBeH 
THMHJJ.Hlta •. C p,pyroii cTopoHLI, H3BeCTHO, 11To Ke

"18HHLiii TPBTHeV TBMBABR JIBJIJleTCJI .npep,mecT
BeHRRKOM Ae30KCHpH60BYJUICHROBOH l(JICJlOTLl 
(J{HK) u 'ITO pea1Teaoa1,1 nyqu 0KaaL1ea10T ee1<0-
Topoe )leiiCTBHe ea CHBTe3 ]\HK. Y B3pocm,IX JIH
'IJIHOK Me'leHHLIH TPBTB8M THMB)\BR H peuTreHOBL[ 

»)"JJI Bhl3LIBaIOT ue6oJIJ,mue noepem)J.eHHH. Ilo:tTo
MY Rama qe.111,, 38KJll0'18CTCH B TOM, 'IT06U noKa

aaTL, npHBO~DT JIB o6JJ}"ICHBe K OCJ1a6Jle111no HJIR 
yc,rneHnJO ).\eHCTDJfH MC'JCBHoro TPBTHeM TBVH

AHH8. 
.i11111HHKax B uoopacTe Tpex ~Heii JJBo_nBJIB »e

'feHRLIH TpHTHelf TIUf~lfH. 3aTeM: JIH'IHHRB o6.ny
'l3Jlff l\003Jli,TOJf-60 A030H 1,02 KIQpU, IC IlllTaTCJlh

HOH cpe.a.e ](008MRJlH 3 z lfe'JeHHOro rpBTHeM 

TlfMH~HHa H o6.11}"18JIH A030H 260 p. 



sn SESSION -4.2 

YnauoaJJeHo, 'ITO no;i. o6ny'leHHeM II npH iiop

MaJJbHoM OKTaHHH cpeaHRH >KH3Hb JJH'IHH0K He 
OTJIH'lallaCL OT cpenHeH lKH3HK KOHTpOJtbHblX 

:JH'IHHOH. Ilpou,eHT CMepTHOCTH yaeJJH'IHBaetCH y 
.1H'IHHOK npH O,ll;HOBpeMeHHOM npHMeHCHHII 06ny
•rcnn11 H Ml'lfeHnoro TPHTHeM THMH~lrna. O,!{Ba.Ko 

11a6.'JJO;taJ10Cb TaKme, 'ITO Me'leHHLIH TpHTHeM TH

MHJJ,HH, BBOJJ,HMblU JlH'lHHKaM npH OTCYTCTBHH 06-

.,y11enm1, He. DLl3L1B8Jl 3H81UlteJJhHOH CMepTHOCTJI, 
Tai.HM o6paaoM, Me'lennwi% TPHTHeM THMH,ll;HH u 

. o6ny'ICHH8 ;1.eitCTBUTeJJbHO 0K83b1B810T Ha .IIU'IHH

KH BJ)8JJ.Hoe neikr1nte, KOr)l,a OHH D0A810TCR 01l,H0-

BpeMeRHO. EcJJH 6YAYII\He om>ltW no,n;raepnat 

CTHJdfJllf PYIODJ,CC (KYMYJUITIIBHOe?) J],ei-iCTBHe 060-
HX tf,aKTopoB, TO ecTL Me'ICHHOrO TPHTH8M THMH

~HHa H 06.ny'leHHJI, 3TOT tf,aKT .nacT B03M:0)1(U0CTL 

1(3BJte'II, D0nL3Y Ha npaKTHKe H B T80pHH, 
l1cCJJe.11onauH11 6Y.ztYT upo:i,onmem,r: c HaMeueuu

eM ~03Y 06.ny'leHHR H . KOBQeHTpaqHH Me'leHeoro 
Tp111ae11 TRMHAHRa. C Il8JILJO HsJryqenHn crpyK

Typttoro MHRHHJI :U.BYX pa3JIH'IHLIX 1l,03 06J1y'l8HIUI 

Ha BKJUO'leHHO Me'leHHOfO TPHTHeM THMHAHHa B 
J'.\llft, oyzxyr DO,!lrOTOBJl8HLl oopaa~LI MR aBT0-

pB.JJ,Horpati>H'lecKoro RCCJteztoBaHRR rHraHTCKHX 
xpoMOCOM CJJIOHHLIX a<M83 JIH'IHHOK, fiO,I\Beprey

Tl,IJ[ BYmeonHC8HHhlX YCJIOBHl[),I, 

Peay.111,TaTLI :>TRX 0DLIT0B 6y,1lyT npe~CTaBJl8Bl,I 

JI ;(eT8JJLJIO p.acc.MoTpeHLI. 

A/856 Turqufa 

Efectos de la timidina tritiada 
y de la lrradiaci6n gamma sobre la mortalidad 
de las larvas de la Drosophila melonogost_er 

por E. Kent 

Se ha encontrado que la sensibilidad de las larvas 
de la Drosophila melanogaster expuestas a los rayos X 
o alimentadas con timidina tritiada, varia con la 

P/856 E. KENT 

edad de las larvas. Las larvas mas viejas casi no son 
sensibles a pequeii.as dosis de rayos X o a bajas 
concentraciones de timidina tritiada. Por otra parte 
se sabe que la timidina tritiada es precursora del DNA 
y que los rayos X ejercen ciertas acciones sobre la 
sintesis del DNA. Los dai\os producidos en las larvas 
mayores por la timidina tritiada y por los rayos X 
son pequeiios. Por esta raz6n nuestro objeto es ave
riguar si la irradiaci6n disminuye o aumenta los 
efectos antes mencionados de la timidina tritiada. 

Con este fin, se han alimentado larvas de tres dias 
con timidina tritiada e irradiado con 1,02 curios de 
cobalto-60 ernpleando 3 gramos de timidina y una 
dosis de irradiaci6n de 260 roentgens. 

Hasta ahora, se ha observado que, cuando se irra
dian larvas alimentadas normalrnente, su vida media 
no difi.ere de la de las larvas testigo. Cuando se irra
dian larvas a las que simultaneamente se administra 
timidina, su vida media disminuye; pero si la admi
nistraci6n de timidina no va acompaiiada de irra
diaci6n, no produce una mortalidad tan elevada. 
Por tanto la timidina tritiada y los rayos X produccn 
efectos destructores cuando se administran a las 
larvas simultaneamente, Si Jos experimentos futuros 
confirmasen el efecto estimulante (iacumulativo?) de 
estos factores (esto ·es, de la timidina tritiada Y de la 
irradiacion) el hecho podria ser de interes practico 
y te6rico. . 

Continuaremos estos .estudios variando las dos,s 
de irradiacion y la concentraci6n de la timidina 
tritiada. A fin de estudiar el ef ecto estructural de 
dos dosis de irradiaci6n diferentes sobre la incorpo
raci6n de la timidina tritiada en el DNA, se prepararan 
muestras, para Ia investigaci6n auto-radiografica, de 
cromosomas gigantes de glandulas salivares de las 
larvas sometidas a Ios experimentos anteriores. 

Los resultados de estos experimentos se presentan 
y discuten detatladamente. 
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Miscellaneous applications of atomic energy 

Chairman: H. Hulubei (Romania) 

Paper P/542 (presented by S. Roesinger) 

DISCUSSION 

B. MANowrrz (United States of America): We, too, 
have analys~d reactor types for gamma-radiation pro
duction in the United States and have arrived at 
conclusions regarding the advantages of "compound" 
reactors which are very similar to those mentioned by 
Dr. Roesinger. I wish to point out, with regard to the 
fission-fragment type of reactor mentioned, that a con
siderable amount of development work has been done 
inthe United States, much of which is summarized in 
paper P /292. Progress has been made in the development 
of fuels which are very thin but have very good struc
tural and radiation stability. Information is also pro
vided on the fission-fragment chemistry of the ammonia 
and oxygen~nitrogen systems. Our conclusions are that 
the-use of fission-fragment reactors for producing some 
chemical reactions with G values in the range of 2 
to 15 (i.e., hydrazine and ozone) should be economically 
feasible. 

With regard to the "compound" reactor mentioned · 
by Dr. Roesinger, I should think that one reaction that 
would be feasible for such a reactor would be the oxida
tion of benzene to produce phenol. Have any detailed 
economic analyses been made of the economics of 
phenol production in a "compound" reactor? 

S. RoESINGER (Federal Republic of Germany): We 
studied the oxidation of benzene to produce phenol 
and, since the G values are at present about 20, we do 
not consider it feasible to produce this reaction in the 
"compound" reactor. If the G values could be increased 
to well over l00 and the problem of handling the high• 
pressure oxygen in the mixture was solved, it might be· 
possible to produce phenol economically. 

M. F. ABDEL-WAHAB{United Arab Republic): What 
tyPe of metal is used for the reaction vessels and what 
is the minimum wall thickness used for attenuating 
gamma radiation? I should also like to ask what 
material is used in the tank for biological shielding 
and if any attempt has been made to detennine the 
relationship between the water volume in the tank and 
the dose rate measured outside it. 

S. ROESINGER. (Federal Republic of Germany): The 
material used in the chemical part of the "compound" 
reactor is chosen according to the requirements of the 
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chemical process, as this part is outside the nuclear 
reactor. The wall should be as thin as possible; it 
should, however, be sufficiently thick to withstand any 

' pressure that might arise, e.g., high-pressure reactions. 
As to your second question, we considered that a 

water tank would serve as a convenient bfologkal 
shield, but for permanent installations concrete or 
lead shields might be constructed. The dose rate 
should not exceed 0.1 to I mrem/h. Those, or even 
lower, values would easily be reached. 

Paper P/389 

DISCUSSION 

B. MANOWITZ (United States of Amerjca); As the 
author points out and as has been observed elsewhere, 
radiation thermal cracking of certain oil feedstocks can 
take place at teniperatureswhichareabout I00°Clo~er 
than the temperature in the case of thermal cracking, 
and the distribution of gaseous products is different 
from that for thermal cracking at that lower tempera; 
ture. However, from an economic point of view it is 
much cheaper to work at the elevated temperature 
than to apply radiation thermal cracking. Even if 
there are some distributjon differences for the light 
fractions; these are probably not economically signi
ficant since efficient recombination processes for all 
the light fractions have been developed. It would seem 
to me that the most significant result that the author 
has presented is the statement that there is a sharp 
decrease in black and gum formation compared to 
pyrolysis. Has Dr. Pollak any further data on the 
extent of the decrease in heavy fraction formation? 

P. S. POLLAK (USSR): The yield of heavy products 
sharply decreases, and this phenomen~n was the 
subject of special investigation. In fac~ 1t decreases 
virtually to trace quantities of certain hght products, 
which in normal processes considerably increases the 
cost of separating the products. . 

From the economic point of view a power-chemical 
reactor, which will be the basic unit of the petro
chemical combine, ensures the economic e~ectivene~s 
of the combined radio-thermal and rad10-catalyt1c 
processes. 

Paper P/112 (presented by Z. Zagorski) 

There was no discussion of this paper. 
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Paper P/197 

DISCUSSION 

A. H. W. ATEN (Netherlands): If a constant fast
neutron flux is needed and the current is increased as 
the tritium is depleted, there are other solutions to 
the pro_ble~ in addition to the · one mentioned by 
Dr. Gumn m the first section of his paper. An alter
native solution is provided by neutron tubes with an 
ion beam consisting of deuterons mixed with tritons. 
In this way the target is constantly replenished with 
tritium. There is an increasing demand for such tubes 
for the purpose of activation analysis in medical and 
industrial . laboratories. Such laboratories are often 
particularly interested in neutron generators with a 
rather low output, which require little or no shielding. 

A~ ~ttempt wa~ made to use converters consisting 
of ltth1um deutende for the production of 14 MeV 
ne~tr?ns more than ten years ago, but with disap
pomtmg results. The fluxes turned out to be much 
lower than expected. I should like to ask Dr. Guinn 
whether a· suitable design for a lithium deuteride con
verter is now available. If not, perhaps one of the 
reactor specialists present at this conference would 
like to study the subject. 

V. P. GUINN (United States of America}: At least 
one type of neutron generator effects periodic regenera
tion of tritium targets by bombardment with T~ ions. 
Another type, a sealed-tube device, uses a mixed 
D +{f.,. beam, and is guaranteed to maintain a neutron 
output rate of at least 1010 n/s for 100 hours or longer. 

Some years ago, 6Li D measurements were made. 
These showed good absorption of incident reactor 
thermal neutrons; there was essentially no absorption 
of reactor fast neutrons, but there was a little enhance
ment of the fast-neutron flux by 14 MeV (d,t) neutrons; 
I hope to improve the flux enhancement to some 

· extent by more efficient design. Even if this is pos
sible, the improvement is not expected to be very . 
great but it may be sufficient to be of practical value. 

Paper P/829 (presented by A.A. Abdel~Rassoul) 

DISCUSSION . 

Y. P. GUINN (United States of America): In the 
paper it is stated that direct gamma-ray spectrometry 
was tried but that the counting rates were too low. 
A few calculations, however, show that the gamma 
disintegration rates of the types of samples analysed 
would be very high. For example, 4 grams of your 
Pb-J sample should produce about 20 million y dpm, 
and 0.5 gram of your Al-2 sample should produce 

about 2 million y dpm (in each case after 48 hours 
at 1.3 X 1013 flux and one to two weeks d_ecay). It 
should be possible, I believe, to detect five of the six 
impurity elements studied by dire<.:t gamma-ray spec
trometry. In such samples, the cadmium would still 
have to be determined by radiochemical separation. 
In the Al-2 sample, the tin would also have to be 
determined radiochemically. Greater use of the instru
mental technique could thus save considerable time 
and effort, the more tedious .radiochemical separations 
then being carried out only in the case of cadmium, 
and perhaps tin. · 

A.A. ABDEL-RASSOUL (United Arab Republic): After 
being irradiated, all the samples analysed proved 
actually to have high gamma counting rates. However, 
after the separation of individual fractions and removal 
of radiochemical contaminations, the pulse~height 
assembly used indicated that the counting rate of each 
species was not high enough; this may be attributable 
to the low counting efficiency of the crystal used. 

Paper P/92 (presented by D. Dautreppe) 

DISCUSSION 

V. P. GuiNN (United States of America): Since fast
neutron bombardment of an equilibrium, ordered, 
solid produces non-equilibrium defects, am I correct 
in assuming that your neutron-induced crystal lattice 
transformations result in a rather imperfect new 
structure containing many defects? 

D. DAUTREPPE (France): Yes. The new ordered 
structure will obviously retain the defects whose 
annealing temperature is higher than the irradiation 
temperature. 

Paper P/291 (prese(lted by G. W. Johnson) 

DISCUSSION 

T. E. W. SCHUMANN (South Africa): Have any 
estimates been made with regard to the costs and 
other factors involved in constructing a second 
Panama Canal? 

I should also like to ask if it is possible to determine, 
from experiments carried out to date, what would be 
involved in attempting to detach a huge icefield from 
Antarctica either for the supply of fresh water or, for 
example, with a view to influencing the climate of 
some tropical country near which the ice might be 
anchored. 
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.G. W. JOHNSON (United States of America): The 
construction of a sea-level canal across the Isthmus 
of Panama has been studied for several years and it · 
appears that nuclear excavation might be accom
plished at one third of the cost of converting the 
present canal into a sea~level canal by conventional 
methods, which is estimated at $2.3 thousand million. 
The radioactivity problem is no longer such a serious 
obstacle, since it is now estimated that the fall-out 
would be 100 times less than that estimated in 1960. 

As to your second question, icebergs could prob
ably be detached from the Antarctic ice _cap but 
towing charges would undoubtedly be prohibitive. 
There have been no nuclear explosions in ice but 
experience with chemical explosives indicates that ice 
does not fracture excessively. 

K. MAHMouo (United Arab Republic): I have two 
questions. First, in the case of the underground con-· 
tained explosion, as stated in the paper, when the 
cavities collapsed 11 h after detonation, why was 
there such a long delay before the collapse occurred~ 

Secondly, are there · any numerical or calculated 
data which would justify the assumption that future 
excavation projects will produce very small amounts 
of radioactivity? 

G. W. JOHNSON (United States of America): The 
time which elapses before the cavities collapse is a 
statistical matter and is determined by the geological 
features of the site and the relative depth of emplace
ment of the explosive. 

· Radioactivity is limited largely to the · rubble zone 
consisting of material that fell back into the crater. 
Generally the fraction contained is about 95 % of that 
produced, but it depends on the nature of the medium. 
If a greater depth of emplacement were used, the 
amount of radioactivity released to the surface would 
be still less, but there would be some sacrifice of crater 
dimensions. 

G. F. KENNEDY (United Kingdom): What is the 
maximum normal cost of excavation and the minimum 
amount of excavation involved in rock and in soft 
material which would presumably result in an economic 
advantage jf nuclear explosives were used? 

The structure of the ground above a nuclear explo
sion may be expected to be considerably shattered. 
To what extent would it be liable to subside if, for 
example, a canal were constructed? 

G. W. JottNSON (United States of America): The 
point at which the cost of using nuclear explosives 
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becomes competitive with that entailed by conven
tional methods depends on the specific nature of the 
task in hand. If the entire volume of the crater could 
be used, the cost might be competitive when nuclear 
explosives with a yield of IO kilotons are used, but if 
only part of the volume could be used, as in the case 
of canals, it seems that it would become competitive 
when the yield is approximately 100 kilotons for rows 
of charges. · 

The stability of the slopes surrounding the crater is 
a very important factor, and some limited data have 
been obtained in a study of existing craters, in Nevada 
and on the Pacific atol1s, and of craters caused by 
meteors. The question of what it would cost to trim 
or stabilize slopes is an open one but it is believed 
that the cost would be small in relation to the total 
cost of constructing, say, major sea-level canals. 

Paper P/828 (presented by P. Plauek) . · 

There was no discussion of this paper. 

Paper P/862 {presented by T. Cless-Bernert) 

DISCUSSION 

B. MANOWITZ (United States of America): Have 
you considered using the 90Sr beta-sources described 
for irradiating gases under pressure? 

T. CLEss-BERNERT (Austria): Our source was spe
cifically designed to irradiate liquids but ~t can, of 
course, be used for irradiating gases. The device shown 
in Figure 9 of the paper I presented can ~ evacuated 
or pressurized when the cells are mounted in parallel. 

K. MAHMOUD (United Arab Republic): In view ~f 
the precautionary measures which have to_ be take~ 1Il 

preparing the radiotoxic beta~sources_ yo_u mentlon, 
would their large-scale industnal apphcation be war
ranted, i.e., their application on a scale which would 
enable them to compete with the well-known gamma
irradiation cells? 

T. CLEss-BERNERT (Austria): Beta-irradiation sources 
can be very safe, especially when insoluble compounds. 
of strontium are used (SrTiO:i). They can be used for 
irradiating food. 

Paper P/879 

.There was no discussion of this paper. 
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Compte rendu de la seance 4.2 

Applications diverses de l'energie atomique 

President: H. Hulubel (Roumanie) 

Memolre P/S42 (presente par S. Roesinger) 

DISCUSSION 

B. MANOWITZ (Etats-Unis d'Amerique): Nousavons 
aussi etudie aux Etats-Unis les types de reacteurs en 
vue de la production de rayonnement gamma, et 
sommes arrives a des conclusions tres voisines de 
celles du Dr Roesinger en ce qui concerne Ies avan• 
tages des rea.cteurs « compound ». Je voudrais signaler, 
a propos du type de reacteur a fragments de fission 
qui a etc mentionne, qu'on a fait aux Etats-Unis un 
important travail de developpement, dont Ia plus 
grande partie est resumee dans le memoire P/292. 
Des progres ont ete accomplis dans la mise au point 
de combustibles qui sont tres minces mais ont une 
bonne stabilite de structure et une bonne stabilite 
sous rayonnement. Des renseignements sont aussi 
donnes sur la chimie par fragments de fission des 
systemes ammoniac et oxygene-azote. Nos conclusions 
sont que l'utilisation de· reacteurs a fragments de 
fission pour produire des reactions chimiques avec 
un rendement radiochimique compris entre 2 et 15 
(notamment pour l'hydrazine et l'ozone} devrait 
ctre economiquement realisable. 

A propos du reacteur « compound >> mentionne 
par le or Roesinger, je pense qu'une reaction reali
sable avec un tel reacteur serait l'ollydation du benzene 
pour produire du phenol. Avez-vous fait une analyse 
economique detaillee de la production de phenol dans 
un reacteur « compound »? 

S. RotSINGER (Republique federale d'Allemagne): 
NollS avons etudie l'oxydation du benzene pour 
produire du phenol et, comme le rendement radio
chimique est a present de l'ordre de 20, nous ne 
pensons pas pouvoir produire cette reaction dans le 
reacteur «compound». Si le rendement radiochimique 
pouvait depasser nettement 100 et si le probleme de 
la manipulation de l'oxygene sous haute pression 
etait resolu, il pourrait etre possible de produire du 
phenol economiquement. 

M. F. ABDEL-WAHAB (Republique arabe unie): Quel 
est le type de metal utilise pour les chambres de reac
tion, et quelle est l'epaisseur minimale de paroi utilisee 
pour attenuer le rayonnement gamma? Je voudrais 
aussi demander quel materiau est utilise dans la cuve 
pour la protection biologique, et si on a essaye de 

determiner la relation entre le volume d'eau dans la 
·cuve et la dose mesurec a l'exterieur? 

S. RoESINGER (Republique federale d'Allcmagne): 
Le materiau utilise dans la partie chimique du reacteur 
« compound » est choisi en fonction des exigences 
du processus chimique, car cette partie est hors du 
reacteur nucleaire. La paroi doit etrc aussi mince que 
possible; elle doit cependant etre assez epaisse pour 
resister aux pre~sions qui peuvcnt se produire, par 
exemple pour les reactions a haute pression. 

En reponse a votre seconde question, je dirai que 
nous avons pense qu'une cuve d'eau constituerait 
une protection· biologique satisfaisante, mais pour des 
installations permanentes on pourrait construire des 
protections en beton ou en plomb. Les doses ne 
devraient pas depasser 0, 1 a 1 mrem/h. 11 serait 
facile d'obtenir ces valeurs, ou meme des valeurs 
plus basses. 

Memofre P/389 

DISCUSSION 

B. MANOWITZ (Etats-Unis d'Amerique): Comme 
}'auteur l'indique, et comme on l'a observe ailleurs, 
le craquage thermique sous rayonnement de certaines 
coupes de petrole peut avoir lieu a des temperatures 
inferieures de 100 °C environ aux temperatures 
correspondant au cas du craquage thennique, et la 
distribution des . produits gazeux: est differente -de 
celle du craquage thermique, pour ces temperatures 
plus basses, Cependant, au point de vue economique 
il vaut mieux travailler a temperature elevee que 
d'utiliser Ia craquage thermique sous radiation. 
Merne s'il y a quelques differences de distribution 
pour les fractions legeres, elles n'ont probablement 
pas de sens economique, car on a mis au point des 
processus de recombinaison efficaces pour toutes Ies 
fractions legeres. Jl me semble que le resultat le plus 
significatif que l'auteur ait presente est qu'il. Y a ~e 
nette di'minution de la formation de prodmts noars 
et de gommes par rapport a la pyrolyse. Le or Po~la~ 
·a-t-il d'autres donnees sur !'importance de la dnru
nution de la formation des fractions lourdes? 

P. S. POLLAK (URSS): Le renderoent en produits 
lourds decroit tres nettement et ce phenomene a fait 
l'objet d'une etude speciale. En fait, ce rendement 
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tombe pratiquement a la production de traces pour 
certains produits legers, qui dans les procedes normaux 
augm.entent considerablement .le coftt .. de separation 
des produits. · " _,. 

mentation du flux dans une certaine rnesure grace a 
un appareil plus efficace. Meme si ceJa est possible, 
l';unelior~tion •ne_ pourrait pas-etre tres grande, mais 
elle pourrait etre suffisante pour avoir une valeur. 
pratique. Au point de vue economique, pour les applications 

chimiques, un reacteur qui constituerait l'unite essen
tielle d'un ensemble petrochimique, donne l'efficacite 
economique de la combinaison des processus radio
thermique et radiocatalytique. 

Memoire P/829 (presente par M. Abdel-Rassoul) 

DISCUSSION 

Memoire P/112 (presente par L. Zagorski) 

Ce memoire n'a pas fait l'objet d'une discussion. 

Menioire P/197 

DISCUSSION 

A.H. W. ATEN (Pays-Bas): S'il faut un flux de 
neutrons rapides constant et si le courant est augmente 
au fur et a mesure de la disparition du tritium, ii y a 
d'autres solutions a ce probleme en dehors de la 
solution mentionnee par le or Guinn dans Ia premiere 
section de son memoire. Une solution possible consiste 
a utiliser des tubes a neutrons avec un faisceau 
d'ions compose d'un melange de deuterons et de 
tritons. De cette fa~on, la cible est constamment 
rechargee en tritium. 11 y a une demande croissante 
pour de tels tubes destines a r analyse par activation 
dans les laboratoires medicaux et industriels. De tels 
laboratoires sont souvent desireux d'avoir des gene
rateurs de neutrons d'assez faible intensite, qui ne 
necessitent pas de protection ou une protection peu 
imponante. 

On a essaye d'utiliser des convertisseurs fonnes de 
deuterure de lithium pour la production de neutrons 
de 14 MeV ii ya plus de dix ans, mais les resultats ont 
ete desappointants. Les flux se sont reveles beaucoup 
plus faibles qu'il n'etait prevu. Je voudrais demander 
au or Guinn s'il existe maintenant un type convenable 
de convertisseur au-deuterure de lithium. Sinon, l'un 
des specialistes de reacteurs presents a cette confererice 
voudra peut-etre etudier cette question. 

V. P. GUINN (Etats-Unis d'Amerique): 11 y a au 
moins un type de generateur de neutrons qui assure 
la regeneration periodique des cibles tritiees par 
bombardement avec des ions T+. Un autre type, un 
modele a tube scelle, utilise un faisceau mixte D+ /T+, 
et ii est garanti comme capable de fournir un flux de 
neutrons au mo ins egal a I 01° n/s pendant un minimum 
de 100 h. 

II y a quelques annees, on a fait des mesures avec 
6
Li D. Elles ont montre qu 'il y avait une bonne absorp• 

tion des neutrons thermiques venant du reacteur; 
il n'y avait pratiquement pas d'absorption des neutrons 
rapides du reacteur, mais il y avait une legere augmen• 
tation du flux de neutrons rapides par les neutrons de 
14 MeV de la reaction (d, t); j'espere ameliorer l'aug. 

V. P. GUINN (Etats-Unis d'Amerique): II est dit 
dans le memoire que la spectrometrie directe des 
rayons gamma a ete essayee rnais que les taux de 
comptage etaient trop faibles. Cependant quelques 
calculs montrent que les taux de desintegration 
gamma des types d'echantillons analyses devaient 
etre tres eleves. Par exemple, 4 g de votre echantillon 
Pb-3 devraient produire a peu pres 20 million de 
dpm gamma, et 0,5 g de votre echantilion Al•2 devr~it 
produire environ 2 millions de dpm gamma (dans 
chaque cas apres 48 h dans un flux de 1,3. l013 et une a 
deux semaines de decroissance). II devrait etre pos
sible, a mon avis, de detecter cinq des six elements 
d'impuretes etudies par spectrometrje gamma directe. 
Dans de tels echantillons, il faut .encore determiner 
le cadmium par separation radiochimique. Dans 
l'echantillon Al-2, l'etain devrait aussi etre determine 
radiochimiquement. Une utilisation plus grande des 
techniques fostrumentaJes eviterait ainsi_ beauco~p 
d'efforts et de temps perdu, les separations rad10-
chimiques plus penibles n 'etant alors faites que dans 
le cas du cadmium, et peut--etre de l'etain. 

M. ABDEL-RAssoUL ( Republique arabe unie ~: 
Apres irradiation, tous Ies echantillons analyses 
avaient effectivement des taux de comptage gamma 
eleves. Cependant, apres separation des fracti~ns 
individuelles et elimination des contaminations rad10-
chimiques, le selecteur utilise indiquait que le ta~ 
de comptage de chaque espece etait insuffisant; cecl 
est peut-etre d0 a la faible efficacite de comptage du 
cristal utilise. 

Memoire P/92 (presente par D. Dautreppe) 

DISCUSSION 

V. P. G~rNN (Etats-Unis d'Amerique}: Comme_ le 
bombardement par des neutrons rapides d'un sohde 
ordonne, a l'equilibre, produit des defauts qui ne sont 

- pas a J'equilibre, ai-je raison de penser que vos trans• 
formations de reseau cristallin induites par neutrons 
conduisent a une nouvelle structure asse:z imparfaite, 
contenant de nombreux defauts? 

D. DAUTREPPE (France): Oui. La nouvelle structure 
ordonnee conservera evidemment les defauts dont Ja 
temperature de guerison est superieure a la tempera• 
ture d'irradiation. 
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Hemoire Pf291 (presente par G. W. Johnson) 

DISCUSSION 

T. E.W. SCHUMANN (Afrique du Sud): A-t-on 
essaye d'estimer le cout et les autres facteurs impliques 
dans la construction d 'un second canal de Panama? 

Je voudrais aussi demander s'il est possible de deter
. miner, a partir des experiences realisees a ce jour, ce 
· que representerait un essai de deplacement d'un 
grand champ de glace de l' Antarctique, soit pour la 
foumiture d'eau douce, soit, par exemple, en vue 
d'inftuencer le climat d'une region tropicale au 
voisinage de laquelle la glace pourrait etre amarree. 

G. W. JOHNSON (Etats-Unis d'Amerique): La cons
truction d'un canal au niveau de la mer a travers 
l'isthme de Panama est etudiee depuis plusieurs 
annees, et it semble qu'une excavation nucleaire 
pourrait etre realisee au tiers du cout de la conversion 
du canal actuel en un canal au niveau de la mer par 
des methodes classiques, co(H que l'on evalue a 2,3 
milliards de dollars. Le probleme de Ia radioactivite 
ne constitue plus un obstacle serieux, car on estime 
maintenant que les retornbees radioactives seraient 
100 fois plus faibles que les previsions faites en 1960. 

Quant a votre seconde question, on pourrait sans 
doute detacher des icebergs de la calotte glaciaire de 
l'Antarctique, mais le cotlt du remorquage serait 
certainement prohibitif. II n'y a pas eu d'explosions 
nucleaires dans de la glace, mais l'experience acquise 
avec les explosif s chimiques indique que la glace ne se 
fracture pas trop. 

K. MAHMOUD (Republique arabe unie): Je voudrais 
poser deux questions. Premierement, dans le cas de 
l'explosion souterraine contenue (mentionnee dans le 
memoire) oil la cavite s'est effondree 11 h apres la 
detonation, pourquoi y a.t-il eu un si long delai 
avant l'effondrement? 

Deuxiemement, y a-t-il des donnees numeriques ou 
des calculs justifiant l 'hypothese selon laquelle de 
futurs projets d'excavation ne produiraient que ·de 
faibles quantites de radioactivite? 

G. W. JOHNSON (Etats-Unis d'Amerique): Le temps 
qui s'ecoule avant l'effondrement de la cavite est 
un probleme statistique, et il est determine par les 
caracteristiques geologiques du site et la profondeur 
relative de l'emplacement de l'explosif. 

La radioactivite est en grande partie limitee a la 
zone de debris formee de materiaux qui sont retombes 
dans le cratere. En general, la fraction contenue est 
d'environ 95% de la radioactivite produite, mais ce 
pourcentage depend de la nature du milieu. Si on 
utilisait un emplacement a plus grande prof ondeur, 
la quantit6 de radioactivite liberee a la surf ace serait 
encore plus faible, mais il faudrait sacrifier un peu les 
dimensions du cratere. 

G. F. KENNEDY (Royaume-Uni): Quel est le coot 
normal maximal d'excavation et quel est le volume 
minimal d'excavation dans du roe et dans des roate
riaux tendres qui conduiraient probablement a un 
avantage economique en faveur des explosifs nucle
aires? 

On peut s'attendre a ce que la structure du sol 
au-dessus d 'une explosion nucleaire soit considerable
ment perturbee. Dans quelle mesure le sol est-il 
susceptible de s'affaisser si, par exemple, on construit 
un canal? 

G. W. JOHNSON (Etats-Unis d'Amerique): Le point 
auquel le cofit d'utilisation des explosifs nucleaires 
devient competitif avec celui qui correspond aux 
methodes classiques depend de la nature specifique 
de la tiche a accomplir. Si on pouvait utiliser le 
volume entier du cratere, le prix pourrait etre competi
tif pour I 'utilisation d 'explosifs donnant un rendement 
de 10 kilotonnes, mais si on ne peut utiliser qu'une 
partie du volume, comme dans le cas d'un canal, il 
semble que le prix deviendrait competitif pour un 
rendement de l'ordre de 100 kilotonnes pour des 
rangees de charges. 
_ La stabilite des pentes qui entourent le ~rat~r~ ~st 
un facteur tres important, et quelques donnees hmitees 
ont ete fournies par l'etude des crateres existants, au 
Nevada et sur Jes atolls du Pacifique, et des crateres 
formes par des meteorites. La question de savoir ce 
que coO.terait la mise en etat ou la stabilisation des 
pentes n'a pas re~u de reponse, mais on pense que le 
cout serait faible par rapport au cout total de construc
tion, par exemple, d 'un c·anal important au niveau 
de la mer. 

Memolre P/828 (presente par P. Platzek) 

Ce memoire n'a pas fait l'objet d'une discussion. 

Memolre P/862 (presente par T. Cless-Bernert) 

DISCUSSION 

B. MANOWITZ (Etats-Unis d'Amerique): Ave:-vous 
envisage d'utiliser les sources beta a 90Sr qui sont 
decrites dans le memoire, pour irradier des gaz sous 
pression? 

T. CLESS-BERNERT (Autriche): Notre sour<: a. etc 
specifiquement con~ue pour irradier des ~qwd~, 
mais on peut, naturellement, l'utiliser pour urad~er 
des gaz. L 'appareil que montre la figure 9 du memo1re 
que j'ai presente peut etre mis sous vide ou so~s pres
sion quand les cellules sont montees en parallele. 

K. MAHMOUD (Republique arabe unie): En raison 
.des mesures de precaution qu'il faut prendre dans la 
preparation des sources beta radiotoxiq~es que vous 
avez mentionnees, Ieur utilisation industnelle a ~r~de 
echelle serait-elle justifiee, c'est-a-dire leur apphcation 
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a une echelle leur permettant d'entrer en competition 
avec les cellules d'irradiation gamma bien connues? 

. T. Cu:ss-BERNERT {Autriche): Les sources d'frra
diation beta peuvent etre tres sftres, specia]ement 
quand elles utilisent des composes insolubles du 
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strontium (SrTiO3). On peut les utiliser pour irradier 
des aliments . 

Memoire P/879 

Ce memoire n'a pas fait ]'objet d'une djscussion. 

Pa3nHlfHbre npHMeHeHHA aTOMHoA 3HeprMM 

llpeaceaame;lb: X. Xyny6eA (PyMblHKfl) 

AoKnaA P/542 (npeAcraeMn C. PaaHHrep) 

):tHCKYCCJ.iH 

B. MAHOBMQ (CIIIA): B Coe;:tHHeau1,1x llha
Tax MLI TaKa<e pacCMaTpHBaJJH THilLI peaKTopoB C 
TO'IKH apeusrn noJiy11enu11 ·,-naJiy•i:eHHH H npn

IUJJH K BhlBO,IJ.y O npeuMy~ecTBe «KOM611u11ponaH
RhIXI) peaKTopoB, KOTOpble O'ICHb n'oxomH Ha Te 
0 KOTOpbIX YilOMIIHaJI ,Il.OKTOp PeaHHrep. q TO Ra~ 
caercH THna peaKropa Ha ocKOJJKax ;u.eneHHH, ro 
MHe xore.rwc1, 6u OTMCTHTL, 'ITO B CoeAHH0HHblX 

llhara:x Obl.JJ.O npoBeAeHo 3HaqnTeJILHoe KOJJH?fe

CTBO ODldTHO-ROHCTPYRTopc1rnx pa6oT no 3TOMY 
peaHTOpy, 0 60.'lbWHHCTBe ROTOPIJX coo6maerca B 

~OKJial{e_ P/292. ~OCTJII'BYTlJ ycnexH n paapa6oT
Ke TOilJlHB, 11:0TOpLie IIMCIOT OtJeHJ. ue6om,myIO 
TOJIII\HBY, HO OOJJa,naIOT O'IJ0HL xopomeii KOHCTpyK
nuoueou CTPYKTypuou n pa,nDaQHOHHOH CTa6HJJh

HOCTLJO. Ilpn110,zvlTCJI TaKme 'AaHHJ,10 no XHMHH 
OC!tOJIKOB Jl,CJielIH.JI AJUI CHCTCM aMMHaK H KHCJIO

JlOA - aaor. MLI np0mmt K BhlBOJJ.Y, 1ITO ucnoJIL
aoBan«e peaKTOPOB Ha OCKOJIKax ;u.eJJeHDH AJJJI 

.HHJIQHHpO.B81UIH XHMff<leCKHX peaKJWH, ;l;JIH KOTO

pux 1wacf,cf,m~HeHT G Jiemn-i- B apet(eJiax or 2 l!.O 
15 (To ecTJ. I'H~paaHH H oaoH), ~OJI1KHO OLITb 3KO
HO?,rn-qecKB peHT30MbHhIM. 

"4ro KacaercH «KOMDBHHpOBaHBOI'O.t peaKTopa, 
0 11:0TopoM YilOMHBaJI Jl;-p PeauHrep, TO, no MOeMy 
MHeHJUO, OAHOii H3 pea1m,Hii, KOTOpaH Mamer OhlTh 

OCYJH0C'fBJICIIa B TaKoM peal.Tope, JIBJJHeTC.fl peaK

l\HJI 01\HCJiemrn 6eH30Jia C I..\eJiblO IIOJIY'l0HlUI <J,e

HOJJ.a. IlpoDO,!J,HJICH JIH neTaJlbllb)Jt aHaJIH3 :mouo
MHHH nony•umu» <peHOJJa B ((l(OM6irn11poBaHHOMI> 
peaKTopc? 

C. P£3IIIIfEP ($Pr): Mhl uayq:anH 0Kncne
m1e 6enaoJ1a ;I.JI.fl nony•rnenn qieHona, tt, rrocKoJIL

Ky Bennqnna KoJ<WH~HeHrn G B HacToRII.(ee 
npe11U1: C<JCTaBJTllCT OKORO 20, MLl He C'lHTaeM noa

Mm1ml,IM nHm:vrnpom1n :>Ty peamvno » uwM6n
trnponanHoM» peaKTope. Ecnn y,llaCTCR IJOBLICHTb 
auaqeHne G 6onee 100 H penrnTb rrpo6neMy pa6o
Thl c J{ffCJIOpo.n,OM, naXOJl,HU\HMCJl non 6oJJbillUM 

i'l,aBJieHneM B CMeCH, TO llOJIBHTC.11 B03MO>KHOCTL 

aKOHOMH'l0CKH peHTa6em,eoro IlOJIY1l8HlUI 4,euoJJa. 
M. AB~EJib BAXAE (OAP): Ila 1<aKoro Me

TaJina uarOTOBJI0Hl,I peaKIJ,HOBHhl0 cocy,n1,1 H Ra

KaH HCilOJib3YeTCJI MHHDMam,HaJI TOJIII(HQa CTeH

KH ]l;JIJl ocna6JieBllff i-H3Jly<l0HHJI? fl XOTeJI OLI 
TaI{)Ke cnpoCHTL, RaROH MaTepuaJI OldJI BCllOJIL30-

BaH ]l;JI1l 6BOJIOrH11eCKOH aaID;HTLf B oaKe JI UpeJ{

npHBHMQJJ3CL JIB KaRaH-JU.160 nom.zr1<a onpe~e
JIHTL 3aBHCHMOCTb Me,imy 001.8MOM BO~bl B OaRe 
H MO~HOCTbJO 1(03bl, B3:atepeHIIoii C uapy>KHoii 
CTOpoHLI oaxa? 

C. PE311HrEP (<l>Pf}: Marepll8JI, HCDOJJL30-

BaBBhl.U B XHMJI'IeCKOH 1J8CTH «KOM61tunposaauo
ro.t peaKropa, BLI6paH B COOTB0TCTBBH C YCJIOBBJI

MH XHMH'l0CKOI'O npou,ecca. noCKO.llbKY 3T8 'laCTL . 
pacno.nomeaa sue HJJ.epuoro peaKTopa. CTelll(a 
,Il.OJI)KHa 6LITb no B03MO)l(BOCTB TOHhme, O;\H3KO 

TOJIIl\DHa 'AOJl)KHa 6LITb ,l\OCTaTO'lHOii ,IJ.JIJl roro. 
'IT06hl nu,n.epmaTL mo6oe ii;a11J1eene, KOTopoe .110-

meT B03HHKHYTh, aanpnMep •. npu peaKQHHX BLl
COKOro p;aBJICHHR. 

qyo KacaeTCH Bamero Broporo Bonpoea, . ro 
6aK C BO,i'.(OH, no BameMy l{H8HBIO, CJJY)f(DT y;noo

HOH 6noJior.n11ecKoii aaJll»roi, Ho )lJIH nocTOHH
HbIX yeraHOBOK MO)HBO paccMOTpeTL npuMeeeeue 
6eTOHBOD BJJll CBUH[\OllOD. 3aIUHTLl. MomaoCTh 1l.0-
3LI ae p;om1ma npen1,1maTL 0,1-1 1,dfapl'l. TaKue 
HJIH p;a:m:e 60Jiee euaKue aeatJeHHH nerKo o6ecne-
'fHTL. 

AoKnaA P/389 . 
I\HCKYCCHR 

B. MAHOBHU {CIIIA}: HaK rrot<aaa.JJ anwp H 
:mrn 3TO naOJIIO.ll:3JIOCb B ,11pyrnx HCCJJe~oBaHH11X, 

pallH3I{HOHJIO-TepMH'ICCKnii RpeKuor HeKOTOpblX 
BH,IIOB Chlpoii He<iiTH MomeT OCYil\0CTBJJIITbCJI npn 

TCMDepaTypax, ROTOpue ea 100° C Hlt'll\e TCMne

paTyphl TepMn'IeCKOro Rpemrnra, H pacnpe.ne.:ie

u11e . raaoo6pa3Hl,IX llPOAYRTOB OTJID'laeTCH OT 

pacnpeneJieHHJI 3TDX DPOAYKTOB llpll TepMU'ICCKOM 
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t.peKn0e npH YRa3aJIH0ii no1111meHHOii TCMnepa
Type. ,.'.UlaH0 C 3R0H0Mll'leCl(Oit T0'fKH apeHHfl 

ana'IIIT!JlhH0 nemeene eeCTH npo~ecc npn noBhl

wenuou TeMnepaType no cpaBHeumo c ncnoJihaoi; HHCM pa11,Hal\H0HHO-T8pMll'{eCROro Kpemrnra 
ecMoTpH Ha TO qTo HMeIOTCH HeKOT0pble pa3J1l1: 

•urn B pacnpen,eJiemm JierKHX IJ>paKUHii omt 
nepo.HTHO, He HBJifflOTCJI 3KOHOMHtJecKn ~Ha'ln~ 
1"eJibil;Mn, noCK0JJLKY 1).JIJl Bcex JJ8flOIX 4lpaKu11f1 
pa3pa OTailLl a<1>4>eKTHBHL1e peKOM6HHal\HOHHL!e 
npon:eccLI. Mue I<amercn, 'ITO Han6oJJee BamHLIM 

pe3yJJLT3TOM, KOTOpLlii npe.a;craBJfJI aBTop, HB
JJ.ReTCSI peaiwe yMeHbDICHHe B o6pa30B3HHH camn 

u CM0JI no cpaoneemo c n11poJ1naoM. He MomeT 

JJH .a;-p floJJaK npHBeCTH ~OilOJJBHTCJILHLle )J;aHHLJe 
o cTenenn y1rnu1.mennn oopaaoea1rnn: TJnKeJioii 
«ppaKqun? 

n. C. IIOJIAI\ (CCCP): Bwxo~ TR>«em-.1x npo
JlYKTOB pe3KO yMeHJ,maeTCff, H '3TO .ffBJ1e1rne 6LJJJO 
npe;,.MeTOM cneu,HaJ11>Roro nccae;no»annn. IlpaK
TH11ec1m OH CHHmaeTCft )\0 eJ1e,noB HCR0T0pLlX 
JJerKHX npo;zyKTOBt TOr)J.a RaK B o6Ll'lHl,U npo~c~
cax HaJJn•me 6om,mux R0JlH'leCTB TaKnx npo.a;yK
TOB c~ecTBeHBO nosi,imaeT CT0HM0CTL paa.nene
HB.fl 3TBX DpO,llYKTOB, 

.c ~KOHOMuqe~K0H TO'IKH apeHHR 3HCpreTH'l8-
CI\H-:u!_MH'leCKHlf peaKtop, KOTOpblii IIBJfTCR oc
ffOUUOH YCT8HOBKOii HCcf,TeXUMU'leCKoro KOMOHHa

Ta, ouecne'IHB8CT 3KOHOMHtfCCKYIO a{J')lj,eKTHBHOCTL 
J.OM61m11poeaHHl,JX pa,nHoTepMH'leCKIIX H pa.nno
KaTaJJ IITH'ICCKHX DPOJ\CCCOB. 

AoKnaA P/112 (npeACTaBMn 3. 3aropc,n,~) 
Ilo :no.My A01'JJMY ,AHCHycc1m uc 6LJJIO. 

AoKnaA P /t97 
,n "1CKY CCl-ifl 

A. X. B. ATER (Hu.u,epnan,nu): Ecnn neoGxo
;un.1 nOCTOffHHLlii IlOTOK 6ucTpLIX HeiiTpoHOB, a 
TOK B03paCTaeT no Mepe 'HCTOll\8HHJI TpliTIUI, TO 
cyll\eCTBYIOT ,npyrne pememrn aToii npo6.aeMbI 
UOMHMO pemeHlUI, yRa3aHHOfO ;n-poM fy1rnHOM B 
nepnoM paa;:teJJe ero )].OHJJa)la. ,IJ.pyroe pemem,e 
COCTOUT B HCflOJIL30BaHUH neiiTpOHHl,lX Tpy6oK C 

HOHHYM DY'IKOM, COCTORU\HM na ]leiitpOHOB, CMe
maHHLJX C TPHT0H3MH. Ta1rnM JiyTeM MUIOeHL no
CTORHHO nonoJJHReTCH TpHTUeM. BoapacraeT cnpoc 
Ha T31\Ue Tpy6KH )],JUI UCOO.'lb30B31{HR npu al{TJI

BaD;HOHHOM anan11ae D Me)],HO:HHCKJIX II npoMbllll
... reJIHhlX na6oparopu.ax. Oco6blit uurepec ,IJ.Jl11 

· rn1mx JJ!6oparopnii qacro npe)],cTaBJimor reuepa

ropu 11e11Tp0ll0B C 0TH0CHTeJil,110 MaJiblM BLIX0,'1.0M, 
;{JI.II K0T0phlx Tpe6yeTCII oqeHb He6oJILW811 33'-UHTa 

UJJH ee cosepmenuo ee rpe6yerc11. 
Eonee ;1.ec11r11 neT 11a3a;i_ 6wJia c)],eJiana 

JI0llbfTI.a HC00Jlb30BaTb Jipeo6paaoaaTeJJH H3 ,IJ.eii
Tepu)].a .rmTHK ,I\J1JI noJiyqenu11 Heiirpouoe c anep
ruei.i 14 M3e, uo peaym,TaTl.l 6b1JIH ueyAa'lHLIMtt. 
TioJ1y'leH1Ihle llOTOt<ll oI<aaaJJHCb aHa'IHTeJlbHO 

MeHLrue, 'leM omnAaJIOCh. H xoTeJI obi cnpocnTL 
'A-pa rymrna, MMeeTCff JIM B H3CTO.Rmee BpeMH y;io-

1weTB?,P"TeJJLnan KoHCTPYKD.HR npeoopaaosare.:1• 
113 nenrepn;:i.a JlHTlUt. ECJllt TaKoii. KOHCTpyl(IlJIII 
1-JeT, To, MO,«eT 6uTb, KTO-HH6Y/l.h Ha npucytc1'By
l0ll\HX a;i,ecb cneu,HaJ11tCT0B no peaKTopaM aaxo
'leT H3Y'IHT'b <>TOT »onpoc. 

B. n. rYnHH (CIIIA): Ilo Rpaiineii Mepe. 
O.:{HH TDD rem~paropa aei1TpOHOB Il03BO.'llleT npo
J13BOJXHTL nepHo~n'leCRYJO perenepa(.\HIO TJ)BTBe-
BLIX MUWeHeii nocpe,ll.CTB0){ 6oM6ap.nnpoBRII T + -
uoHaMH. B 11,pyroM rnne renepaTopa c repMeTB'f-

11oii 1py61-.oii ncno.llL3yetCH cMemaHHLlii D + (/..;,. -
11y110H, 'ITO 06ecne'l11BaeT rapaJin1posa.HHL1ii 
BLIX0)J, HeiiTpoHOB ne MeHee 1010 neiiTp/ce"K B Te

'lenne 100 >t 11J111 6onee ~JIHTeJihHoro nepHo;:i;a. 
HecKOJILKo JleT Haaa]\ 6hllm npose;s.em.1. 

uaMepeHHR Li6D. Oan noHaaaJrn xopomee norno-
1.QCHJJe 6oM6ap~HPYJOIQHX TennOBhlX neiiTpoHOB 
H3 pea:KTOpa; cyll(eCTBeHH0ro norJIOll:teHJUI 61,1cT
pLIX HeiiTpOH0B H3 peaKropa He ea6JJJO}\aJIOCh, JIO 
JfM8JIO MeCTO He0OJihm0e yueJIH'ICHUe JIOTORa 6H
CTPLIX HeiiTpouoe no.ii; BOa'AeiicTBHeM (d, t) ueii
rponon c aueprneii 14 M;,s . .H JIMe!Ocb noin,1.cun, 
eLQe )],O aeKoTopou creneHH noTOK nyTeM yconep
meHCTBoBaHH.fl J(0ffCTpyKQHH. ,name CCJl:8 3TO 
Y.ll.3CTCJI OCYll\0CTBlfTh, TO yconepmeHCTBOBaBne~ 
1rnK nonara10T, ue 6y)l;eT o'leHh oom,mHM, BO oso 
MomeT ObITb ]l;0CTaT0'IHbJM )],JJII npaKTn'leCKHX ne-
:i:eii. 

,Ao1<naA P/829 (npep,cTaeHn M. A6,o.enb•Pac• 
cyn) · 

,A l-1CKY CCl-1 fl 

B. TI. fYHHH (ClllA); B A0KJ13,ll,0 fOBOPllTCB, 

qrn 6wna np11MeHena uenocpe,ll;CTBeJIBaH l ~neK
rpo.r.reTpHH, HO. CK0p0CTH C'leTa 6LIJIH CJJHIDKOM 
)laJJLIMH. O.a;naKO HeCM0JILJ:1'.0 paC'l8TOB DOK33b1Ba

JOT, 'ITO CK0p0CTH 1-pacna)];a nO,ll;BeprayTLIX ana
JIJ13Y THD0B o6pa3QOB ,rJ;OJliKHLI OI,lTI> 01J8BL BLICO
lmMH. HanpuMep, 4t o6paa~a Pb~3 ,ll;OJDKHhl AaTb 
oKoJJ0 20 MJJH. 1-pacnaAOB, a 0,5 e o6paana 
Al-2 - OKOJJO 2 MJJH. j-pacna,r.i;oe (u .Ka>KJJ;OM CJJY
'lae nocJie 48 'I. npH noroKe 1,3 • 1013 

D o~Bo
ABYXHe)l.eJU,H0M pacna)],e). Ilo Moe My xaeJutIO, 
JJ,OJll-KHa 6LtTL B03M0ffiH0CT:& ooHapy,i<HTb IIJlTI, DJIH 
mecTh aJieMellT0B npm1rnceii: npu JIJy'leHDH n)'TeM 
npRMOii 1-cneKTp0MeTpRH. B TaJ{lfX o6pa3J\3X 
KaJ:\MHii nee ell\e upHIJ.eTCH oupeJ1.eJI;rT1, nyTeM pa
J:\HOXHt,mqecKoro paaJJ,eJ1eem1. B oopaan:e Al-2 
oJioBo Ta1mm HeooxoARMO onpe11,e.n11Tb pa.uuoxm,m
•1ec1U'lM nyTeM. TaKHM o6paaoM, 6oJihDiee JfCU0.,1:b-
3oBaHlte npH6opoB U03"BOJiffT c6epe% 31l3'1HTeJih
H0e BpeM» n ycnmrn, a 60J1ee tpyJJ.oeimue pa~110-

XHMll'lec1rne paa'AeJieH:l'lff. npR)].eTCJI npoBOJ(.HTb 
TOJlhKO B CJly'lae Ra.IJ:MIUI II, B03MOlKHO, OJfOBa. 

M. AE,[(EJlb--PACCY.JI (OAP): fioc.,'le 06Jiyqe
utt11 see no~BeprnyTble aHannay o6paal\hl no1.aaa
nu: ,nettCTBHTC.'IbHO BbICOKHe c1-opoc1H 1-pacI1a_;\a. 
O.nnaRo nocJie otJJ,eJieBUfl orrpeJJ,eJie1rnhlX q:ipa~u,nii 
Jl yJJ,aJJeHD11 p8.IJ:HOXHMH'ICCKHX aarpH3HeHHll 11.C-
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llO.~b30BaHHaR at.1UJH1Ty;i.uo-J1MDYJILCHaH CHCTeMa 
noi-aaana, '!To c1wpocn, CifeTa ,i:tJIH Kam;i,oro eua.a 

ttbf.113 "?OCTaTO'IHO BWCOKoii; 310 MO,HHO OD'bRC

ll IITI, H{'OO,lbllIOii :><p<fiexnrnHOCThlO C'leTa HCilO!Jb-
;l(>B,UlHOro KpncTa.'IJla. • 

,lloHna~ P/92 {npe.Q.cTas1rn ,&. ,&or pen n) 

JV1CHYCCHff 

B. II. ~YIIHH (ClIIA): IloCKOJILKY 6oMoap;i,n
~OflKa neurpoliaMH paeHoeecuoro ynopR;\O'leHeoro 

eep,noro TeJia rrpneo~HT K no,rn.rremuo HeypaeHo-

11erneHHMX 11,eq>eKTOB, TO npaB JIH H, KOl',ll,3 H ,'l:ony
rnaro, 'ITO BLI3BaHHhie HeiiTponaMH npeepa~emrn 

npHCTaJlJlH'(CCKOH perneTHH rrpHBO,ll,HT B peayJILTa

re u K o6paaoBamno lJ,OBOJILRo HecoBepmenuou HO

eon CTpyi-rypu c 6om,muM KoJJnqecTBoM ,ll,e"'ex-
roe? 'l' 

II.- JJ:OTPEIIII (<Dpam1,m1): ~a. B uoeoii yno
pa.no'IeHnoii CTPYRType, OifeBH)l"HO, coxpaHHTCR )W
tl>eKTLT, TeMnepaTypa OT)I.Hra ROTopLr.x Bblme Tel'tr
nepaTypLI 06JJyqean11. 

.l{oKnaA P/291 (npeACTaeHn r. Y. JJ.moHcoH) 

)J.HCKYCCHA 

T. 3. B. IIIYMAHH (lOAP): ,I{eJ1aJJac1, n» Ha

KHe-JJH.60 o~eRim pacxOAOB H ,!1,pyrnx q>aKTOPOB, 

CBR8aHHblX co CTpOHTeJJLCTBOM BToporo IlaHaM
CKOro uanaJia? 

R XOTeJJ 6hl TaRme cnpoCHTL, MO)RBO JIH onpe
,!l,CJtHTL Ha OCHOBe npouen;eBHblX K H8CTOJIID;eMy 
BpeMelm 3KCnepHMeHTOB, C 'leM 6y,ll,eT CBaaaua 
nontilTKa Ol'KOJIOTb OT ABTapRTHRH rp0Man;m,1ii 
JieJ].HHI( ,!l,.JJ.fl ncnoJIJ,30B3HHJI ero B Ka'leCTBe HCTO'l

HHRa npecHoii 130,l],l,I HJIH, HanpHMep, AJIJI OKaaa
HJflf BJJURHHR Ha KRHMaT KaKon-HHDY.!lh Tponu'l.e

c1wii CTpaRhl, K KOTopoii MO,KHO ,llOCTaBBTb 3TOT 
JJeJ].HHK. 

r. Y. ,D;iROHCOH (ClliA) : CTponrenLCTBo Ka
uaJia •rnpea llaaaMCKRu neperueeK Ha ypoeae Mo
ps H3Y'l8JJ0Cb B T·e•rn1rne H0CKOJibHHX JleT H, no
lUl,!lHMOMY, CTOHMOCTL ltCDOJih30B3HRR JI,!l,0pHt.1X 
a3pb1B'18Tb1X uem;eCTB ,!l,JJII BhlilOJJHe}IHJl Heo6xo~u•

An.rx pa6oT no BbleMKe rpyHTa COCTaBHT O;:t.Hy 

tpeTL OT CTOHMOCTH npeBpam;eHHJI cy.lI(eCTBYJ0-

11\Cro NaHaJia B KaHaJI Ha YPOBHe MOpJI, C HCUOJlh
aoeanneM 06L1'1HhlX M0T0Jl.OB crpoll'reJil:,CTBa, KOTO

pa» oQeHHBaeTcH B 2,3 MJip,n:. p,oJIJiapoB. IlpotineMa 

pa;vwaKTJlBHOCTH HC HBJIReTCR 60.Jn,rne TaKHM 

cepbe3HhlM npenHTCTBllCM, flOCROJlhKY no coupe
MCHHLIM on;eHKaM Beml'IHHa pall,H.OaKTJ{BHhlX BLl

lla,llem1ii 6y~eT B 100 paa llfem,me, 'leM. ROll.C'IJr-
TauuaH n 1960 r. , 

lfro J<acaeTca Bamero sToporo eonpoca, TO oT 
.UftapKTHlfeCI<HX JIL;J.OB, BepOl'ITHO, MOiKHO OTKO

JTOTb a1ic6eprH, HO CTOJUfOCTb HX 6yKCHpoBJrn I{ 

~CCTY Ha3Ha'leHHR ueCOMHeHHO HBHTCR uenpeo
).O.)JffMblM npenRTCTBneM. Bo Jib)\aX He npOBO;J.H-

.10Cb 11;i;epHhIX B3pbIBOB, HO Ofll,IT, IlOJiyqeHHhlH C 

XHMU'l.eCKHMH B3pblB<JaTLIMH Bell\eCTBaMH, DOKa

;1r,rnaeT, 'ITO BO JILJJ:Y He o6paayeTCR H36blTO'IHOro 
nOJJJI'IeCTBa Tperu;HH. 

It MAXMY,Il (OAP): Y MeHH ecrL .nBa B0-

11 poca. Bo-nepnblx, B CJIY1rne no.n:aeMnoro Bapwaa, 
1;:aK yKaaaHo u p,oKJJall,e, i<orp,a o6paaoeanmHecR u 
peayJU,TaTe B3pLlBa UOJIOCTff o6pymHJIHC.E. qepea 
11 . 'l nocJie nap1,rna, noqeMy npomeJI TaKojj 6om,

mou npoMemyroK npeMeua npemp,e, 'ICM oRH 06-

pynrnJIHCL? 

Bo-BTOpMx, ecff, JUI Ka1me-;m60 ~H<ppas1.1e KJIK 

paC'ICl'Hhle ,u;aam,1e, ROTOpble DO)lTBep.l(mm 6LI .n:o
nyUI,eBHC O TOM, qro B 6y]l.ym;eM HCllOJlh30BaHHe 

HJl.CpHOH B3pLIB'laTKH AJUl BWCMKH rpyeTa 6yJJ,eT 
CBJI88HO C o6pa30B8Rlle.M O'leHI, HeOO.TbfilHX ROJJH-

1IeCTB pa,D.HoaKTHBHOCTU? 

r. Y. AIBOHCOH (CIBA): IlpoMe:myTOK upe

MellH, KOTOpLiii npOXO/l.HT npemp,e, qeM OOpymaT
CH IlOJIOCTH, HOCHT CT3ToqecKHH xapaKTep ll 
onpe,D.eJIJICTCH reoJIOfH'leCHJIMH oco6eHHOCT.SMH 
Y'l3CTKa H OTHOCHT0JihHOH rJiy6HHOH, Ha KOTOpyro 

aaKJJa,D.blBaeTCR B3pLlB'ilaTKa. 
Pa.n.noaRTHBHO<:TL orpaHH'lHBaeTCR B OCHOBHOM 

JJ.IICJI0Ka1'HOHHOH 30HOH, COCTOffltlCH H3 MaTepua
.11a, KOTOphlii ynaJI o6paTHo e Kpa'rep o6pymeumi:. 
1'aK npaBHJIO, ,n:OJJJI H8XOAHII.\eroCJl B KpaTepe Ma
TepitaJia COCT8BJIR8T OKOJIO 95 % J<OJlH'l8CTBa TaKO

ro MaTepna.11a, o6pa3oBaBmeroca npu eapt.1Be, 
HO oua aaBHClIT OT npupoJJ,hl cpe11,w. Ilpa HCDOJih-

30B3HHH OOJILmeii rnyoem.z aaJiomeseR uap1,1nar
.1m KOJUI'leCTBO nonaumeii Ha no»epXHOCTb pa,ll,BO

aKTHBIIOCTH 6y.n.er em;e MCHLWe, HO npe 3TOM paa

Mepu Rpatepa yr.teHLmarc.11. 

r. 4>. HEHHE,D;H (Coe.n.aaeunoe KopoJieBcr
eo) : KaKOBa MaKCHM8JlbHaH HOpMaJILBaJt CTO
HMOCTL paOOT llO BLl0MKe rpfHTlt H KBROB 

MHHIUtaJJbHhlii o6i.eM Bb10MKH CK8JlhUWX nopoJl H 
MllrKHX nopo,D., KOTOpm'l, Bepo,neo, ,ll,3CT aKOHO

MH'ICC8YIO BLirO.D.Y npH HCDOJIL30B8BRH Jl,[{epm.ix 

B3pUB1J3TJ,lX Be~ecTB? 
Momao omu.n;aTb, 11To cTpyKTypa aeMJie noeepx 

Hi'l,epHoro B3pblea 6y,teT B 3Ha'IHTeJILHOH CTeneHH 
paapymeaa. B KaKoH cteneHH c.11e.nyeT omK.narL 

OC0,ll8HDH rpy111a, eCJIH, uanpmrep, IIOCTpoHTb Ta-
1\HM o6paaoM Kanan? · 

r. Y. JVKOHCOH (CIDA): To11Ka, B KOTOpoii 
ilCilOJlh30B3HHe R,1lepRLlX B3pLIB'laTLIX BCII.\ecTB 
craHOBJITCH 3KOHOllH<JeCKJf peHTa6MbHLl'M no 
cpaBBeHHIO C OOLl'IHLlMH MeT0,1laMH, 38BHCHT OT 

cnen;uclJH'IeCMnx oco6eanocTeii nocTaBJieaeoii aa
Jl3<JH. ECJIH MomeT 6LITL HCilOJIL30B8H nec1, o61,eM 
nonyqaeMoro Kpatepa, TO pesTa6enLHLIM Mo)f(eT 
6b1Th npHMeeenHe a~epHbIX B3pWB'13TLIX Be
m;eCTB c MOlll,HOCTLIO BapLrna 10 KT. Ho, eCJlll MO

;RHO HCllOJibaOBaTb 70.JlbKO '18CTL 061.ewa xpaTepa, 
K8K 3TO HMeeT MeCTO B CJJy11ae HaHaJlOB, TO np11-

Meue1tne JI,1lCpHLIX B3pL18'18Tbll. ne~eCTB CTa

UOBHTCJI pe11Ta6eJJ1,HLIM npK oom;eii MO~HOCTH 

nap.1,1ua p11'Aa aapH.n;os npHMepao 100 1'r. 
CTa6nJll,BOCTb CKJIOBOB KpaTepa ftBJIIICTCR oqeUb 

B8>kHLIM lf,aKTOpOM, H neKoTopoe 'IHCJIO orpaeu-
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.. eum.ix .mlHHt>IX 6l>IJJO DOJJY'fello o pcayJJLTaTe 

na~eRHR cyu\eCTBYIOW,Hx KpaTepoo 8 Heea;i,e 11 
Ha aToJZnax B T11xoM oKeaue, a TaKme KpaTepoa 
06paaouaum,1x na;laIOn\ttMH MCTeop1na~rn. Bonpo~ 
0 TOM, HaKOBa 6ymiT CTOHMOCTb llPHBCACHHH B no

pn;tOK n.'IH CTa6mrnaa1urn CKJJOHOB, IIBJIHCTCH OT

NpLITblM, HO, Kai( IlOJiaraJOT, 3TB CTOHMOCTb 6y;leT 

>tana no cpauuenmo c o6w,ei'i ctonMocTLIO cTpon

TeJlbCTBa, uanpHMep, KpynHblX Kananoe ua ypoBHI;! 
)1opa. 

,ltoHnaA P/828 (npeACTaeHn n. n11aueK) 

Ilo 3TOMY ;l.OHJla,lly ,ll11cHycc1u1 He GM:io. 

AoKnaA P/862 (npeAcTaBMn T. Knecc-6ep
HepT) 

AHCKYCCHH 

B. MAHOBML( (CllIA): 06cym;i,an.M mt Bw 
B03MO>KHOCTJ, DCJJOJlb30BBHHJI paccMOTpCHHI.IX ~-

Acta de la sesi6n 4.2 

11cTo•nmKoe n:1 Sr90 )]..'lll 06.11y'leiurn raaos uo;u.a-
n:1emreM? • 

T. ){JJECC-BEPHEPT (A»CTpm,): Ham 11r
TO'IHHn 6bJJJ coa.:taH cne[\HaJJbHO ;t.1.11 00.'IY'H.'HllJl 

,t(If,ll.KOCTCii, HO ero, KOHe'IHO, MO>RllO HCU0.1(b31)

BaTb n wu1 06J1y•H.'Hnn raao». B ycrpoiicree, no-

1.-aaaHHOM Ha puc. 9 B npe,aCTaBJJCHHOM MIIOir .lO
K.lla~e. MOlHHO C03Jl3BaTh paapememrn n.nu llORbl

lllaTl, AaBJlemrn, :KOr,ll,a KaMepbl ycTaHOB.'leHLI 
napaJJJJCJJbHO. 

K MAXMY,n (OAP): Y•nm,rna,1 Mepbl' npe.J.o
cropomuocn,, xorophrn neo6xo;i.11~0 npnmn.utTL 
Uplt np~lr0T0BJlemm pa)lUOTOltCJlqHbJX ~ -UJ.lY'lil

TeJJCii, o NOTOJ>blX B1,1 roeopJJJrn, 6y.leT JJJt onpas
;(aHHhlM JIX mupo1we npOMblIIIJICHHOe npnMene-
1rne, ro ecTL 11:x npnMeuemie B Macmra6e, i-oro--
111.1ii noaso.:iHJJ ow 11M KOHKyp11poean, c xoporno 
IIJJ3CCTHJ,IMH ,·-113;1y•u1re.rUJMn? 

T. J\JIECC-uEPHEPT (Aecrpm1): ~-»3.'ly-
'laTeJtH MoryT Ob\Th Ol\eHL 6e3oHaCRLIMH, oco6ee
Ho ec.rrn HCTTO.rthayIOTCJI HepaCTBOpJUIIJe coe;tnne
HHR CTJlOHIVIH (SrTi03). Jlx M0i1Wo 111urnea.11n 
JI.JIJI 06.:iy'leflH.R nm1~enux npo,lyKTOR. 

Aplicaciones dive_rsas de la ~nergia at6mica 

Presidente: H. Hulubel {Rumania) 

Documento P/542 (presentado por S. Roesinger) 

DISCUSl6N 

B. MANowrrz (Estados Unidos de America): Remos · 
analizado ampliamente en los Estados Unidos dis
tintos tipos de reactor para la producci6n de radiaci6n 
gamma, y hemos llegado a conclusiones respecto a las 
ventajas de los reactores « compuestos », que son muy 
semejantes a. los mencionados por el Dr. Roesinger. 
Deseo puntualizar, respecto al tipo de productos de 
fisi6n del citado reactor, que se ha realizado una 
labor importante de desarrollo, en los Es'tados Unidos, 
resumida en su mayor parte en el documento P/292. ' 
Se ha progresado en el desarrollo de combustibles 
que, a pesar de ser muy finos, presentan una buena 
estabitidad estructural y a la radiaci6n. Se suministra 
igualmedte informaci6n respecto a la quimica de 
productos de fisi6n en sistemas de amoniaco y oxigen~ 
nitr6geno. Nuestras conclusiones son que seria econo
micamente factible la utilizaci6n de reactores de pro· 
ductos de fision para la producci6n de ciertas reac
ciones quimicas cuyos valores de G se encuentran en 
el intervalo de 2 a 15 (tales como hidracina y ozono). 

Con relaci6n al reactor « compuesto » mencionado 
por el Dr. Roesinger, creo que una reaccion factible 
en el seria la oxidaci6n de benceno a fenol. iSe ha 

. realizado algun estudio econ6mico detal1ado sabre el 
coste de producci6n de fenol en un reactor « com
puesto »? 

S. RoESINGER (Republica Federal de Alemania): 
Hemos estudiado la oxidaci6n de benceno para la 
producci6n de fenol, pero, dado que hasta el momento 
el valor maximo de G alcanzado es aproxirnadamente 
de 20, no consideramos factible la producci6n mediante 
esta reaccion en el reactor « compuesto >l. Tan solo 
seria econ6mica si se pudiera incrementar el valor de 
G por encima de 100 y se resolviera el problema del 
manejo de oxigeno a presi6n elevada en la mezcla. 

M. F. ABDEL-W AHAB (Republica Arabe Unida): iQUe 
tipo de metal se ha utilizado en las vasijas de reaccion 
y cual es el espesor minimo de pared empleado para 
atenuar la radiaci6n gamma? Desearia igualmente 
saber que tipo de material se ha usado en el tanque 
para la protecci6n biol6gica, y si se ha intentado deter
minar la relaci6n entre el volumen de agua en el 
tanque y la dosis de radiaci6n medida en su exterior. 
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s. ROESINGER {Republica Federal de Alemania): El 
material en la parte quimica del reactor << compuesto » 
se elige de acuerdo con las necesidades del proceso 
qulmico ya que esta parte es exterior al reactor 
nuclear. La pared debera ser lo mas delgada posible, 
pero con todo, suficientemente gruesa como para 
resistir sobrepresiones eventuates que puedan surgir, 
por ejemplo, en reacciones a presi6n elevada. 

Referente a su segunda pregunta, consideramos que 
un tanque de agua serviria como protecci6n bio16gica 
conveniente, pero, para instalaciones permanentcs, se 
pueden construir blindages de cemento o plomo. La 
dosis de radiaci6n no debeni exceder de 0, I a 1 mrem/h. · 
Estos valores, o incluso mas bajos, ser:in f aciles de 
alcanzar. 

Documento P/389 

DISCUSION 

B. MANOWITZ (Estados Unidos de America): Tai 
como el autor indica, y se ha observado ya, el craqueo 
termico por radiacion de ciertos aceitcs puede tener 
lugar a temperaturas JOO °C inferiores a las necesarias 
en el craqueo termico, y la distribuci6n de productos 
gaseosos es distinta a la del craqueo tcrmico a tempe
ratura inferior. Sin embargo, desde un punto de vista · 
econ6mico, es mucho mas barato trabajar a tempera
tura elevada que utilizar el craqueo termico por radia
ci6n. lncluso si existen difercncias de distribuci6n 
de las fracciones ligeras, no son econ6micamcnte 
significativas, ya que puedcn desarrollarse proccsos 
eficientes de recombinaci6n para todas las fracciones 
ligeras. A mi me parece que el resultado mas signi
ficativo presentado por el autor es la afirmaci6n de 
que el descenso es acusado en la fonnaci6n de alqui
tran y gomas en comparacion con la pirolisis. iPosee 
el Dr. Pollak datos adicionales sobrc 1a medida 
del descenso de formaci6n de la fracci6n pesada '! 

P. S. POLLAK (URSS): El rendimiento de productos 
pesados disminuye bruscamente, y este fen6meno ha 
sido objeto de investigaci6n especial. En efccto, el 
rendimiento de la fracci6n pesada se reduce virtual
mente a trazas de cicrtos productos ligeros, que en 
procesos normalcs · aumenta considerablemente el 
costo de separaci6n de productos. 

Desde el punto de vista econ6mico, un reactor de 
potencia quimico, que sera la unidad basica del com
plejo petroquimico, asegura la efectividad econ6mica 
de los procesos combinados radiotennico y radio
catalitico. 

Documento P/112 (presentado por Z. Zag6rslci) 

No bubo discusi6n de esta memoria. 

Documento P/197 

DISCUSl6N 

A.H. W. ATEN (Paises Bajos): Si se necesita un 
flujo constante de neutrones rapidos y se aumenta la 
corriente a medida que se agota el tritio, existen otras 
soluciones del problema, aparte de la mencionada por 
el Dr. Guinn en la primera parte de su memoria. Los 
tubos de neutrones de haz ionico mixto de tritones y 
deuterones, ofrecen otra posible soluci6n y penniten 
la reposici6n constante de tritio en el blanco. Existe 
wia demanda creciente de este tipo de tubo, para la 
realizacion de analisfa por activacion yen Jaboratorios 
medicos e industriales, que estan particularmente 
interesados en generadores de neutrones, de salida mas 
bien baja, pero que requieren poco o ningun apantalla
miento. 

Hace mas de JO aiios se intent6 ]a utilizacion de 
convertidores de deuteruro de litio, para la producci6n 
de neutrones de 14 MeV, pero los resultados han sido 
decepcionantes, ya que Ios flujos obtenidos han sido 
muy inferiores a Ios previstos. Desearia preguntar al 
Dr. Guinn si existe actualmente algun dispositivo adecu
ado para el convertidor de deuteruro de litio. En caso 
ncgativo, tal vez alguno de los especialistas en reactores 
presente en la. Conferencia pudiera estudiar el tema. 

V. P. GUINN (Estados Unidos de America): Por lo 
menos en un tipo de tubo productor de neutrones se 
efectua una regeneracion periodica, bombardeando 
los blancos de litio con iones de tritio. En otro tipo de 
tubo de cierre hermetico, se usa un haz mixto D+{f+-, Y 
se · garantiza que mantiene una produccion d~ neu
trones por lo menos de 101° n/s, durante un tiempo 
minimo de JOO horas. 

Hace algunos afios, se hicieron medidas con 'Li 0, 
y se observ6 una buena absorci6n de los neutro~;s 
tennicos incidentes. No bubo esencialmente absorc1on 
de neutrones rapidos del reactor, pero si un ligero 
aumento de flujo, debido a los neutrones de 14 MeV 
originados en la reacci6n (d, t). Co~fio en increm_entar 
algo este aumento de flujo con un d1sei\o mas efic1ente. 
A6n en el caso en que esto sea posible, no se espera 
una gran mejora, pero esta puede ser suficiente para 
tener valor practico. 

Oocumento P/829 (presentado por A. A. Abdel-Rassoul) 

DISCUSl6N 

V. P. GUINN (Estados Unidos de America): En la 
memoria se afirma que se eligi6 la espectrometria 
gamma directa, pero que los ritmos de recuento 
fueron muy bajos. Sin embargo, un pequeiio c.ilculo 
jndica que las actividades gamma en los tipos de 
muestras analizadas podian ser muy elevadas. Por 
ejemplo, 4 g de su mucstra Pb-3, producirian unos 
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2 x 107 y pdm y 0,5 g de la Al-2, unas 2 x 106 r dpm 
(en ambos casos tras una irradiaci6n de 48 horas en 
un ftujo de 1,3 x 1013 n/cm2 s, y una o dos semanas 
de espera antes de la medida). Crea que seria posible 
la detecci6n de cinco de los seis elementos de impurezas 
estudiados por espectrometria gamma directa. En 
estas muestras, el cadmio podria determinarse por 
separaci6n radioquimica. En la muestra Al-2 podria 
determinarse radioquimicamente elestaiio. La utiliza
ci6n mas cuidadosa de las tecnicas instrumentales 
podria asi ahorrar considerablemente tiempo y 
esfuerzos, y solamente se efectuarian las engorrosas 
separaciones radioquimicas en el caso del cadmio, y 
tal vez del estano. 

A A. ABDEL-RASSOUL (Republica Arabe Unida): 
Despues de la irradiaci6n, todaslas muestras analizadas 
poseen una actividad gamma muy elevada. Sin em
bargo, despues de la separaci6n de las fracciones 
individuates y de la eliminaci6n de los contaminantes 
radioquimicos, el dispositivo espectrometrico utilizado 
indica que el ritmo de recuento en cada caso no era 
suficiente, lo cual puede atribuirse al rendimiento 
bajo del cristal utilizado. 

Documento P/92 (presentado por D. Dautreppe) 

DISCUSJ6N 

V. P. GUINN (Estados Unidos de America): Puesto 
que el bombardeo con neutrones rapidos de un s6lido 
equilibradamente ordenado da lugar a defectos en des
equilibrio, ,estoy en lo cierto al suponer que las trans• 
fonnaciones en la red cristalina por la acci6n de los 
neutrones da lugar a una nueva estructura imperfecta 
que contiene muchos defectos? 

D. DAUTREPPE (Francia): La respuesta es afirma• 
tiva. La nueva estructura reordenada mantendra 
obviamente aquellos def ectos cuya temperatura de 
recocido sea m~s elevada que la irradiaci6n. 

Documento Pf291 (presentado por G. W. Johnson) 

DISCUSl6N 

T. E. w. SCHUMAtffl (Sudafrica): i Se ha realizado 
alguna estimaci6n acerca del caste y otros factores 
relacionados con la construcci6n de un segundo canal 
de Panama'? 

Desearia saber tambien si es posible determinar, a 
partir de experiencias ef ectuadas hasta _et momento,. las 
condiciones de arranque de un vasto tempano de htelo 
de Ia Antartida, bien para el suministro de agua fria, 
o por ejemplo para alterar el clima de alg(m pais tro• 
pical en cuya proximidad pudiera anclarse el tempano. 

G. W. JOHNSON (Estados Unidos de America): La 
construcci6n de un canal al nivel del mar en el istmo 
de Panama ha sido estudiada durante varios aiios, Y 
parece ser que la excavaci6n nuclear para la conversion 

del actual canal, en otro al nivel de] mar, puede reali
zarse ~ la tercera parte del coste requerido por metodos 
convencionales, que se cifra en 2 300 millones de 
d6lares. El problema de la radiactividad ya no consti
tuye un obstaculo serio puesto que ahora se estima 
que la precipitaci6n radiactiva seria unas 100 veces 
inferior a la estimada en 1960. 

Respecto a su segunda pregunta, podrian probable
mente arrancarse tempanos de hielo del casquete 
antartico, pero indudablemente los gastos de remolque 
serian prohibitivos. No existe experiencia sobre explo
siones nucleares en hielo, pero la obtenida con explo
sivos quimicos indica que el hielo no se resquebraja 
excesivamente. 

K. MAHMOUD (Republica Arabe Unida): Deseo 
formular dos preguntas. La primera, en el caso de una 
explosion subterranea confinada, como se indica en 
la memoria donde la cavidad se cierra 11 horas des
pues de la' detonaci6n, t por que existe tan largo 
retardo en el cierre? 

En segundo lugar, <! existen datos numericos o 
calculos que puedan justificar la suposicion de queen 
las f uturas excavaciones se produzca un mini mo de 
radiactividad? 

G. W. JoHNSON (Estados Unidos de America): El 
tiempo que transcurre hasta que se cierra la cavidad es 
de naturaleza estadistica y viene determinado por las 
caracteristicas geologicas del lugar y la profundidad 
relativa de locali:z:acion del explosivo. 

La radiactividad viene limitada en su mayor parte 
por la zona de cascotes, consistente en lo~ materiales 
que se derrumban en el crater, y que ret1e~e, ~~r lo 
general, aproximadamente el 95 % de la rad1act1V1dad 
producida: la proporcion en cada caso depende de la 
naturaleza del lugar. A medida que aumenta la p_r?
fundidad del emplazamiento dism1nuye la proporcton 
de radiactividad liberada en la superficie, pero a 
cambio de sacrificar las dimensiones del crater. 

G. F. KENNEDY (Reino Unido): c! Cu:il es el ,c~ste 
normal maximo de excavacion y el volumen mm1~o 
en rocas y materiales blandos que ofrece vent~Jas 
economicas en el caso de empleo de explos,vos 

nucleares? 
Es previsible que la estructura del suelo sobr: el 

que tiene lugar una explosion nuclear qued~ consid~~ 
rablemente resquebrajada. i En que med,da. ,sena 
evitable este efecto, por ejemplo, en la construccwn de 
un canal? 

G. W. JOHNSON (Estados Unidos de America)'. El 
punto en que el coste de uti1izad6n _de ex.plos1vos 
nucleares puede competir con el de los metodos conv~n• 
cionales . depende de la . naturaleza especifica, de la 
excavaci6n. Si el volumen completo del crat~r es 
utilizable, el coste puede ser competitivo a part1r _ ~e 
10 kt, pero, si unicamente es utilizable .una fraccion 
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del volUillen excavado, tal como ocur~e en los canales, 
el precio es competitivo por encima de las JOO kt. 

La estabilidad de los taludes que circundan el 
crater es un factor muy importante, y se han obtenido 
algunos datos limitados, a traves del estudio de crateres 
existentes en Nevada y en atolones del Pacifico, asi 
como en los crateres producidos por meteoritos. La 
pregunta sobre el coste de desbaste o estabilizaci6n de 
los taludes esta aun por contestar, pero se supone que 
seria pequeiio en relaci6n con el del total de la 
construccion, por ejemplo, en canales a nivel del mar. 

Documento P/828 {presentado por P. Platzek) 

No hubo discusion de esta memoda. 

Documento P/862 (presentado por T. Cless-Bernert} 

DISCUS16N 

B. MANOWITZ (Estados Unidos de America): i Ha 
considerado Vd. el uso de la fuente beta de 90Sr 
descrita para irradiar gases a presi6n? 

.. 

T. CLESS-BERNERT (Austria): Nuestra fuente fue 
especfficamente diseiiada para Ja irradiacion de 
liquidos, pero puede evidentemente emplearse para 
irradiar gases. El dispositivo mostrado en la :figura 9 
de la memoria que he presentado puede ser eva
cuado o presurizado cuando ~as celdas se montan en 
paralelo. 

K. MAHMOUD (Republica Ara be Unida): En vista de 
las medidas de precaucion que Yd. ha tornado para 
preparar las fuentes beta radiactivas mencionadas, 
t podria garantizarse su aplicacion industrial en gran 
escala, en plan competitivo con las bien conocidas 
celdas de irradiacion ganuna? 

T. CLESS-BERNERT (Austria): Las fuentes de irradia
ci6n beta pueden ser muy seguras especialmente . 
cuando se utilizan compuestos insolubles de estroncio 
(SrTiOa). Estas f uentes pueden utilizarse para Ia 
irradiacion de alimentos. 

Documento P/879 

No hubo discusi6n de esta memoria. 
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